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ABSTRACT 

B o t h , e x p e r i m e n t a l and theoretical results are p r e s e n t e d 

from a d e t a i l e d study of C A 8 0 - 1 5 , CR-39 and Makrofol K . G 

Solid State Track R e c o r d e r s (SSTRs) for the selective 

detection of fast n e u t r o n s in the p r e s e n c e of a high flux 

of gamma r a y s . This i n t e r e s t stems from a requirement to 

m e a s u r e the fissile c o n t e n t of spent reactor fuel e l e m e n t s 

and the assay of f i s s i l e m a t e r i a l for s a f e g u a r d s . 

A t h e o r e t i c a l m o d e l h a s been developed to calculate 

the sensitivity of S S T R s t o neutrons as a function of 

neutron e n e r g y . Results a r e reported from this m o d e l for 

CA80-15 and M a k r o f o l K . G SSTRs in the case of thermal and 

fast n e u t r o n s . 

Results from a s e r i e s of irradiations involving p a r t i c l e 

a c c e l e r a t o r s , reactor and different charged particle sources 

are p r e s e n t e d . These i r r a d i a t i o n s were performed to character-

ise the track density in C A 8 0 - 1 5 , CR-39 and Makrofol K . G 

as a function of n e u t r o n e n e r g y . 

The sensitivities of CA80-15 and CR-39 are m e a s u r e d 

for the r e g i s t r a t i o n of charged particle tracks r e s u l t i n g 

from the interaction of f a s t n e u t r o n s , of energies r a n g i n g 

from 0 . 5 0 t o 17 M e V w i t h the constituents of the S S T R . The 

optimisation of etching times and the e f f e c t of counting the 

1
 f r o n t ' or 'back

1
 s u r f a c e of the detector are d i s c u s s e d . 

For a fission n e u t r o n source the sensitivity of CA80T.15 
-5 

w i t h o u t any 'converter
1
 f o i l is 1.20 x 10 tracks per 

neutron w h i c h is in a g r e e m e n t to within + 15% of the t h e o r e t i c a l 

r e s u l t s . 
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Effects of high gamma doses on SSTRs have also been in-

vestigated and underline the importance of proper etching 

conditions for the selective detection of fast neutrons in 

the presence of a high flux of gamma rays. 

Automatic track counting technique has been applied to 

neutron induced track measurements and should help to over-

come the subjective nature of human decisions on the number 

of tracks seen in an etched SSTR. 

Finally , an attempt has been made to util ise the SSTR 

technique in the neutron interrogation of reactor fuel 

assemblies. 
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NOTATIONS 

The following is a table of definitions of quantities 
used in the thesis . 

V B bulk etch rate (pm/h) 

V T track etch rate (ym/h) 

V T / V B etch rate ratio 

N etchant concentration in normals 

6 critical angle for track detection 
c 

L 'observable track length1 in SSTR (ym) 

L^ 'maximum observable track length1 in SSTR (ym) 

E particle energy 

E n neutron energy 

particle energy associated with the 'maximum 

observable track length' in a SSTR 

minimum particle energy required to produce a 

detectable track in a SSTR 

dE/dx energy loss rate 

R particle range in SSTR (ym) 

n neutron detection sensitivity of a SSTR (in tracks 

per neutron) 

ritk theoretical neutron detection sensitivity 

n experimental neutron detection sensitivity 

2 
p track density in SSTR (tracks/cm ) 

g 

D absorbed gamma-dose (x 10 Rads) 

WD track width in SSTR at a gamma-dose of 'D-megarads' 

WQ track width in SSTR at a gamma-dose of 'zero-

megarads' 

VD _ bulk etch rate at a gamma-dose of 1D-megarads' 
B z D 

V_, ^ bulk etch rate at a gamma-dose of 1 zero-megarads' 
B r o 
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CHAPTER 1 

OBJECTIVES AND GENERAL CONSIDERATIONS 

1 . 1 INTRODUCTION 

Solid State Track Recorders (SSTRs) have found in-

(1 2) 

creasing use in neutron measurements in recent years ' , 

The technique has a number of advantages over the older 

methods of counting recoil protons in emulsions or measuring 

the radioactivity of a f i s s i l e foil or other neutron ab-

sorber; among these the following are worth mentioning: 

insensitivity to y-, x- and $-radiations, permanent recording 

of tracks with no deterioration, convenience due to small 

size and weight, ease of "development" and evaluation, wide 

range of doses amenable to measurement, small detectors give 

small flux perturbation, detectors can be easily switched 

"on" or " o f f " . 

Two types of detector systems utilising SSTRs have been 

developed. In the f irst type, SSTRs are placed adjacent to 

'converter f o i l s ' which contain either f i ss i le or alphagenic 

materials, so that the charged products of either (n , f ) or 

(3 4) 

(n,a) reactions are recorded by the SSTR ' . In the second 

type, the SSTRs are used without 'converter f o i l s 1 , so that 

the fast neutrons are detected by means of the ionising 

products of a number of nuclear reactions between the (5) 

neutrons and the constituents of the SSTRs themselves ; 

such SSTRs are called ' intr insic SSTRs*. 

The latent tracks in SSTRs can be etched so that they 

can be seen using an optical microscope and subsequently 

counted by eye and/or automatically. 
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This chapter contains a review of previous work on 

SSTRs including several of the important track registration 

criteria and track revelation methods. A summary of appli-

cations of SSTRs to radiation dosimetry and nuclear reactor 

physics is presented. F inally , the objectives of the research 

carried out on the application of SSTRs to fast neutron 

measurements, are discussed. 

1 .2 REVIEW OF PREVIOUS WORK ON SSTRs 

Although credit for the first intentional etching of 

(6) 
particle tracks in 1958 belongs to Young , his work 

escaped notice until later . It was Silk and Barne's electron 

microscopic work on rapidly fading tracks in natural micas 

(7) 

in 1959 , that was noted by Price and Walker in 1962 and 

pursued by them firstly to observe more stable tracks in 

synthetic micas and shortly thereafter to take the crit ical 

step of chemical etching. These workers reasoned that the 

damage trail of a charged particle is similar to that of a 

dislocation; the free energy of the trail should be higher 

than that of the surrounding undamaged~;material and thus 

should be preferentially attacked by a suitable etchant. 

Fleischer and Price subsequently showed that tracks could 

be enlarged and made v is ible by etching in a wide variety (8) 

of dielectrics including minerals , natural and art i f ic ial 

inorganic glasses and organic polymers . The last 

category proved to be the most sensitive, permitting the 

detection not only of heavy densely ionising particles , but 

also of light particles such as alphas and protons. 
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The next step was the characterisation of track regi-

stration in different materials. The first picture that 

emerged was a simple one indeed. Above a damage threshold 

that differs from one substance to another, all particles 

are recorded; below that level none are. 

The above properties are highly desirable ones for a 

particle detector, and their recognition led promptly to 

many applications, most of which derived from the twin 

features of the threshold property of particle registration 

and the basic simplicity of the magnification provided by 

chemical etching. Chemical analysis, dosimetry, nuclear 

physics studies, and geological dating are all applications 

of this sort. In addition, a few of the early uses depended 

on another characteristic : an extensively etched track is a 

hole, so that solids of special geometries can be made. 

F i lters , virus counters, and a number of methods of track 

counting util ise this feature. These wide ranging appli-

cations have been the subject of two b o o k s H ) # 

Track etching entered a second, more sophisticated 

phase in 1969, when Fleischer , Price and Walker found that, 

because the track etch rate varied with the ionisation rate, 

particle tracks are sufficiently distinctive that the 

individual nuclei that produced them can be identif ied . 

Among ' sol id ' track detectors such identification had been 

the unique province of nuclear emulsions, but it soon 

became clear that in many cases - for atomic nuclei track-

etched solids provided a simpler technique and more precise 

particle identification . These techniques have received 
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widespread use in cosmic ray and solar particle studies, 

nuclear physics, and in searches for new heavily ionising • 

p a r t i c l e s ( 1 1 ) . 

Relatively l ittle effort has gone into modifying the 

structure of these detectors because of the wide range of 

available SSTRs with different sensitivities . The favourite 

detectors today are ordinary glass, muscovite mica and 

various polymers. 

1 .3 TRACK REGISTRATION CRITERIA 

The ability to predict which particles wil l produce 

latent (etchable) tracks in a given SSTR is a basic require-

ment to the understanding and to the practical utilisation 

of these detectors. In the last decade or so, several 

track registration criteria have been proposed. These 

criteria are reviewed here , and an attempt is made to analyse 

these approaches, pointing out their positive and negative 

aspects. 

The parameters which influence track etching can be 

separated into five broad categories; 

(i) the material parameters (which include the chemical 

composition, molecular weight, the extent of crystal-

l in i ty , solvent content, e t c . ) , 

( i i ) the particle parameters (charge, z , mass, M, 

velocity, v ) , 

( i i i ) the irradiation environmental parameters (temperature, 

atmosphere, e t c . ) , 

(iv) the pre-etch storage parameters (atmosphere, temper-

ature, storage time, e t c . ) , and 
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(v) the etching parameters (type of etchant, temperature, 

e t c . ) . 

The question considered here i s , given a particular 

SSTR, how does track registration depend upon the particle 

parameters, when all other etch-influencing parameters re-

main fixed? In other words, what function of z , M and v 

best predicts the condition V m /V D > 1 , where Vm = track etch 1 D J. 
rate, and = bulk etch rate. 

1 . 3 . 1 The Total Energy Loss Rate, (dE/dx) T Criterion 

The f irst criterion proposed postulated that for etch-

able track formation the total rate of energy loss by the 

bombarding particle must exceed a critical value which is 

(12) 

characteristic of the particular detecting material 

This is a single adjustable parameter criterion, the adjust-

able parameter being the ( d E / d x ) c r i t . It was found to work 

over a narrow region of particle velocities . It failed 

when applied to relat iv ist ic particles. The reason being 

that the energetic 6-electrons tend to be multiply scattered 

away from the latent track region and deposit their energy 

to the side of the path. 

1 . 3 . 2 The Primary Ionisation , PI Criterion 

This criterion postulates that an etchable track w i l l 

result i f the rate of primary ionisation of the bombarding 

particle exceeds a critical value which is characteristic 

( 1 3 ) 

of the detecting material . The PI criterion makes use 

of an expression of Bethe in order to calculate the rate of 

primary ionisation (as defined by Bethe, PI = the average 
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2 
number of collisions/g-cm that result in an ejection of the 

(14) 

least tightly bound electron from an atom) . Two adjust-

able parameters are ut i l ised : I Q , the ionisation potential 

of the outermost shell of the stopping atoms (as defined by 

Bethe) and ' ^ i t i c 3 1 rate of primary ionisation . 

Since the formula uti l ised is simple, the PI criterion is 

easy to use and its parameters can be adjusted to produce 

agreement with most experimental data on track registration« 

The Bethe formula ut i l ised also contains dimensionless 

parameters r and s , which have been calculated only for one 

stopping material (hydrogen). Because of this , absolute 

values of PI in plastic SSTRs are not known, relative 

values must be util ised in detector calibration. A value 

of I = 2 eV has been ut i l ised in order to f it the experi-

(13) 

mental data . This value appears to be too low to f i t 

the physical meaning given to it by Bethe. Optical absorption 

measurements indicate that one of the materials, Lexan is 

highly transparent to X = 6200 °A (2 eV) photons. This 

implies the absence of allowed electronic energy levels for 

these low energies. The lowest allowed electronic excitation 

levels for Lexan lie above about 4 . 1 eV (3000 °A) with the 

onset of strong optical absorption occurring at about 4 . 4 ey 

(2800 ° A ) . Consequentlv a value of I Q - 4 .4 eV appears to 

be more real ist ic . Since for ionisation in plastics , energies (15) 

of 9-15 eV are required , the name 'primary excitation 1 

rather than 'primary ionisation ' seems more appropriate for 

this criterion. 
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1.3.3 The Restricted Energy- Loss/ REL Criterion 

The quantity REL is simply the rate of energy loss of 

the bombarding particle due to the distant collisions with 

(16) 

electrons of the stopping material . The distant col-

lisions are defined as those resulting in the ejection of 

electrons of energy, w, less than some predetermined value, 

w Q . In order to make use of the expression of Bethe to 

calculate REL rates, w must fall in the range such that the o 

stopping atomic electrons can be treated as free particles. 

This criterion Dostulates that latent track formation takes 

place when the REL rate of the particle exceeds a critical 

value, characteristic of the detecting material. Both the 

energy going into the primary ionisation and into ionisations 

of higher order are included in REL. The energy deposited 

by the energetic 6-rays (w > W q ) as they leave the latent 

track region is neglected. Two adjustable parameters are 

utilised/ W q the average energy of the recoil electrons 

that delineates the boundary between those electrons which 

contribute and those that do not contribute to latent track 

formation, and ( R E L ) c r ^ t , the critical value of REL. 

Absolute values of REL rates can easily be calculated. 

The criterion works well for incident ion energies > 3 .5 MeV/ 

nucleon. Since the term, C/Z (the tight binding shell 

correction has not been calculated for energies < 8 MeV/ 

nucleon, calculation of REL rates at low energies becomes 

more c o m p l e x . Also the value of wQ = 10 3 eV previously 

(18) 
used appears to be too high 
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By adjusting R E L
c r j _ t ' lower values of wQ can be used, 

however better experimental data on track registration is 

needed in order to find optimum values of these parameters. 

1 . 3 . 4 The 6-ray Criterion (Katz and Kobetich) 

A new approach to this problem was taken by Katz and 

(19) 

Kobetich . They calculate the spatial energy distri-

bution in the vicinity of the particle path by combining the 

6-ray energy spectra and the range-energy relation for these 

electrons. It is proposed that etchable track damage resul-ts 

when a critical dose is deposited at a critical distance 

from the ion ' s path by the secondary electrons. The crit ical 

distance is taken to be approximately 20 °A , as is appropriate 

for the passage of the etchant along the track and the dif-

fusion of reaction products back to the surface. It is 

postulated that at the crit ical radius the dose required for 

etchable damage formation approximates doses producing bulk 

damage under y-irradiation. This criterion also, uses two 

adjustable parameters, the critical radius, Rc rj_ t and the 

critical dose, D .. e n L . 

This criterion can be f itted to most of the experimental 

data. It is d i f f icult to evaluate this approach in detail , 

since the results strongly depend upon the correctness of 

the basic assumptions, namely (i) the contributions of the 

'primary excitations ' can be completely neglected, ( i i ) the 

exact form of range-energy relation for electrons in eV 

energy region, and ( i i i ) other assumptions in the calculation 

(such as the form of the angular distribution of the ejected 

electrons). . 
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1.3.5 The 6-ray Criterion (Monnin) 

A similar approach to that described in Section 1 . 3 . 4 

(18) 

is taken here . However, no minimum critical radius is 

in it ially assumed. Calculations are made of the doses 

deposited within cylinders of increasing radi i . It is 

postulated that etchability is created when the absorbed 

dose exceeds a specific value within a cylinder of a certain 

radius (the two adjustable parameters). 

One particularly significant result of the calculations 

shows that the dose fal ls off quickly as a function of 

distance from the trajectory. For example, for particles 

near the threshold of registration in cellulose nitrate , 

the dose near the centre of the trajectory (< 10 °A) is 

found to be about 400 megarads. It falls to < 1 megarad at 

distance of ^ 100 °A . Bulk etch rate measurements of y-

irradiated cellulose nitrate show that doses above 1 megarad 

are required to produce significant etch rate enhancement 

above the value found for the normal, unirradiated material 

(see Chapter 6 ) . The calculations have been refined to in-

clude electron multiple scattering, the angle of emission 

of electrons, and a Monte Carlo method of simulating the 

electron trajectories in the polymer. 

1 . 3 . 6 Remarks 

A list of the track registration criteria , discussed 

in the preceding sections, along with their adjustable para-

meters and methods of calculation is given in Table 1 . 1 . 

All of the criteria postulate a threshold or ' c r i t i c a l ' 

value of the parameters, above which value the charged 
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particle forms a track which can be revealed; they take no 

account of the differing sensitivities of different track 

revelation techniques. The material properties enter only 

in determining the threshold or 'critical 1 value. All of 

these criteria have had a fair amount of success in corre-

lating data, indeed it is often hard to differentiate 

between them in their predictions. They should be regarded 

as phenomenological attempts to correlate data, which may b e 

useful for certain experimental purposes, but which do not 

yet rest upon a secure conceptual foundation. 

1.4 METHODS OF LATENT TRACK REVELATION 

The quality and quantity of information which can be 

acquired from the tracks left by the passage of charged 

particles in a SSTR depends on the methods of revelation 

and observation. Different track revelation techniques 

have different sensitivities (i.e. for charged particles 

of differing stopping power or linear energy transfer, LET). 

Each method of revelation has its particular advantages and 

disadvantages. 

1.4.1 Transmission Electron Microscopy 

The observations fall into two classes; (i) tracks in 

ultra thin (< 100 °A) polycrystalline layers and thin poly-

mer films, (ii) tracks in bulk insulating monocrystals. 

In the first case the tracks are visible by enhanced trans-

mission due to the removal of material by evaporation along 

a line 50-100 °A w i d e . A furrow is formed along the track, 

the removed material b e i n g deposited on both sides as small 

particles of *v> 50 °A diameter. In the second case the 



- 31 -

contract is due to diffraction effects , sugqestinq a radial 

displacement field of cylindrical symmetry; the track core 

of diameter ^ 100 °A is probably rich in vacancies and inter-

stitials are shot out radially . 

This technique has a number of severe limitations; 

extremely thin specimens are required with large track 

densities , only a small track length can be examined, 

observations are limited to tracks of heavy particles , trade 

fading due to the electron beam occurs in certain substances. 

However, since electron microscopy is a direct method, it 

provides fundamental information on latent track structure, 

unobtainable by other means. In addition, it is of advantage 

5 2 

when very large track densities (> 10 /cm ) are to be 

m e a s u r e d . 

1 . 4 . 2 Track Decoration Techniques 

Various methods have been used to nucleate precipitates 

of a second phase along the latent tracks. These methods 

allow tracks to be displayed throughout a large volume, 

even when they do not intersect the surface. Often, howeveor, -

the sensitivity varies in an erratic manner, depending on a 

few impurities in the detector material. In crystals the 

precipitation is caused by the strain f ield along the track, 

which favours the presence of either over or undersized 

atoms near the track centre. An analogous phenomena is 

observed in the strain f i e ld of dislocations. 

The most successful track decoration procedure involves 

(21) 
the deposition of silver along trabks in silver chloride , 
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which renders them visible in the optical microscope. 

Ultra-violet light creates free photo-electrons, which are 

pulsed through the crystal via an electric field and react 

with silver ions to convert them into silver atoms. The 

sensitivity of cadmium doped silver chloride detectors is 

greater than any of the etched track detectors so far 

developed, which is not surprising, since the process in-

volved is similar to photography (sensitive nuclear emulsion 

can reveal even the weakest ionising electron track) . 

Latent tracks in these AgCl detectors are unstable and fade 

with time? they can be stabilised for months by illumination 

(22) 
in light during or just after the passage of a particle 

This feature offers a simple method of switching the 

detector "on" or " o f f " . 

In polvmeric SSTRs, tracks can be decorated by the 

grafting method, which uti l ises the high concentration along 

damage trails of free radicals and reactive groups (such as 

(23) 
peroxy groups) to init iate graft copolymerisation 

Fission fragment tracks in cellulose triacetate have been 

(24 2 5 ) 

revealed by this method ' . The method involves three 

main track processing steps; (i) swelling in a weak alkaline 

solution, ( i i ) sensitisation in maleic acid, and finally 

( l i i ) dyeing in Rhodamine B to improve optical contrast. 

The technique needs more development before it can be 

reliably applied. 
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1.4.3 Chemical Etching 

The most widely used technique for revealing charged 

particle tracks in SSTRs is the method of preferential 

etching, which enlarges tracks large enough to be easily 

visible under an optical microscope. The etchant attacks 

the damage trail faster than the detector surface. The 

technique is very simple? ordinary acids and bases are used, 

as etchants. Moreover, it is the only procedure that has 

succeeded in revealing tracks of extremely low energy heavy-

nuclei such as solar wind ions and recoil nuclei from alpha 

decay . 

Optimised etching conditions have to be established 

empirically for each detector material. More for con-

venience than for sc ient i f ic reasons, simple etchants such 

as KOH, NaOH and HF have dominated etching work for a long 

time. Only in recent years have more sophisticated pro-

cedures such as multi-step treatments and more complex 

(17) 

etchants (e .g . oxidising agents) been studied . Much 

remains to be done along this line. 

The etching rate along the track depends mainly on 

the following variables? (i) charge and velocity of the 

particle , ( ii ) etchant composition, ( i i i ) nature of etchant 

(temperature and concentration), (iv) detector pre- and 

post-irradiation treatments, (v) the environment of the 

detector foil during irradiation. Under point ( i i i ) should 

be included the fluid motion of the etchant around the 

detector? stirring and agitation often increases the bulk 

etch rate. As an example of point (v ) , the presence of 
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oxygen during irradiation of cellulose nitrate increases 

(23) 
the sensitivity substantially 

I f only track densities are required, the etching con-

ditions do not have to be precisely controlled; however, 

accurate measurements of track dimensions require precise 

reproducibility of etching conditions and control of changes 

in etchant activity during etching. Precise measurements 

of the track dimensions have been used for particle type 

and energy identif ication . The high resolution of the method 

perm 

(26) 

permits close neighbours like 1 0 B and "^B to be distinguished 

1 . 4 . 4 Electrochemical Etching 

In this method, the irradiated SSTR is placed between 

two Teflon cells containing the etchant,and a high voltage 

is applied (^ 1000 volts) through the SSTR by two platinum 

electrodes placed in the etchant. A good contact between 

the SSTR and the dividing wall of the containers ensures 

(27) 
electrical isolation of the two electrolytes . 

At the beginning of the etching, the etchant rapidly 

diffuses in the pre-existing fine channels resulting from 

the passage of the incident charged particles , producing a 

conductive path. This* damage area is increased by the 

passage of the current, thus producing well defined 

tracks ^ ^ . 

Compared with the chemical etching the etching rate is 

much higher. The conduction currents due to the mobile 

ions, and other forms of dielectric loss generate heat 
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continuously in the electrically stressed insulator, which 

raises the temperature of the SSTR, thus increasing the 

chemical action of the etchant. It is possible to enlarge 

tracks to a size observable by the unaided eye, which is 

(29) 
desirable in the study of low yield nuclear processes 

1 .5 APPLICATIONS OF SSTRs 

Among the most important applications of SSTRs are 

fission track dating (geochronology, geophysics, pailaeontoL-

ogy, archaeology), cosmic ray and solar flare studies, 

tracks in meteorites and lunar rocks and soi l , nuclear 

fission studies, radiation dosimetry, and element mapping 

and isotopic analysis in various specimens. These appli-

cations as well as many others are extensively treated in a 

book by Fleischer, Price and W a l k e r . Here, the dis-

cussion is mainly confined to some of the closely related 

applications of SSTRs to neutron dosimetry and nuclear 

reactor physics. 

1 . 5 . 1 Radiation Dosimetry 

Neutron detection and neutron fluence measurements 

have been made mainly by using tracks from (n #f) reactions. 

The neutron fluence is measured by counting the f ission 

tracks recorded in a thin SSTR in contact with a foil of 

fissionable material. The main problem is in preparing 

uniform, thin layers of fissionable materials? this problem 

can be avoided by using a layer thicker than the range of 

fission fragments so that fragments from zero to the maximum 

energy strike the detector. The sensitivity of a SSTR in 

contact with a 'thick* f ission foil is given by? 
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2 - 5 2 
p (tracks/cm ) = 1 . 3 x 10 4) (neutrons/cm ) a (barns) 

( 1 . 1 ) 

because all fissionable isotopes emit fission fragments 

with roughly the same range and the same detection eff iciency 

in sensitive SSTRs (see Section 2 . 3 . 1 , Chapter 2 ) . 

It is possible to obtain a histogram of the neutron 

energy distribution by employing either fissionable materials 

with different thresholds or the same material encapsulated 

in different neutron shields . For example, a spherical 

shell eliminates thermal and resonance neutrons and provides 

(4) 
a cut off of ^ 10 keV for the neutron spectrum . By 

. ... . 235__ 239_ 2 37 238r7 . 232m, .. 
using foils of U, Pu , Np, U and Th, the 

neutron flux can be determined in the following five energy 

intervals (in M e V ) ( 3 0 ) : 0-0 .1 ; 0 . 1-0 . 6 ; 0 . 6-1 . 5 ; 1 .5-3; 3-6. 

237 

For personnel dosimetry of fast neutrons Np has the best 

characteristics because of its low threshold, high cross 

section and absence of high energy y-sensitivity. 

Thermal and epi-thermal neutrons can be best measured 

by employing the (n,a) reactions of "^B and ^Li whose cross 

sections go as v For a thermal neutron distribution the 

10 6 
cross section are 3837 barns for B and 940 barns for L i , 

both of which are sufficiently higher than the fission 

235 -2 
cross section of U. A sensitivity of 1 . 3 x 10 tracks/ 

neutron has been attained using a thick layer with a 

(31) 

cellulose nitrate detector . The technique is attractive 

as it avoids the disadvantages of fissionable -materials. 
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Fast neutron fluences can be measured by counting the 

tracks caused by elastically recoiled nuclei and also by 

(n',a) and other reactions in the detector material i tself 

( ' Intr ins ic SSTRs ' ) . Spectral information on high energy 

neutrons can be obtained from the track density changes by 

(32) 

employing energy degrading foils of different thicknesses ' . 

Measurements consist of track counting and do not involve 

the relatively complex procedures of track dimension measure-

ments. For a fission neutron source, the sensitivity of -5 

cellulose nitrate SSTRs is ^ 1 .4 x 10 tracks/neutron, 

which is comparable to that of a natural uranium radiator, 

next to a fission track detector. 

The sensitivity of plastic SSTRs can be increased by a 

factor of ^ 13 by employing a helium atmosphere as the 

radiator. Neutrons of energy greater than 10 MeV can be 

distinguished from lower energy neutrons by detecting three-
12 

prong stars from the break up reaction C ( n , n ' ) 3 a , the 

— 8 

sensitivity is ^ 8 x 10 tracks/neutron at 17 MeV. 'In-

trinsic SSTRs' are by far the least expensive and simplest 

fast neutron detectors available . 

Alpha particle dosimetry is important in certain environ-

ments. Alphas represent a hazard at very high altitudes 

and also in uranium mines, where radon gas and its daughters 

emit high energy alphas ( 5 . 5 to 7 .7 MeV). Sensitive plastic 

SSTRs such as cellulose nitrate are in present use in 

personnel dosimeters ' . 
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1 . 5 . 2 Reactor Physics Applications 

In reactor physics SSTRs have been used for f ission rat^ , 

neutron flux and nuclear fission cross-section m e a s u r e m e n t s . 

The major advantage being the insensitivity of these detectors 

to $- and ^-radiations a n d a minimum flux perturbation. 

SSTRs have been used inside reactors for fission density-

distribution measurements in fuel elements and near inter-

faces. Intracell and axial fast neutron flux distributions 

have been measured via recoil and (n,a) reaction tracks in a 

(34) 
Makrofol polycarbonate film . Mica has been used ex-

(35) 

tensively for flux measurements via fission tracks . The 

neutron flux distribution near boron containing "grey" control 

rods and the microscopic distribution of boron in steel were 

investigated by recording alphas from the ^ B ( n , a ) ^ L i 

(36) reaction . The fast advantage factor was calculated from 

measurements of the fast neutron flux inside fuel elements 

2 38 2 35 
and in the moderator. The U: U fission ratio was measured 

in a fast reactor using f ission tracks in Lexan (polycarbonate) 

(37) 
film " . Delayed neutrons were, measured m a research 

(38) 
reactor to detect the failure of a fuel element . When the 

5 2 

track density is greater than 10 /cm , it has been measured 

directly in very thin Lexan films with an electron microscope, 

without preliminary e t c h i n g . This technique also permits 

very high spatial resolution. 

When reactor fluxes are measured via fission tracks 

from a uranium radiator, the use of plastics rather than mica 

improves v is ib i l i ty because of longer track lengths in 

organic material. However, sometimes mica is more reliable , 
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track fading in certain plastics may occur under conditions 

of high temperature and a very high background radiation 

(a, 8 and y ) . 

1 . 5 . 3 Miscellaneous Applications 

SSTRs have been used to determine the concentration of 

various elements in a specimen. The application is based 

on the fact that the number of tracks produced per unit area 

is proportional to the concentration of the element emitting 

(39) 
the particles which produce the tracks 

Another recent interesting application of SSTRs is in 

the technique of heavy ion radiography which involves 

shooting a monoenergetic beam of charged particles ( e .g . 

ions) through the object to be imaged and bringing the beam 

to rest in a stack of plastic sheets ^ ^ . Particles traverse 

2 
about the same mass thickness (g/cm ) before coming to rest 

in a particular sheet, which gives information about the 

mass density along their path. The technique seems capable 
(41) 

of becoming a practical tool of tumour diagnosis 

Alpha radiography may also be of interest, however because of 

smaller straggling and scattering, radiographs of higher 

resolution can be produced with heavy ions. The application 

of this technique is restricted by the need for high energy 

particles (several hundreds of MeV/nucleon). 

1 .6 THE PRESENT WORK 

The in it ial impetus for the present work grew out of a 

definite interest which exists in nuclear industry in 

techniques for detecting fast neutrons in the presence of a 
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(42) 
high flux of gamma rays and low energy neutrons . This 

interest stems from a requirement to measure the f i ss i le 

content of spent reactor fuel elements and the assay of 

f issi le material for safeguards. 

The neutron dosimetry measurements with spent fuel 

elements would serve two broad purposes, namely to character-

ise the composition and radiation environment. This f irst 

purpose, includes the need to understand and quantify spent 

fuel f i ss i le isotopic compositions for reasons of economics 

safeguards, or reactor physics. The second purpose en-

compasses health and safety requirements created by the 

spent fuel radiation environment. 

Passive neutron dosimetry techniques to characterise 

composition can be based upon spontaneously-generated 

neutron emission from the plutonium and higher actinide 

content of the fuel . Neutrons are emitted from spontaneous 

fission as well as from (a ,n) reactions in the irradiated 

fuel . Consequently, the presence of these spontaneously-

generated neutrons is strongly correlated with the higher 

actinide content. At the same time, the neutron observations 

wi l l contribute to characterising the radiation environment 

in that fast neutrons are an important component of this 

environment. 

SSTRs would have three important advantages over other 

neutron detection methods in this application. 

(i) The detector would be so small that it could be 

quite easily mounted without upsetting the fuel storage 

arrangement and would therefore introduce a small experi-

mental perturbation. 
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(ii) It would produce a permanent record of the 

experimental results , making it unnecessary for them to 

be counted immediately after irradiation. This is a 

great advantage when dealing with a large number of 

measurements taken simultaneously and also when the 

foils are in a highly active assembly and therefore 

d i f f icult to retrieve quickly. Furthermore, the gamma 

counting of foils with short half-lives can prove to 

be a problem. 

( i i i ) The detectors would be insensitive to gamma 

radiation. 

1 . 6 . 1 Objectives 

To investigate the feasability of the SSTR technique in 

nuclear fuel safeguards,a thorough research on the appli-

cation of SSTRs to fast neutron measurements was carried 

out. The objectives of the present work were: 

(1) Designing a neutron detector based on the tracks 

from elastically recoiled nuclei ( ' I ntr ins ic 

SSTRs') or fission-fragments? 

(2) Calculating the response of detectors to neutrons 

in the energy range 0-15 MeV? 

(3) Verification of the calculated detector response 

by measurements using mono-energetic neutrons; 

(.4) Measuring the effect of a high gamma dose ( i f any) 

on the detector performance? 

C5)_ A thorough investigation of possible systematic 

errors? 
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(6) The application of automatic track counting 

techniques, which would help to overcome the 

subjective nature of human decisions on the 

number of tracks seen in an etched SSTR; 

(7) Performing a scoping experiment to measure 

neutrons from a reactor fuel assembly. 
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CHAPTER 2 

RESPONSE OF SSTRs TO NEUTRONS; THEORY AND ASSESSMENT 

2 . 1 INTRODUCTION 

The interaction of neutrons with SSTRs, and the tracks 

caused by secondary charged particles has been studied for 

(1 5) 

many years ' ; but the quantitative response function for 

detection efficiency as a function of neutron energy, parti-

cularly in the case of ' intrinsic 1 SSTRs has not previously 

been considered. In order to explore the utility of SSTRs in 

nuclear reactor physics and other areas, it is essential to 

know the response of a particular SSTR as a function of neutron 

energy. Therefore, it was necessary to develop a theoretical 

model to calculate the neutron sensitivity of ' i ntr ins ic ' 

SSTRs. It was decided, f irst to treat the problem generally, 

and second to specialise with the cellulose nitrate (CA80-15) 

SSTRs, in the case of thermal and fast neutrons, which is of 

predominant importance to the present work. I t was thought 

that in this way a handy method would be provided so that the 

present considerations could easily be applied to any other 

SSTR, by replacing the physical parameters. 

In this chapter, equations are also derived to calculate 

the neutron sensitivity of SSTRs with a (n ,f ) or (n,a) 'con-

verter' f o i l . These expressions are applied to calculate the 

neutron sensitivity of a Makrofol KG SSTR in contact with a 

2 3 8 

thick U fission foil and of a cellulose nitrate (CA80-15, 

type B)SSTR coated with lithium tetraborate. 

Finally , some conclusions are drawn on the response of 

SSTRs to neutrons. 
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2 . 2 RESPONSE OF ' INTRINSIC' SSTRs TO NEUTRONS 

In this type of SSTRs, the secondary charged particles 

produced by neutron interactions cause the ionisation damager 

which is made visible following a suitable etching procedure. 

There are several ways in which neutron induced tracks are 

considerably different from those observed in the more con-

ventional utilisation of SSTRs i . e . SSTRs with a (n,f) or 

(n,a) 'converter' f o i l . These differences are illustrated in 

Figure 2 . 1 and can be summarised as follows: 

(1) The tracks originate from all points within the volume 

of the SSTR in an uniformly distributed manner. 

(2) The tracks appear in all directions but do not have an 

isotropic distribution. 

(3) Some tracks are caused by the particles leaving the 

surface of the SSTR. In this situation the direction of 

etching is opposite to the direction of increasing 

ionisation damage. 

(4) The tracks are caused by different nuclear particles , 

protons, alpha particles and recoil ions. 

(5) At any stage of etching the observation plane wil l inter-

sect tracks at all stages of production, ranging from 

the beginning of a track to the end of its range. 

The consequences of these important differences between 

neutron induced tracks and conventional charged particle 

observations in SSTRs can be summarised by two statements on 

the production and observation of neutron induced tracks in 

SSTRs. 
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Neutrons 
Inducing 

Recoil 
Protons 

(n ,p) Reoctions 

) Reactions 

Heavy ion 
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Track 

Etching 
Plane 

>> 

a 

SSTR 

Figure 2 . 1 Important features of neutron induced 
tracks in ' i n tr ins ic ' SSTRs 
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(1) The secondary charged particles in the SSTR are produced 

by a variety of nuclear reactions in the basic con-

stituents of the material. The production of each type 

of charged part icle , proton, alpha or recoil ion depends 

on the neutron energy. 

(2) The observation of an etched SSTR which has been exposed 

to neutrons wi l l reveal tracks which are, in general, a 

complicated mixture of different sizes and appearance. 

2 . 2 . 1 Response Function 

The fast neutron interactions that can occur and result 

in detectable tracks in SSTRs containing hydrogen, carbon, 

nitrogen and oxygen are given in Table 2 . 1 . The only inter-

14 14 

action with thermal neutrons is the N(n ,p) C reaction, 

which produces protons of energy 0 .584 MeV. As the neutron 

energy is increased then hydrogen recoils (protons) have 

sufficient energy to be seen and (n,a) and (n,p) reactions 

become possible. Eventually, at high neutron energies recoiL 

carbon, nitrogen and oxygen ions may also be observed. 

The observation of these particles in a cellulose nitrate 

SSTR (say) is determined by the damage produced as the ion 

loses energy and comes to rest . The damage per unit length 

depends on the particle type and its energy. Two energies 

can be defined; the minimum energy, below which a particLe 

of type 1 i* does not produce enough damage to be observed, and 

E. the maximum energy, above which a particle of type 1 i 1 

A 1 

does not produce enough damage to be observed. In case of 

cellulose nitrate V E. only applies to protons and might be 
X 1 

E. ^ 0 . 7 0 MeV for a typical etching condition. 
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TABLE 2 . 1 

THE FAST NEUTRON INTERACTIONS CONSIDERED IN THE 
THEORETICAL EFFICIENCY CALCULATIONS OF 

CELLULOSE NITRATE (CA8Q-15 SSTR) 

1 H ( n 1 H Elastic Scattering 

1 2c 

12 12 

C (n ,n ) C Elastic Scattering 

1 2 C ( n , a ) 9 B e Q = - 5 . 7 0 MeV 
1 2 C ( n , n , ) 3 a Q = - 7 .28 MeV 

14N 

14 14 

N (n ,n ) N Elastic Scattering 

1 4 N ( n / p ) 1 4 C Q = 0 . 626 MeV 

1 4 N ( n / a ) 1 1 B Q = - 0 . 16 MeV 

14N(n,2<x) 7 L i Q = - 8 .82 MeV 
1 4 N ( n , t ) 3 a Q = - 11 .29 MeV 

16o 

16 16 

0 ( n , n ) 0 Elastic Scattering 

1 6 0 ( n , a ) 1 3 C Q = - 2 . 21 MeV 

1 6 0 ( n , n ' ) 4 a Q = - 14 . 50 MeV 
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Consider now the concept of the observable track length 

L^ ( E ) of a particle of type ' i ' and energy E . This observable 

length is the range between ^E^ and The observable 

length L^ ( E ) can also be parameterised in terms of the incident 

neutron beam energy E q and the direction of the particle with 

respect to that of the incident beam. L ^ ( 9 , E q ) is related to 

L^ ( E ) through the kinematic equations given in Sections 2 . 2 . 3 

and 2 . 2 . 4 . The track length depends on the density of the 

medium. Its observation depends on etching conditions and 

the criteria used to recognise a track. To some extent, the 

quality of the etch, in terms of uniformity of the etching 

planer (Fig .2 .1 ) plays a part in track recognition. 

Consider the etching plane shown in F i g . 2 . 1 . The number 

of tracks recognised consists of those 'observable1 tracks 

which intersect the plane. In order to calculate this 

number, consider first the total number of tracks per unit 

volume per normally incident neutron from the reaction ' i ' 

produced into an element of solid angle dft. This number is 

given by 

N i ( § > i d f t 

where N. is the number of atoms per unit volume and (5S) . is 

the differential cross section appropriate to the reaction 

under consideration. Some of these tracks intersect the 

etching plane and the number per unit area is given by 

N. (|£). an L , ( E FE )cos e 
i an jl i o 

The total number of tracks 'T ' of type ' i ' at neutron 

energy E q is given by 
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T = 
E o 1 

N. 
1 

d a 
dV 

L . ( 0 , E )cosG dft 
i o 

(2.1 

The equation (2.1) is the basis for all calculations on 

the neutron sensitivity of ' intrinsic 1 SSTRs. For SSTRs 

which do not record tracks at shallow angles to the surface, 

equation (2.1) should be multiplied by cos2 e
c ( 0

c is the 

critical angle for particle detection, as explained in 

Chapter 3 ) . The function L ^ ( 0 , E q ) can be determined by com-

bining the kinematics of the reaction with the basic effective 

length response function L ^ ( E ) . 

The angular dependence of the differential cross section, 

is also required for determination of the integral. I t can 

be expressed as 

da 
dft = w o , * ) 

where W(6,<j>) is the angular distribution in the laboratory 

coordinate system and a^ is the integrated microscopic reaction 

cross section. 

2 . 2 . 2 Thermal Neutrons 

In the case of cellulose nitrate SSTRs, thermal neutrons 

14 14 
produce 0 .584 MeV protons from the N(n,p) C reaction, 

Q = + 0 .626 MeV. There is no centre of mass motion associated 

(43) 
with thermal neutron capture 

tribution can be written as 

, so that the isotropic dis-

da 
dQ 4tt 
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Therefore, in the present case equation (2.1) reduces to 

N. a . 
m = 1 1 
i 4TT 

2TT IT 
r 

(})=o 8 =o 

L cose sine d0d4> (2.2 

where ' L ' is the observable track length for 0 .584 MeV pro-

tons. Now, equation (2 .2 ) after integration becomes 

N, a. L 
m = 1 3-

i 2 
(2.3] 

The equation (2 .3) is used in the thermal neutron 

sensitivity calculations of ' intrinsic 1 SSTRs. 

2 . 2 . 3 Elastic Scattering 

The kinematics of elastic scattering are illustrated in 

(44 45) 

F i g . 2 . 2 ' . The centre of mass motion can have consider-

able effect on the laboratory measured energy and angular 

distribution. The laboratory energy of the recoil , as 

described in Appendix A, can be expressed as 

E R = FEq cos2e , e ctt/2 

where, 
4 M, M_ 

F = " j 
( M x + M 2 ) 

The intensity at laboratory angle ' 0 ' is given by 

1(8) = I ( i p ) 4 cos 0 

where X (ip) is the intensity at an angle in centre of mass (CM) 

coordinate system. 

I f the elastic scattering is taken to be isotropic in 

the CM system, then 
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Z, 6 in lab. 

<f>, in C.M. 

Neutron 
Target 

Scattered 
1 Neutron 

Recoil 

M: 

E 
(M1+M2) 

~2 {cos £ + (M 2 /MX) sin £ 
2 

4 M 1 M 2 2 
— ~ cos 0, 0 £ it/2 
(MX+M2) 

Figure 2 . 2 Kinematics of fast neutron elastic scattering 
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• = T I 4 c o s 6 

Therefore, in the present case equation (2.1) becomes 

N. a. 
m = 1 1 

E 4ir 
o 

L± (e ,E Q )4 cos2e dft (2.4 

The function L ^ ( 9 , E q ) is determined by considering the 

relation 

E = F E cos26 
R o 

and the form of given in F i g . 2 . 3 . The integral in 

equation (2 .4) can be evaluated by considering the angles 

appropriate to the energies and these are given by 

- 1 , „ _ _ 

and 

X = C O S ( x V F E o ) 

>N = C O S - 1 ( N V F V % 

Now, the two non-zero parts of the integral in equation 

(2.4) are 

N. a. ? 
_ i i

 1 x 

X 1 - 2 
4 L cos20 d(cos9) (2.5) 

M 

for the region where L^ (E ,0 ) = L^ ; where L^ is the maximum 

observable track length (see F i g . 2 . 3 ) . In the region where 

L i ( E ) varies with energy and can be expressed as 

where 

L I ( E , e ) = G (E R - ^ ) 

G = V ( X E i " NEi> 

the second part of the integral in equation (2 .4) becomes 



N 
E 

X i 

E , 

Figure 2 . 3 Form of observable track length, 
L as a function of particle energy, 
L._ is the maximum observable track length 
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e 
>N 

N , a. 
i 1 

G 4 cos 2 9f E. 
X l 

E±) d (cos0) (2.6) 

6 
x 

The sum of integrals and I^ determines the response 

of ' intrinsic 1 SSTRs in the case of elastic scattering. 

2 . 2 . 4 Nuclear Reactions 

Nuclear Reactions can be treated in a similar manner to 

elastic scattering except that the reaction product energy 

will not be related to the neutron energy in a simple manner. 

The kinematics of nuclear reactions along with the expressioas 

for the energies of the light and heavy reaction products in 

the laboratory frame of reference (as described in Appendix 

A) are illustrated in F i g . 2 . 4 ^ 4 ^ ^ . it is clear that an 

exact calculation, taking into account all the details of the 

reaction product energies , including the effect of excited 

11_ 9 13 

states in "IB-, Be and C is hardly justif ied in view of the 

limitations of the experimental results. A number of approxi-

mations could be considered and the one chosen for comparison 

with experiments in the present case is to assume an isotropic 

distribution of light particles with a fixed energy equal to 

that of the particles emitted at 90 ° . The reaction product 

energies for the 1 4 N ( n , a ) 1 1 B , * L 2C(n,a) 9Be and 1 6 0 ( n , a ) 1 3 c 

reactions, calculated using equations described in Appendix A 

are given in Table 2 . 2 . In this case the development of 

equation 2 . 1 follows that given in the section 2 . 2 . 2 with the 

appropriate value for the observable track length ' L 1 . 

At neutron energies greater than 5 MeV besides heavy ion. 

recoils which have suff icient energy to be observed, many 



Incident Target 

Q (MeV) = 931 . 16 (M^ + M2 - M 3 - M 4) (a.m.u.) , 

E t = E x + Q = E 3 + E , 

E- = B[ cos\\) + (D/B - sin \fj) 2 ^ Ê  
J r- 2 . h-,2  1  

E4 = A[COS£ + (C/A - sin C) 2] E 

where 

sin£ = (M 3 E 3 /M 4 E 4 ) 2 sini^ 

= M 1 M 4 ( E 1 / E T ) 

(M1+M2) (M3+M4) 
B = W W 

(MX+M2) (M3+M4) 

c = 

D = 

M 2M 3 

(MX+M2) (M3+M4) 
(1 + = F 1 

M2E E T 

M ^ Q E 3 

(MX+M2) (M^M4T
 ( 1 + = E^ 

M 2M 4 

Figure 2 . 4 Kinematics of nuclear reactions 
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TABLE: 2 . 2 

ENERGIES OF THE REACTION PRODUCTS FROM 
(n,ct) REACTIONS IN CASE OF -^C, -^N AND r 6 0 

AS A FUNCTION OF NEUTRON ENERGY 

E 
(MeV) 

1 2 C ( n 
g 

ra) Be 1 4 N ( n ra) B 0 (n ,a ) C 

E 
(MeV) 9Be 

(MeV) 
a 

(MeV)'7 

1 3 3 
(MeV) 

a 
(MeV) 

1 3 c 
(MeV) 

a 
(MeV) 

1 . 0 0 . 1 8 0 . 66 

1 . 5 0 . 3 5 0 . 99 

2 . 0 0 . 52 1 .32 

2 . 5 0 . 69 1 .65 

3 . 0 0 . 86 1 .98 0 . 24 0 . 5 5 

3 .5 1 .03 2 . 3 1 0 . 39 0 . 9 0 

4 . 0 1 . 2 0 2 .64 0 . 54 1 . 2 5 

4 .5 1 . 37 2 . 97 0 . 69 1 . 6 0 

5 . 0 1 .53 3 . 31 0 . 84 1 . 9 5 

5 . 5 1 . 7 0 3 .64 0 . 99 2 . 3 0 

6 . 0 1 . 87 3 .97 1 .14 2 . 6 5 

6 .5 0 . 2 8 0 . 5 2 2 .04 4 . 30 1 .29 3 . 0 

7 . 0 0 . 4 7 0 . 8 3 2 . 2 1 4 .63 1 .44 3 . 35 

7 .5 0 . 6 5 1 . 1 5 2 . 38 4 .96 1 .59 3 . 7 0 

8 . 0 0 . 8 3 1 . 4 7 2 . 55 5 .29 1 .74 4 . 0 

8 .5 1 . 01 1 . 79 2 .72 5 .62 1 .89 4 . 35 

9 . 0 1 .19 2 . 1 1 2 .89 5 .95 2 . 04 4 . 7 0 

9 . 5 1 .37 2 . 4 3 3 .06 6 . 28 2 . 19 5 . 0 5 

10 . 0 1 .55 2 . 75 3 .22 6 .62 2 .34 5 . 4 0 
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other reactions are also possible. These tracks may cause 

3 
additional tracks from deuterons, tritons, He and also from 

12 (47) 
C ( n , n f ) 3 a reactions 

2 . 2 . 5 Etching Effects 

The enlargement of tracks by the etching process is an 

inherent part of the SSTR technique, without which the tracks 

could not be seen using an optical microscope. The number of 

neutron induced tracks and hence the sensitivity increases 

with the etching time in the relatively early period of 

etching due to a number of reasons as discussed in Chapters 3 

and 4. After some time, which depends on the neutron energy 

and the etching conditions, the track density reaches a 

plateau. In the derivation of the response function (equation 

2 . 1 ) , this plateau condition is assumed. Therefore, in cases 

when the etching conditions are such that the track density 

is not on the plateau, the theoretical response should be 

multiplied by a factor which can be obtained from the shape 

of the curve (track density as a function of etching time) ^ ^ . 

These effects which are discussed in detail in Chapters 3 and 

4 are to be taken into account, while comparing the theoretical 

and experimental results. 

2 . 2 . 6 Neutrons in Cellulose Nitrate (CA80-15 SSTR) 

(i) Track parameters 

The elementary composition of cellulose nitrate is given 

in Table 2 . 3 . The form of the observable track length, L^(E) 

for protons can be estimated by considering the energy loss of 

protons in cellulose n i trate , as shown in F i g . 2 . 5 ( a ) . The 
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TABLE: 2 . 3 

ELEMENTARY COMPOSITION OF CELLULOSE NITRATE: 
C 6 H 7 O 2 ( N O 3 ) 3 

Element 

Concentration 

Element 

% g/cm3 

2 . 4 0 0 .036 

1 2 c 2 4 . 2 0 0 . 36 

1 4 N 1 4 . 1 0 0 . 2 1 

1 6 o 59 . 2 0 0 . 9 0 

p = 1 .506 

TABLE: 2 .4 

MAXIMUM OBSERVABLE TRACK LENGTHS 1 

M 

AND CORRESPONDING ENERGIES IN CELLULOSE NITRATE 

Particle / Ion ( i h 
Corresponding Energy 

(MeV) 

XH 5 0 . 6 0 

4He 15 3 . 60 

1 2 c 330 120 

1 4 N 530 190 

1 6 o 660 256 



E (MeV ) 

Figure 2 . 5 (a ) Energy loss rate, dE/dx in cellulose nitrate as a function of proton 
and alpha particle energy. The threshold for track registration is 
^ 0 . 4 0 MeV/(mg/cm2) 
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methods used for calculating dE/dx and range for different 

particles are described in Appendix B. I f the damage threshold 

applicable to the registration of a track is taken to be 

0 . 4 0 MeV/(mg/cm2)? then N E ± < 0 . 0 1 MeV and X E ± = 0 . 75 MeV. 

However, in order to produce a detectable track in an optical 

microscope, a charged particle in addition to sufficiently 

high energy loss, must have a minimum range which is estimated 

(12) 

to be 1 .5 ym . Therefore, taking this limitation into 

account in case of protons = 0 . 1 5 MeV. These values agree 

with the experimentally observed thresholds obtained by 

measuring monoenergetic protons (see Chapter 4 ) . The value 

of L^(E) between 0 . 1 5 to 0 . 7 5 MeV can be obtained from the 

range/energy relation given in F i g . 2 . 6 . A similar procedure 

was adopted to obtain track parameters for alpha particles 

and recoil ions from F i g s . 2 . 5 and 2 . 6 . The maximum observabLe 

track lengths L^ in case of ^H, 4 He , 1 2 C , 1 4 N and 1 6 0 in (17) 

cellulose nitrate are given in Table 2 .4 . The microscopic 

neutron cross section data for various reactions applicable 

in the present case is given in Appendix C. 

(ii) Response of CA80-15 SSTR 

The theoretical response of CA80-15 SSTR which is a 

cellulose nitrate film was calculated as a function of the 

neutron energy using the equations derived in the preceeding 

sections of this chapter. In the case of thermal neutrons, a 

— 6 

sensitivity value of ( 4 . 0 x 10 ) tracks per neutron is 

obtained from equation ( 2 . 3 ) . 

The contribution of fast neutron elastic scattering from 

^"H, ^"2C, "^N and " ^0 nuclei to the sensitivity , as a function 
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E (MeV) 

Figure 2 . 6 Range, R of protons, alpha part ic les , carbon and 
oxygen ions in cellulose nitrate as a function 
of part ic le energy 
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of neutron energy is plotted in F i g . 2 . 7 . I t can be seen 

that even at E n = 17 MeV recoil protons contribute signifi-

cantly to the overall theoretical sensitivity ' n t h ' . F i g . 2 . 8 

shows the contribution of different nuclear reactions to the 

sensitivity as a function of neutron energy. Although at 

E n < 5 MeV, nitrogen has a high cross section for the (n ,a) 

reaction, oxygen also contributes significantly to the 

sensitivity due to its high concentration in cellulose 

12 

nitrate . The C ( n , n ' ) 3 a reaction has an effective threshold 

at about 11 MeV and appears to peak at about 17 MeV. The 

total neutron sensitivity of CA80-15 SSTR along with sensi-

tivities due to different reactions is plotted in F i g . 2 . 9 . 

The drop in the sensitivity curve at = 5 MeV is due to the 
16 _ , ,13 0 (n ,a ) C resonance. 

2 . 3 RESPONSE OF SSTRs WITH A 'CONVERTER FOIL' TO NEUTRONS 

In this section response functions for neutron detection 

using SSTRs based on (n,a) or (n,f) reactions are considered. 

The situation in these cases is not as complex as one usually 

finds in the case of ' i n t r i n s i c ' SSTRs, because the tracks 

are usually produced by only one or two types of particles , 

either by fission fragments or alpha particles, and also the 

tracks are not uniformly distributed throughout the volume of 

the SSTR. 

2 . 3 . 1 SSTRs with a (n , f ) 'Converter' Foil 

In this case the track density at neutron energies 

encountered in the reactor environments can be equated to the 

neutron fluence by a constant weighted by the fission cross 
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Figure 2 . 7 The contribution of elastic scatterings to 
the neutron sensitivity, TI.. (in tracks per 
neutron) of CA80-15 as a function of neutron 
energy 
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neutron sensitivity , TI . (in tracks per 
neutron) of CA80-15 as a function of neutron 
energy 
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Figure 2 . 9 The contributions of elastic scatterings and 
nuclear reactions to the neutron sensitivity , 
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sensitivity of CA80-15 as a function of 
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(48 49) 

section of the f i ss i le material ' . This relationship 

between track density and neutron fluence arises from the 

fact that the fission fragment registration efficiency of 

most SSTRs with a small value of ©c (critical angle for 

particle detection) , as well as the range and energy distri-

bution of the fission products in the common f issile materials, 

are quite constant. 

The ranges of fission fragments in uranium metal as a 

function of mass number are shown in F i g . 2 . 1 0 ^ ° ^ . From this 

data it is possible to calculate the neutron sensitivity of 

2 
thick fission fo i ls . Consider an uranium target of 1 cm 

area and a thickness R equal to the range of fission fragments. 

This target has ^ atoms/cm2 . Thus the number of induced 
fissions wil l be 

N ^ + *H -5 
—=-"2—- r = 2 . 7 x 10 fissions (2 .7) 

neutron-barn 

where R^ is the range of light fission fragments in uranium 

2 
(- 11 .5 mg/cm ) ; RJJ is the ranger of heavy fission fragments 

2 
in uranium (- 9 . 5 mg/cm ) ; N is Avogadro's number 

23 (6 .025 x 10 atoms/mole); A is the atomic weight of uranium. 

— 24 2 

metal (238 .1 g/mole) and r is a conversion factor (10 cm / 

barn) . 

Referring to F i g . 2 . 1 1 , i f one fission occurs at point F 

(producing two fission fragments) the probability that one 

fission fragment w i l l emerge at the lower surface is 

2K Rh 

4tt R 
j < 2 - 8 
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Figure 2 . 11 The geometry factor for thick fission foils . 
One fourth of all fission fragments produced 
within the thickness R will emerge at the 
surface 
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Assuming a uniform distribution of the fission events 

within this f o i l ; the total geometry factor is 

r 
0J 271 Rh dh _ 1 Q V — r " 4 12.9) 

4 it R 2 dh 

0 

The number of fission fragments which will emerge out of 

this thick fission foil is 

N «L + *H _ 

= 1 4 x 10~5 e m e r g i n g fission fragments 
neutron-barn ' 

However, not all emerging fission fragments will produce 

observable tracks, as due to the self absorption in the 

fission f o i l , the fragments reaching the SSTR will have a 

spread of energies and the tracks corresponding variety of 

ranges from zero up to the maximum possible. Assuming that 

the etching process dissolves approximately 1 urn of the 

plastic surface and that the fission fragment tracks must be 

at least 1 ym in depth to be observed, therefore in order- to 

produce an observable track, the emerging fission fragments 

must have enough energy to penetrate at least 2 ym deep in 

the plastic . I t is observed that some 90% of the emerging 

(51) 

fission fragments f u l f i l this requirement . Thus the 

neutron sensitivity of a 1 thick 1 fission foil can be ex-

pressed as 

i i. v i n ~ f i s s i o n fragment tracks , 9 , v 
x ± u neutron-barn n.i-W 
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The constant in the above equation has been confirmed 

experimentally and has also been used for the measurements of 

. . (52 ,53) 
neutron cross sections ' 

The advantages offered by using a 'thick 1 foil are that 

the constant in equation (2 .11 ) can be directly applied in-

235 238 238 
dependent of fission material ( U, U or Th) independent 

of neutron energy and reasonably independent of the SSTRs 

(assuming that fission fragment registration efficiency is 

about 100%; which is the case for most SSTRs). However, 

reduction of the thickness by a factor of five (say); w i l l 

reduce the neutron sensitivity by much less than this factor 

due to the reduced self-absorption. A 'thickness factor' 

(the ratio of sensitivities of the thin and thick fission 

foils) can be determined fromthe foils less thick than the 

maximum range of the fission fragments and can be applied in 

equation (2 .11) where applicable. 

For SSTRs which do not record tracks at shallow angles 

to the surface, the numerical factor in equation (2 .11) 

should be multiplied by cos 20 . For high energy neutrons 
c. 

the factor is likely to be somewhat different , but un-

certainties in cross sections are more serious. 

Because of this proportionality between neutron detection 

efficiency and fission cross section, the known microscopic 

fission cross sections may be used for neutron energy depend-

ence calculations of various detector combinations. 

Dependence of the neutron sensitivity on the direction 

of neutron incidence, usually is not much of a problem. 
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There is some disagreement in the results reported in the 

literature, but the error which is introduced due to directional 

dependence appears to be small. According to some calcula-

(54) 

tions , fast neutrons incident at a grazing instead of 

perpendicular angle result in a sensitivity drop of ^ 12% and 

values up to 17 to 19% have been measured for neutrons in the 

4 . 5 to 15 MeV r a n g e ^ ^ ' ^ ^ . The directional dependence is 

less pronounced with polymers than with inorganic SSTRs 

because of the differences in the critical angle for particle 

detection. No directional dependence has been found for 235 

thermal neutrons, but a flux depression in thick u foils 

may lead to self-shielding errors. 

2 3 8 
(i) Response of U foil in contact with Makrofol KG SSTR 

F i g . 2 . 1 2 shows the microscopic fission cross sections of 

(57) 

various isotopes for neutron energies up to 10 MeV 

2 3 8 U has a threshold of 1 MeV but it is d i f f icult to obtain 
238 235 232 

U completely free of U, but only depleted. Th has a 

threshold of 1 . 2 MeV but its cross section is even smaller 

238 235 239 
than is that in the case of U. U and Pu are very 

237 

sensitive to thermal and epi-thermal neutrons. Np has the 

best characteristics for neutron dosimetry. Its cross section 

falls sharply below - 0 . 4 MeV, but has a f inite cross section 

even for 0 . 1 MeV neutrons. The main drawback is its tendency 

to oxidise and flake in air . 

One method for the detection of fast neutrons from a 

fission neutron source is to surround the Makrofol KG SSTR 

(which does not record the a-particles from the f i ss i le 

material) in contact with a natural uranium foil by neutron 



E n ( M e V ) 

F i g u r e 2 . 1 2 M i c r o s c o p i c f i s s i o n a c t i o n s , cr f o r v a r i o u s i s o t o p e s as a f u n c t i o n 

of n e u t r o n e n e r g y . D a t a f r o m B N L 325 
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absorbers.. For instance by a simple cadmium shield of 0 . 2 5 

to 1 mm thickness, the thermal neutron oversensitivity of 

such a detector can be reduced by a factor of about 12. The 

fission spectrum sensitivity is st i l l reasonably high 

because of the contribution of resonance neutrons and neutrons 

2 3 8 
above the U-threshold. 

2 38 

F i g . 2 . 1 3 shows the fast neutron sensitivity of U 

detector combination, which was calculated using equation ( 2 . 1 1 ) . 

The sensitivity varies according to the variation in the 

microscopic fission cross section of 

2 . 3 . 2 SSTRs with a (n ,a) Converter Foil* 

SSTRs with (n,a) 'converter foil 1 are not suitable for 

fast neutron measurements (E * 0 . 1 MeV) due to : 
n 

(i) a rapid fall in the (n,a) reaction cross sections 

of the materials commonly used, 

(ii) the background produced by the recoil tracks. 

However, thermal and epi-thermal neutrons can be best 

10 6 

measured by employing (n,a) reactions of B and L i , whose 

cross sections go as (velocity) For a thermal neutron 
distribution, the cross sections are 3840 barns for and 

g 

940 barns for L i . 

The response function in the case of a B^C pellet in 

contact with a cellulose nitrate film, in case of thermal 

(58 59) 
neutrons has been studied in detail ' 

(i) Response of CA80-15 type B SSTR 

A suitable SSTR which can be used for thermal and epi-

thermal neutron dosimetry is the cellulose nitrate 
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Figure 2 . 13 Theoretical neutron sensitivity , n , h (in tracks 
per neutron) of a ' thick ' sion foi l in 
good contact with a SSTR 
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(CA80-15, type B) film which is coated on both sides with 

45 ym thick layer of lithium (natural) tetraborate 

(Li2B^O^-5 ^ 0 ) . This material serves as the neutron con-

verter with the following reactions 

(i) 6 L i ( n , a ) 3 H Q = 4 .8 MeV 

(ii ) 1 0 B ( n , a ) 7 L i Q = 2 . 3 MeV, excited state 

Q = 2 . 8 MeV, ground state 

A certain percentage of the charged particles produced 

as a result of these reactions reaches the cellulose nitrate 

film. The sensitivity to thermal and epi-thermal neutrons 

depends on the absorption cross sections and the energy of 

the particles reaching the surface of the film. The response 

functions in this case are quite similar to those described 

in Sections 2 . 2 . 2 and 2 . 2 . 4 . The neutron sensitivity in the 

case of thermal neutrons expressed as tracks per neutron can 

be written as 

T = C 
V B

( t h ) + N L i a L i ( t h ) (2 .12) 

where, c?B and a are the microscopic absorption cross 

10 6 
sections for B and Li at thermal energy. N^ and N ^ 

10 6 

represent the number of atoms of B and Li per unit 

volume. The coefficient 'C* takes into account the distance 

in the converter at which the a-particle is emitted and the 

efficiency of a-particle detection in cellulose nitrate . 

It is quite evident that only those particles reach the 

cellulose nitrate film which are ejected within a cone of 

side equal to the range of the particles and its basal 
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plane on the detector-converter interface. This makes the 

coefficient 'C1 equal to half the range of particles in the 

converter material. 

The neutron sensitivity in case of epi-thermal neutrons 

expressed as tracks per unit area can be written as 

T = C N 
B 

CJ_ (E ) <j)(E ) dE 
B n Y n n 

0 . 4 eV 

+ N J a (E )<j>(E )dE^ 
L l o .4 eV L l n n n 

( 2 . 13 ) 

where the lower energy limit corresponds to the cadmium cut 

off for thermal neutrons. The upper energy limit depends on 

the neutron spectrum and the cross sections of the reactions. 

Equations (2 .12) and (2 .13) give sensitivites of 

-3 -4 

1 .2 x 10 and 3 . 65 x 10 tracks per neutron, in the case cf 

thermal and epi-thermal neutrons (0.4 eV to 1 keV) respect-

ively. 

2 .4 CONCLUSIONS 

With reference to the response of SSTRs to neutrons, 

the following summarised conclusions can be drawn from the 

present theoretical treatment. 

(i) The response function for the neutron detection 

efficiency in the case of ' intr insic ' SSTRs has been 

shown to be due to a large number of different neutron 

interactions. Clearly the presence of hydrogen in 

the detector is important since recoil protons make a 
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significant contribution to the total response even 

at high neutron energies. I f a particular SSTR is 

to be used in the f ield of reactor physics for reaction 

rate measurements then some knowledge of neutron 

spectrum would be required since the response is 

energy dependent. 

( ii ) The energetical dependence of response functions of 

the SSTRs with 'converter foils ' are given by the 

energetical evolutions of (n ,f ) or (n,ot) reaction 

cross sections, which makes it easier to analyse this 

type of SSTRs as a function of neutron energy. 

( i i i ) For a fission neutron source an ' intr insic ' CA80-15 

SSTR has higher neutron sensitivity than a Makrofol 

2 38 

KG SSTR in contact with a ' thick ' U foil. On the 

other hand it is easy to evaluate an etched SSTR with 

fission fragment tracks than with a mixture of differ-

ent tracks (discussed in detail in Chapters on 

experimental results ) . 
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CHAPTER 3 

MATERIALS AND PRELIMINARY EXPERIMENTS 

3 .1 INTRODUCTION 

This chapter is divided into three major sections. The 

first section deals with preliminary experiments to select a 

dielectric material capable of recording the particles of 

interest. The latter had to provide under certain etching 

conditions, with tracks clear enough, so that automatic 

counting techniques were feasible with high accuracy. 

Various properties of the selected materials namely cellulose 

nitrate and polycarbonates are discussed with a view to under-

standing the effects of radiation and the important process 

of track formation, as well as the chemical etching of latent 

tracks. Alkaline degradation is treated in addition because 

of its great importance in the alkaline etching process, which 

is the standard technique for revelation of charged particle 

tracks in the various polymers employed in track recorder 

work. 

The second section of this chapter deals with the track 

development by means of chemical etching. The studies re-

ported in this section were motivated by the need to better 

understand the variables that control the track etch process. 

The major part of this work centres around cellulose nitrate 

(CA80-15) and polycarbonate (CR-39) which were chosen for this 

study. 

Different optical techniques for the observation of 

tracks and the track counting conventions are described in 

the third section of this chapter. Finally some conclusions 
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are drawn on chemical etching of latent tracks which could be 

used to optimise the etching conditions for a particular 

application of SSTRs. 

3 .2 SSTR MATERIALS FOR NEUTRON DETECTION 

A wide variety of d ielectrics , including minerals such 

as m i c a ^ , natural and art i f ic ia l inorganic g l a s s e s ^ , and 

organic p o l y m e r s h a v e been used as SSTRs. Polymers such. 

as cellulose acetate, cellulose nitrate and polycarbonate ha.ve 

proved to be the most sensitive , permitting the detection not 

only of heavy, densely ionizing particles , but also of light 

particles such as alphas and protons. Only i f the stopping 

2 
power is greater than ^ 15 MeV cm /mg can tracks be detected 

by etching in inorganic media. By contrast, all organic 

polymers which have been tested record particles of stopping 2 
power less than ^ 4 MeV cm /mg and some cellulose derivatives 

2 

as low as ^ 0 . 3 5 MeV cm /mg. Therefore, it was decided to 

use polymers as the SSTR material for fast neutron detection. 

Four polymers were studied with regard to their suita-

bil ity for fast neutron detection, v i z : 

(a) Cellulose acetate butyrate (CAB) 

(b) Cellulose tri acetate (CTA) 

(c) Cellulose nitrate (CN) 

(d) Makrofol polycarbonate (PC) 

252 

Films were irradiated using a Cf-neutron source and 

they were compared according to the following criteria : 
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Reproducibility of tracks: 

The low stopping power,(dE/dx) for recoil protons and 

alpha particles places them close to the limit of detectability 

for charged particles . Any change in the material composi-

tion or mode of manufacture is likely to change the sensitiTity 

to the particles of interest . CAB was found to be particularly 

prone to variability of this type and was eventually re-

jected for this reason. 

Clarity of tracks and abil ity to count the tracks automatic-
ally : 

The proton and other recoil tracks produced in 'intrin-

sic 1 SSTRs are mostly an order of magnitude smaller than 

fission-fragment tracks, which makes their observation and 

counting d i f f i cu lt . This is valid as long as the same 

plastic and standard etching conditions are employed. The 

tracks in CTA were found to have insufficient contrast for 

reproducible automatic counting (see Chapter 7 ) . In addition 

CTA films had a tendency to buckle severely after etching 

which made automatic counting almost impossible. 

Low, background count: 

The quality of the etched surface must also be con-

sidered. In some materials etch-pits form during etching 

that are not caused by ionizing particles . These pits may 

be indistinguishable from short recoil tracks. Where 

accurate counting is desired (as in the present work) , such 

materials are not adequate. Further, the latent tracks 

must etch out such that Vm /V_ >> 1, where V_ is the etch 
I d T 

rate along the particle path in the SSTR, and V_ is the 

bulk etch rate of the SSTR. I f the above condition is not 
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met, two significant things occur. F irst , track registration 

becomes a strong function of the angle of impingement of the 

particle on the SSTR. Detector sensitivity is impaired and 

mathematical handling (see Chapter 2) of the problem becomes 

d i f f icult . Second, the tracks which are recorded may be in 

poor microscopic r e l i e f , making track counting less 

reliable . 

The material found to closely meet the above critera 

for fast neutron detection without using any 'converter f o i l ' 

is the cellulose n itrate , CA80-15* 6 0^ , a Kodak-Pathe film, 

which is of 100 pm thickness and is weakly coloured red. 

2 

The low registration threshold value (dE/dx ^ 0 . 4 MeV cm /irig) 

makes it sensitive to a wide range of particles produced in 

neutron interactions with its constituents, thus leading to 

a high sensitivity . (Kodak-Pathe has recently introduced a 

colourless cellulose nitrate film, C N - 8 5 ^ ^ , which has the 

same chemical composition as CA80-15 films) . 

CA80-15 films are not suitable for neutron detection 

using (n ,f ) reaction, as they also record alpha particles 

from the f i ss i le foil in contact with the film, which some-

times exceeds the number of fission-fragment tracks thus 

making counting d i f f i c u l t . Therefore, in the case of (n ,f ) 

reactions, it was decided to use Makrofol K .G polycarbonate, 

a Bayer film, which is of 60 ym thickness and is weakly 

n j (62) coloured green 

(6 3) 
A recently discovered SSTR, CR-39 polycarbonate 

(colourless, 600 ym thick and manufactured by Pershore 
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Mouldings) was also included in the investigation in the 

latter stages of the programme. 

3 . 2 . 1 Polymers (Cellulose Nitrate and Polycarbonate SSTRs) 

Chemistry and Radiation Effects 

A polymer is a large molecule built up by the repetition 

of small simple chemical units. The word i t s e l f , is derived 

from the Greek roots 'meros* meaning parts, and 'poly1 

meaning many. In some cases the repetition of the chemical 

units is l inear , such as a chain is built up from its links. 

In other cases the chains are 'branched' or interconnected 

to form three-dimensional networks. The 'repeat unit ' of 

the polymer is usually equivalent or nearly equivalent to 

the 'monomer' or starting material from which polymer is 

formed. The length of the polymer chain is specified by the 

number of repeat units in the chain. This is called the 

degree of polymerisation (DP). The molecular weight of the 

polymer is the product of molecular weight of the repeat 

unit and the degree of polymerisation ^ ^ ; 

In terms of chemical composition, there are two broad 

types of polymers, one having the same repeating building-

block unit throughout their molecules, and the others have 

two or more different building-block units regularly or 

irregularly distributed throughout their length ^ ^ . 

(i) Cellulose Nitrate (CA80-15 SSTR) 

Cellulose 

Cellulose is a naturally occurring carbohydrate which 

is present as the chief constituent of the cell wall in all 



- 84 -

plants. The main sources of commercial cellulose are cotton 

(65) 
linters and wood pulp . The empirical formula of cellu-

lose is 3 ]n* C 6 H 7 O 2 ( O H ) 3 L . The structural formula is shown in 

F i g . 3 . 1 ( a ) . Cellulose is thus composed of a large number 

fn f of anhydroglucose units joined together by ether link-

ages. The molecular weight of the anhydroglucose units is 

taken as 162 with end groups and trace substituents in the 

cellulose assumed to be negligible . The average number of 

anhydroglucose units in the molecule is several thousand 

(66) 

for most native celluloses . Cellulose is considered to 

be a long, linear polymer of united rings as shown in Fig . 

3 . 1 ( a ) . I t occurs in a fibrous form having a specific 

gravity of about 1 . 5 0 - 1 . 5 5 , and an index of refraction of 

1 . 6 along the fibre and 1 . 5 perpendicular to i t . I t i s 

thought that the cellulose fibres 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 electric f ield con-

figuration between neighbouring chains is conductive to their 

parallel orientation. The crystallites are called micelles. 

The minimum dimensions of the micelle are thought to be 

60-70°A wide and 600°A long. Individual chain molecules may 

traverse many micelles , resulting in an interlocking assembly 

of parallel micelles or submicroscopic crystallites . Accord-

ing to x-ray measurements cellulose is about 70 percent 

crystalline . Cellulose is insoluble in all organic solvents, 

has no melting point, and is fairly resistant to thermal 

degradation. 
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Figure 3 . 1 (a ) The structural formula for cellulose. 
Three hydroxyl groups are shown in each 
of the anhydroglucose units , the latter being 
joined by ether linkages 

H NO- CH 2 NO 3 

CH2NO3 

Figure 3 . 1 (b ) The structural formula for cellulose trinitrate 
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Cellulose Nitrate 

(a) Chemical composition 

Cellulose nitrate is a condensation polymer produced b^ 

the esterification of cellulose with nitric acid in the 

presence of a catalyst, usually sulphuric acid. The hydroxy1 

ions are replaced by the nitrate ions, according to the 

following formula for complete nitration. 

H 2 S ° 4 
C6H7C^(OH)3 + 3HN03 ->C6H702 (N03) 3 + 3H20 

(3 .1 ) 

The most important function of sulphuric acid is its 

role as a dehydrating agent for the additional undesirable 

water formed in the nitration reaction. Sulphuric acid also 

functions as a swelling agent, allowing in it ia l entry of the 

nitrate groups and influences the degree of substitution or 

nitrogen content. 

The structural formula of cellulose nitrate is shown in 

F i g . 3 . 1 ( b ) . The degree of substitution (DS) is defined as 

the average number of hydroxyl groups replaced per anhydro-

glucose unit and varies between 0 and 3. In principle it 

should be possible to replace all three hydroxyl groups in 

each anhydroglucose unit with nitrate groups to give cellu-

lose trinitrate . Such a product having a DS = 3, would 

contain 14.14% nitrogen. In practice, the practical upper 

limit for substitution is about 2 . 9 f corresponding to a 

nitrogen content of 13 . 8% . Cellulose nitrate with a nitrogen 

content of about 11% is used in plastics. I f the nitrogen 

content is less than 10%, the material is insoluble and not 

useful . 
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(b) Physical 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 con-

fer electrical and thermal resistance, rigidity and hardness. 

Commercially available cellulose nitrate varies in viscosity 

7 

from 18 cps to about 7 . 4 x 10 cps. The approximate relation 

between viscosity in centipoises (cps) , molecular weight and 

DP is given in Table 3 . 1 . 

Although considerably less crystalline than the parent 

cellulose, cellulose nitrate possesses, in general, short 

range order. X-ray and electron diffraction studies amply 

(67) 

support this view . The extent of crystallinity depends 

on many factors, such as the degree of nitration and the 

exact conditions and manner of sample preparation. Cellulose 

nitrate is more naturally crystalline in the trinitrate 

state than in the less nitrated states. However, as the 

degree of nitration is increased towards the pure cellulose 

form, the polymer becomes more crystalline again. The extent 

of crystallinity has a definite influence on the mechanical 

properties of the material. 

(c) Cellulose nitrate plastic 

Cellulose nitrate is only one of the constituents of 

cellulose nitrate plastics . In order to improve or other-

wise , alter the properties of the basic material, various 

modifiers, such as plast ic izers , resins and pigments are 

added. Small amounts of solvent, left over from sample 

preparation, are also generally present. The presence of 

these substances affects the chemical and physical behaviour 

of the plastic . 
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TABLE 3 . 1 

APPROXIMATE RELATION BETWEEN THE VISCOSITY, 
MOLECULAR WEIGHT AND THE DEGREE OF POLYMERIZATION 

OF CELLULOSE NITRATE 

Viscosity (Cps) Molecular Weight Degree of Polymerization 

92 . 5 2 2 , 0 0 0 74 

11,100- 14 , 800 6 8 , 0 00 229 

222 ,000-370 ,000 1 4 0 , 0 0 0 471 

TABLE 3 .2 

MECHANICAL, PHYSICAL AND ELECTRICAL PROPERTIES 
OF PLASTIC!ZED CELLULOSE NITRATE FILMS 

Specific gravity 1 . 35 - 1 . 6 0 

Refractive index 1 .5 

Thermal conductivity 
-4 o 

(3 .1-5.1) x 10 (cal/seocm C) 

Electrical resistivity at 30°C (0 .106-0.32) x 1 0 1 0 ohm-cm 

Specific heat 0 . 34 - 0 . 3 8 cal/°C-g 

Softening point 70 ° - 90°C 

Effect of heat Decomposition at 100-150°C 

Burning rate Very high 

Effects of UV light Discolouration, embrittle-: 
ment 

Effect of water Very slight swelling 
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The function of the plasticizers is based on the fact 

that it contains groups capable of solvating particular 

polymer groups. The polar bond from the plasticizer is 

believed to be capable of neutralising or sufficiently 

weakening the van der Walls forces that exist between the 

(65) 

polymer chains . The addition of a plasticizer also pro-

duces swelling, the secondary valence forces are released, 

permitting flexing of the long linear polymer chains. The 

addition of these lower molecular weight materials (generally 

organics) to high polymers changes a hard, brittle , glass-

like solid to a softer , more flexible material. 

The plasticizer used in the Kodak-Pathe cellulose nitrate 

films (CA80-15, CN-85 and LR-115) is camphor,, which is 

believed to be ideal in that the nitrate groups of the former 

interact with the ketone groups of the latter to form a 
j / c n 

molecular complex . The rigid camphor molecule enforces 

a high degree of separation between the chains. Some of the 

physical properties of plasticized cellulose nitrate films 

are listed in Table 3 . 2 . 

( ii ) Polycarbonates (Makrofol and CR-39 SSTRs) 

Polycarbonate polymers are characterised by the - 0C00-

heterochaiii unit and can be made either from phosgene and 

bisphenol A (4,4*-dihydroxy-diphenyl-2,21-propane) or by 

ester exchange between bisphenol A and diphenyl carbonate. 

The structural formula of polycarbonate is shown in F i g . 3 . 2 , 

CR-39 polycarbonate is prepared from allyl-diglycol carbon-

ate by polymerization in the form of highly cross-linked 

copolymers or intermediate products. The monomer 
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Figure 3 .2 The structural formula for polycarbonates 
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is polymerized at temperatures (ranging from 50°-70°C) 

using a few percent of di-isopropyl peroxydicarbonate ( IPP) , 

as the catalytic agent. 

All polycarbonate polymers are crystalline thermo-

plastics of good mechanical properties. They have unusually-

high impact strength, even at low temperatures, ascribed in 

part to a combination of relatively high ordering in the 

amorphous regions and considerable disordering in the 

crystalline regions ^ ^ . They have low moisture absorption, 

good heat resistance (useful to 240 °C ) , and good thermal and 

oxidative stability in the melt. Makrofol polycarbonate is 

free of plasticizers . Some of the physical properties of 

polycarbonate plastics are l isted in Table 3 . 3 . 

3 . 2 . 2 Effects of Radiation on Polymers 

The interaction of radiation with a polymer and the 

subsequent events that can occur can be divided into three 

(6 8} 
distinct periods of time . The first period, lasting 

-|5 

less than 10 seconds, is that of energy dissipation by 

the incident radiation and the absorption of this energy by 

matter. There are three ways to absorb energy in a s o l i d : 

(a) electron displacement (both ionization and excitation 

are included under this heading) , 

(b) atomic displacement, and 

(c) generation of an impurty atom as a result of a 

nuclear reaction. 

-12 -19 

The second period, lasting anywhere from 10 to 10 

seconds, involves the transport and disposition of absorbed 
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TABLE 3 .3 

MECHANICAL, PHYSICAL AND ELECTRICAL PROPERTIES 
OF POLYCARBONATE FILMS 

Specific gravity 1 .2 

Refractive index 1 .5 

Electrical resistivity at 30°C 
17 

2 x 10 ohm-cm 

Effect of heat Decomposition at > 240°C 

Burning rate Self-eacting* 

Dielectric constant at 
800 C /sec 2 . 8 

Clarity Transparent 

Tensile strength 8000 - 9000 psi 

TABLE 3.4 

SOME EFFECTS OF HIGH ENERGY RADIATION ON POLYMERS 

1. Excitation 

2. Production of unsaturation and bond rupture 

3. Ionization 

4. Scission of polymeric chains 

5. Production of free radicals 
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energy by the molecular motion as the thermal equilibrium 

within the solid is established. 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 environmental conditions. 

The third and f inal 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 

— 8 
from a minimum of about 10 seconds up to months or years. 

To recapitulate, i t is convenient to think of three 

distinct phases: 

(a) energy absorption, 

(b) establishment of a thermal equilibrium, 

and (c) the establishment of a chemical equilibrium. 

The primary mechanism for the absorption of energy 

deposited by charged particles is electronic and atomic 

displacements or nuclear reactions. Except at very low 

velocities of the incident particle , the predominant mech-

anism of energy absorption is through electron displacement, 

i . e . through ionization and excitation of electrons of the 

absorbing medium. Since polymers do not readily luminesce, 

the bulk of absorbed energy goes either into heat or is 

stored as potential energy of reactive species. The manner 
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in which the energy is divided between ionization and ex-

citation depends upon the type of particle , its velocity and 

the state of 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 which these species react with each other or with sub-

stances present in the matrix of the bulk material (such as 

oxygen or water) . 

In general, the irradiation of polymers produces either 

cross linkage or s c i s s i o n ' . Cellulose nitrate under-

goes scission at a rate which is considerably higher than 

(71) 

other polymers, about 13 . 5 scissions per 100 eV of dose . 

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 gas evolution. This is particularly 

so for cellulose n itrate , where over 95% of evolved gas is 

hydrogen. The mechanical properties of polymers are also 

changed by scission. The shortened chains and the large 

number of chain ends lead to a weakening and embrittlement. 

Free oxygen present in matrix of the polymers 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 chain 's ends now combine with 

oxygen to produce scission. Some of the known effects of 

radiation on polymers are summarised in Table 3 . 4 . 

Polymers containing a high percentage of aromatic 

rings have been found to be resistant to radiation, those 
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(71) 
with highly aliphatic structure are the least resistant 

There is also a general trend for polymers with the largest 

molecular size to be more susceptible to radiation 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 observations, 

cellulose nitrate is found to be one of the most sensitive 

of all polymers to high energy radiation. 

3 . 2 . 3 Alkaline Etching of Polymers 

It is important to understand the alkaline degradation 

of cellulose nitrate and polycarbonate SSTRs in order to 

explain the phenomenon of preferential track etching. 

(i) Alkaline etching of cellulose nitrate (CA80-15 SSTR) 

The nitrate groups of cellulose nitrate cannot be 

removed by sponification with alkali , which is the normally 

used procedure to remove ester groups. Instead, during 

alkaline treatment an oxidative degradation occurs; the 

nitrate groups are reduced to n i tr i te , and alkali soluble 

(72) 
substances are formed' 

Alkali acts on the sugar nitrates to convert primary 

and secondary nitrate groups to aldehyde and ketone groups 

respectively^ 7 2 ^ : 

RCH20N02 + KOH > RCHO + KN02 + H 2 0 (3 .2) 

R2CH0N02 + KOH > R 2CO + KN02 + H 2 0 (3 ,3) 

Such reactions also occur with cellulose nitrate , and the 

corresponding oxycelluloses formed (RCHO and R«CO) are 
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(73) 
rapidly degraded by alkali , being extremely sensitive 

to alkaline cleavage of the glucosidic (ether) bonds l inking 

(17) 

them to the cellulose chain . This reduces the DP rapidl.y 

and the small molecules are readily dissolved. 

Note that i t is high concentration of OH ions which 

derives the reactions ( 3 . 2 ) and (3 .3) to completion, there-

fore a high pH is necessary for significant alkaline etching . 

(74) 

Plasticizers reduce the bulk etching rate substantially m 

probably by reducing the access of the 0H~ ions to the 

cellulose nitrate chains. However, the ability of alkalis 

to swell the structure aids the penetration and etching rate . 

Preferential track etching is due to the much more 

rapid alkaline attack along the damage trail than in the 

bulk material. This may be understood in terms of the oxi-

dative degradation of cellulose nitrate which occurs during 

the process of radiation damage. The oxycellulose along the 

damage trail is rapidly cleaved and dissolved by the a lkal i ; 

accessibility is also considerably greater due to the broken 

chains in the latent track. By contrast the bulk material 

has first to undergo the relatively slow reactions (3 .2 ) and 

(.3.3) before the process of dissolution begins. Penetration 

of the alkali along the damage trail is also aided by the 

(75) 
presence of acidic groups, via the process of base-exchange ' . 

(ii) Alkaline etching of polycarbonates (Makrofol and CR-39 

SSTRs) 

The rate at which polycarbonates are degraded by alkali 

is equal to the rate of cleavage of the carbonate linkages. 
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The rate determining step for the cleavage of the carbon 

ester bond is the addition of OH ions to the carbonyl 

u (76) 
carbon : 

0 0 0 

II - slow I fast II 
R-O-C-O-R + OH > R-O-C-OR R-O-C-OR (3.4 

I I 
OH OH 

The attack by OH results in the hydrolysis of the 

carbonate ester bonds in CR-39 polycarbpnate and can be 

represented as follows: 

0 0 

r I It I I I 7 

CH2CHCH2OCOCH2CH2OCH2CH2OCOCH2CHCH2 + 4OH 

CH20H (3 .5 

— * 2 C c » , i H ] * - W W • ; c o , 

The lines extending from the CH groups in the uncleaved 

polymer indicate where crosslinking to other chains can 

(77) 

occur , thus giving CR-39 its network structure. The 

organic etch products are poly-allylalcohol (PAA) and 2 , 2 ' 

oxidiethanol. Additional etch products can arise from in-

complete conversion of the double bonds in the monomer and (77) from the catalyst used for polymerisation 

The alkaline etching of a bisphenol A polycarbonate 

such as Makrofol, where phenol is a common etch product, is 

inherently simpler than CR-39, since cleavage of one or two 

carbonate linkages can release the bisphenol A anion from a 

chain of the polymer, whereas, for a fragment of PAA to be 

released, all the carbonate linkages binding the fragment to 

the CR-39 network must be hydrolysed. 
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3 .3 CHEMICAL ETCHING OF LATENT TRACKS 

The method consists of immersing the irradiated SSTRs 

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 damage trails . In th_e 

case of cellulose nitrate and polycarbonates, a strong 

hydroxide such as sodium hydroxode is normally used. Bulk 

etching enlarges the track region to the point , where it 

becomes visible under an ordinary light microscope. 

The etching process can be affected in a complex way 

by a large number of variables including the exact composi-

tion and history of the SSTR and the type, concentration and 

the temperature of the etchant. Orientation of the surface, 

agitation of the etchant, as well as the presence of im-

purities may alter the etching behaviour. 

Development of charged particle tracks by means of 

chemical etching i s , in principle , similar to that of the 

(78) 

chemical etching of dislocations in crystals . Tracks 

are linear imperfections with a diameter less than about 

1 0 0 ° A ^ ^ . For track development the rate of chemical 

attack of the particle damage t r a i l , V T must be greater 

than that of the bulk material , V B i . e . V T / V B (etch rate 

ratio) > 1 . It is an important parameter which is used to 

denote the degree of preferential etching. 

Under ideal conditions (absence of diffusion effects , 

homogeneous track recording material) the etched tracks are 

conical in shape, with sharp terminal ends. The quantity 

(79) 
9, one half of the cone angle, is given by 
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6 = s i n " 1 V b / V t ( 3 .6 ) 

As 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 

Fig. 3. 3) . 

Not all of the particle damage trails (latent tracks) 

which intersect the surface of the recorder can be developed 

through the chemical etching technique. In order to produce 

a latent, etchable track, a charged particle must have a 

rate of energy loss above a certain critical value, character-

istic of that material. The quantity V / V is a function of 
T B 

the rate of energy loss of the charged particle , increasing 

as the rate of energy loss increases. For lighter ionizing 

particles V T / V B > 1 , and tracks are not observed. There 

is also a geometrical restriction , latent tracks making an 

angle less than 6 = sin 1 V^/V- with the surface will not be c B T 

seen because the surface dissolves more rapidly than the 

tracks can d e e p e n ( 1 1 ) ( as discussed in the following section) . 

Thus it is desirable to have the etch rate ratio as large as 

possible. 

The bulk etch rate, V g is sensitive to a large number 

of variables such as the exact composition of the recorder 

and the type of etchant and the etching conditions. At the 

same time, the track etch rate, V T is also a function of the 

type and the velocity of the charged particle that produced 

the damaged tra i l . Thus the quantity, V g provides inform-

ation with regards to the chemistry of the sample and of the 
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Etching 
Time 

T 

Figure 3 . 3 Cross*-sectional view of a typical track after 

different etching times. The best etching time 
is 20 minutes. With longer etching, the track 
w i l l no longer increase in length, but only in 
width 
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etching process , while V T also provides information about 

the charged part ic le . I n order to understand the track 

etching process, i t becomes necessary to study the e f fects 

of various parameters on V B and V T individually as well as 

on V T / V B . 

3 . 3 . 1 Cr i t ica l Angle for Track Detection 

The c r i t i c a l angle for track detection, ©c is defined 

as the smallest angle of incidence of a particle to the 

surface of the SSTR, which w i l l leave an observable track 

after etching. 

Consider a track shown in F i g . 3 . 4 f which is obtained 

after etching for time, t . V T and V g have the usual meanings 

and R1 is the residual track length. Now 

R = V T t ( 3 . 7 ) 

L ' = L - V B t 

= R sin 9 - V_ t 
D 

= R (sin 0- V B / V T ) ( 3 . 8 ) 

R ' = L 1 / s i n 0 and R f p = L ' / t a n e 

For small angles , tan 9 = sin 0 

R ' p = L ' / s i n 0 ( 3 . 9 ) 

Equation ( 3 . 8 ) must be posit ive i f a track is to be observed. 

Therefore, the cr i t ica l condition for track detection is 

sin e c = v B / v T 

For angles of incidence less than arc sin ( V B / V T ) , the 

surface is removed at a greater rate than the normal com-

ponent of V _ , and therefore no track is observed. 
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Figure 3 .4 Diagrammatic representation of an etched track. 
The critical angle for track detection is given 
by the relation, 6 = sin"^ V_ /V_ 

C d T 
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3 . 3 . 2 Etching Efficiency 

In the case of ' i ntr ins ic 1 SSTRs, where particle tracks 

originate throughout the volume of the detector, tracks that: 

may be revealed by etching originate at depths ranging from 

0 to H (see Fig . 3 .5) , where H is the maximum depth from which 

a particle may start and s t i l l produce an etchable track. 

Those from depth, H must all have travelled normal to the 

surface to have reached i t , and those at a depth, 6 can 

arrive at angles between arc sin (5/H) and 90 ° . Because, in 

order to be etched at the surface, the angle to the surface 

must be greater than 0 c , all of the tracks from a given 

depth wil l be etched as they cross the surface provided 

6 > H sin 0. For 6 < H sin 6 , some of the tracks are inclined 

at less than 6 , to the surface and are therefore not revealed 
c 

by e t c h i n g ^ . The situation is illustrated in F i g . 3 . 5 , in 

which the l ine , BD represents the fraction of the tracks in 

the upward hemisphere of solid angle that reach the surface 

and ACD (which bounds the shaded area) represents the fraction 

that is etchable. Simple geometry given in F i g . 3 . 5 , shows 

that the fraction of tracks reaching the surface but not 

revealed by etching is just the ratio of the two triangles 

2 
ABC/OBD, which is sin 0. Alternatively, the fraction re-

2 2 
vealed is 1 - sin 0 (= cos 0 ) . 

c c 

3 . 3 . 3 Etching Experiments 

(i) The etching apparatus 

The etching apparatus consisted of glass test tubes con-

taining the alkaline solutions with a rubber cork. I t was 

chosen because i t is resistant to attack by the etchant and 
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Fraction of tracks revealed 

- Sin©- 1.0 

Fraction of tracks 
etched at surface 
given by lines ACD 

Fraction of tracks inter-
secting surface given by 
lines BCD 

Figure 3 . 5 The fraction of a random distribution of tracks 
of length, L that is revealed by a short etch as 
a function of the depth of the lower end of the 
track. The fraction is constant at a depth, 6 
and then decreases linearly to zero at depth L . 
A fraction cos^B of tracks that intersect the 
surface is revealed by etching 
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is readily available. The use of the cork is necessary 

because of the heat conduction and to keep the concentration 

of the solution unvaried during the etching process due to 

evaporation. 

The test tubes were suspended in a water bath which was 

heated by an electric c o i l . The water level in the bath was 

kept at a constant height . The current of the coil and the 

subsequent heat could be adjusted by a variac. The temper-

ature of the water bath was controlled by means of a thermostat. 

The accuracy of the regulator was so good that the temperature 

recorded did not vary more than + 0 . 1 ° C . 

( ii ) The etching procedure 

After placing the test tubes containing the etchant in 

the water bath, i t was necessary to wait for about 15 minutes 

so that the solution acquires the specified temperature. The 

accuracy of the alkaline etchants was controlled by titration 

to within + 0 . 0 5 N. 

It was found that by floating the recorder on the 

surface of the solution, some bubbles accumulate under the 

irradiated side and cause some spots on the film surface, 

which in some cases, could not be easily distinguished from 

the tracks. Therefore, the films were kept vertically in 

the etching solution to allow the bubbles to come out and 

have no or less effect on the films. Stirring of the etchant 

was found to be not useful since it favours the bulk etch 

rate, V n over the track etch rate, V^. 
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When the films had been etched they were removed from 

the etchant and placed in a stop bath of diluted acetic 

acid (1%) for a few minutes to prevent further etching. 

Afterwards the films were washed in d i st i l led water, dried 

in a dessicator and mounted on microscope glass slides 

( 0 . 8 - 1 . 0 mm thickness) along with glass cover-slips 

(^ 0 . 1 mm thickness) with narrow sellotape for examination 

under optical microscope. 

( i i i ) Measurement of bulk and track etch rates (V^ and Vm) 
•D 1 

The bulk etch rate , V^ was measured in two ways: 

(a) Thickness measurements o f the SSTR before and after 

etching, i . e . 

V B = FF (3 .10 ) 

where Ax = thickness dissolved and At = etching time interval . 

The change in the f i lm thickness was determined by two 

methods: 

(i) by focussing the microscope on the two surfaces of 

the detector before and after etching , and 

( i i ) by a high resolution thickness measuring device , 

Universal S . I . P . 214 B (shown in F i g . 3 . 6 ) . 

(b) Diameter measurements of vertically incident 0 . 6 0 MeV 

alpha part ic les . As V T » V B , the diameter of alpha particles 

can be treated as 

a a = 2 v B t ( 3 . i i ) 

for a given etching time 1 1 1 . 



Fiaure 3 6 High resolution thickness measuring machine 
Figure J.b 9 S.J.P.214B), used to measure the 

c h a n c e in t h e S S T R thickness to determine the 

bulketch rates, V B of CA80-15, CR-39 and 
Makrofol K.G. 
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The confirmity of these two kinds of measurements w a s 

checked for CA80-15 in 2.5 N NaOH at (60 + 0.1)°C and was 

found to be within the systematic errors. The thickness 

measurements are more convenient for high etching r a t e s , 

while the diameter m e t h o d is reliable only up to diameters 

of about 6 ym. 

The track etch r a t e , V T was measured by irradiating 

CA80-15 and CR-39 SSTRs with 6 MeV alpha particles with a 

low angle of incidence (10°) to the surface of the detector. 

The alpha particles were available from the Harwell Van de 

Graaf (see Chapter 4). V T was then determined by measuring 

the projected length of the track at various etching times 

and a correction was m a d e for the loss of bulk material 

during etching. 

3.3.4 Results and Discussion (Effects of t h e Etchant 

Temperature and Concentration on V p , V T and V^/V^) 

(i) Cellulose nitrate (CA80-15 SSTR) 

The bulk etch rates of CA80-15 as a function of NaOH and 

KOH concentration at 19°C, 31°C and 60°C are shown in F i g . 

3.7(a) and (b) . A l l curves saturate at different con-

centrations for NaOH and K O H . The lower the temperature, the 

lower is the concentration where the curve starts levelling 

out. 

The plateau bulk etch rates in NaOH for a given temper-

ature are lower than those in KOH. This indicates that KOH 

etches better than NaOH for the same etchant concentration 

and temperature. The fast etch rates in KOH can be explained 
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CA 80 - 15 Na OH 

(31 -0.1)°C 

0 1 2 3 4 5 6 

Figure 3.7(a) A v e r a g e b u l k etch r a t e , V of CA80-15 as a 
function of N a O H c o n c e n t r a t i o n , N (normals) 
at 19°C, 31°C and 60°C, w i t h o u t e t c h a n t 
stirring 
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0 3 6 9 12 15 18 21 

N 

Figure 3.7(b) Average bulk etch rate, V of CA80-15 as a 
function of KOH concentration, N(normals) at 
19°C, 31°C and 60°C; without etchant stirring 
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+ + 
by considering the r a d i i of K and Na -ions in aqueous 

solutions (see Table 3 . 5 ) . These radii lead to different 

hydration number (the number of water dipoles around these 
ions) and therefore to reactions of different strengths. 

+ 

The small K -ion with fewer water dipoles is more mobile 

than Na ions and therefore reacts . faster. 

It was observed that during etching of cellulose n i t r a t e , 

a thin colloidal layer of degraded cellulose nitrate mole-

cules and p l a s t i c i z e r , together with the components of the 

etching solution is formed on the surface of the plastic 

This layer was found t o dissolve in water when disturbed. 

The existence of this layer may affect the bulk etch rate of 

the plastic and contribute to the plateaus of Fig.3.7. 

The effect of the plasticizer (camphor) in cellulose 

nitrate is quite important. Since camphor is neither 

attacked nor soluble in etchants, (as shown in Table 3.6) 

therefore, its buildup at the surface of the recorder would 

be expected to increase w i t h increasing hydroxide con-

centration, now as the amount of camphor available at the 

surface per unit time w o u l d be greater, hence the less sol-

ubility. If the layer inhibits further etching, then one 

would expect a levelling-off tendency in the bulk etch rate 

as a function of the etchant concentration, as was observed 

in these experiments, Fig.3.7. 

Diffusion of the etch products through the camphor 

layer must also be considered. If their diffusion is greatly 

retarded, they would also build up at the surface and this 

might also inhibit further etching. This means that the 
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TABLE 3.5 

SOME PARAMETERS OF N a + AND K + IONS 

Parameter 

Ion 

Parameter 

Na K 

Radius of the bare ion (°A) 

Radius of the ion + water dipoles (°A) 

Number of water dipoles per ion 

0.95 

2 . 76 

3-4 

1.33 

2.32 

2-3 

TABLE 3.6 

SOLUBILITY O F CAMPHOR AT 40°C 

Solvent Solubility (g/&) 

Water 2.13 

4. ON KSCN 2.01 

3.ON KOH 0.16 

6.25N NaOH 0.03 
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build up of the colloidal layer at the surface of the d e t e c t o r 

consists mainly of the plasticizer (camphor) and the rest is 

degraded cellulose n i t r a t e . This is confirmed by the o b s e r v e d 

levelling-off behaviour of the bulk etch rate with increasing-

etchant concentration at a given temperature for both plasti— 

(17) 
cized and un-plasticized cellulose nitrate 

It is evident from Fig.3.7 that the etchant temperature 

is by far the most influential parameter on the bulk etch 

rate of cellulose n i t r a t e . An increase in the etchant temper-

ature from 19°C to 31°C and up to 60°C (Figs.3.7(a) and (b)) 

results in about 6 and 25 fold increase in the etch r a t e , 

respectively at an etchant concentration of 2.5N N a O H . This 

reflects the importance of maintaining a constant temperature 

during etching if reproducibility and quantitative measurements 

are required. 

Figs.3.8(a) and (b) show the bulk etch rate of CA80-15 

as a function of (temperature) \ The slope of the curve 

gives the activation free e n e r g y , AF* = 1.03 eV for bulk 

etching of CA80-15 (explained in the following section on 

W • 

The rate of etchant attack on latent tracks was also 

found to vary with the etchant concentration. This is demon-

strated in Fig.3.9, w h e r e t h e time in minutes needed to 

completely etch-out fission-fragment tracks in CA80-15 is 

given as a function of the concentration of N a O H . A temper-

ature of 60°C was u s e d . Tracks etched in solutions as dilute 

as 0.IN were observed? for lower etchant concentrations the 

4 
etch times become prohibitively long (0.5 x 10 m i n u t e s ) . 
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T - ' ( ° K x l O - 3 ) 

Figure 3.8(a) Dependence of the average bulk etch r a t e , V. 
of CA80-15 on the etchant temperature, at 
different NaOH concentrations 
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T - ' ( ° K x l O - 3 ) 

Figure 3.8(b) Dependence of 
of CA80-15 on 
different KOH 

the average bulk etch r a t e , V] 

the etchant temperature, at 
concentrations 
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CA80 - 15 

1000 — 

0 0 h-

- 10 I— 

1.0 

0. 

Na OH 

(60 ±O.I)°C 

J M i l l 

0. 

N 

10 100 

Figure 3.9 The time, t:'.. required to etch out fission 
fragment tracks in CA80-15 as a function of 
NaOH concentration at 60°C 
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Considerable swelling of the recorders also occurred in the 

dilute solutions. Over the entire range of concentration f 

tracks of comparable appearance were observed. 

The track etch r a t e , V T and the etch rate ratio, 

V m / V _ for CA80-15 as a function of NaOH concentration and 
i a 

temperature is plotted in Fig.3.10(a) and (b). The saturation 

in V T , and the subsequent decrease in its value can be ex-

plained in terms of the rate of increase of the concentration 

of etch products and the swelling of the recorder at low 

etchant concentrations. The swelling of the plastic makes 

it possible for the b a s i c solution to penetrate deeply and 

attack the radiation damaged area of the plastic, thus in-

creasing the track etch r a t e . 

(a) Dependence of the etch rate ratio ( V T / V C ) on temperature 

It was noted as the etch temperature is decreased, the 

etch rate r a t i o , V T / V B is increased (Fig.3.10(b)). It is 

possible to predict this dependence by considering a simple 

m o d e l . Adopting a diagram similar to that used in the acti-

vation complex theory of chemical reaction r a t e s , the free 

energies of the reactants and products are plotted in Fig. 

3.11. H e r e , F_ is the free energy associated with the bulk 

material and the e t c h a n t , F ^ is the free energy of the track 

region and the e t c h a n t , F ^ is the free energy of the activated 

complex, and F p is the free energy of the products. The 

quantity AF* is the activation energy for track etching, AF* 
1 B 

is the activation energy for bulk etching, and AF is the 

reaction free energy. The free energy associated with the 

region of the recorder traversed by a highly ionizing 
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Figure 3.10(a) Dependence of the track etch rate, V T and 
the etch rate ratio, V T / V for 6 MeV alpha 
particles in CA80-15 on NaOH concentration, 
N(normals) at 19°C 
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CA 80 - 15 2.5 N NaOH 
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3.2 3.3 3.4 

Figure 3.10(b) Dependence of the etch rate ratio, V /V for 
6 MeV alpha particles in CA80-15 on the 
etchant (2.5N NaOH) temperature 
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Reaction Coordinate 

Figure 3.11 A free energy diagram of irradiated and 
unirradiated cellulose nitrate 
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particle is greater than that of the bulk material, F ,̂ > FD , 
1 B 

From statistical mechanics we know that the probability tha-t 

an atom undergoing thermal vibration wil l have a value of 

free energy equal to or greater than any value AF* above its 

ground state is given by : 

P = exp(- AF*/kT) (3 .12) 

I f , in the chemical reaction in question, the rate controlling 

step has an activation free energy per atom of AF*, the rate 

of this reaction w i l l be proportional to exp(- AF* /kT ) . The 

overall rate of the reaction can simply be expressed as : 

V = B e ~ A F * / k T (3 .13) 

where T = absolute temperature of the chemical 

k = Boltzmanns constant (8 .67 x 10 ^ eV/°K) 

B = proportionality constant 

Applying this relationship to the chemical etching of tracks, 

the etch rate along the particle trajectory is given by: 

V T = Ce~ ( F A " F
T

) / k T (3.14) 

and the bulk etch rate is given by 

V„ = D e " ( F A " F B ) / k T (3.15) 
B 

Taking the ratio of equations (3 .14) and ( 3 . 1 5 ) : 

V T / V B = C /D e ( F T " F
B

) / k T (3.16) 

Equation (3 .16) predicts that as T is decreased V T /Vg will 

increase, also as the difference between F_ and F_ is in-
1 B 

creased V T / V Q will increase, and i f F^ = F g and C = D , then 
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V T = VB* These predictions agree with experiment ( F i g . 3 . 1 0 ) . 

By noting that sinO = V D / V m (equation 3 . 6 ) , equation (3 .16) 
L5 1 

can be written in the following form: 

An ( l / s ine ) = (FT - F 0 ) / k T + £n(C/D) ( 3 . 17 ) 

The above equation shows a linear relationship between 

&n ( l / s in6 ) and 1 / T f with a slope of (FT - F ^ ) / k . This pre-

dicted linear dependence is observed in F i g . 3 . 1 0 ( b ) . The 

slope shows that (Fm - F_) = 0 . 3 eV. Measurement of the 
1 B 

slope from Fig.3\L0(b) gives AF* = 1 .03 eV, hence the 

activation free energy of track etching, AF* is found to 

equal 1 . 33 eV. 

(.ii) Polycarbonates (CR-39 and Makrofol K .G SSTRs) 

The bulk etch rate of CR-39 in NaOH and KOH as a 

function of etchant temperature and concentration is shown 

in F i g . 3 . 1 2 ( a ) and ( b ) . I t is quite obvious that the bulk 

etch rate is much higher when etched in KOH than that obtained 

by etching it in NaOH (due to the reasons discussed in the 

preceding section ) . This difference becomes more and more 

signif icant with the increase in the etchant concentration. 

An appreciable increase in is observed when the tempera-

ture of the NaOH etchant is increased from 70°C to 80°C at 

higher concentrations. 

I t was found that in the investigated concentration 

range between 2N and 12N and the temperature interval between 

60°C and 90 °C , the bulk etch rate of CR-39 can be well 

described by the relation : 

n R 
V = GR N 13 exp (- Fp/kT) (3.18) 
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Figure 3.12(a) Average bulk etch rate, V B of CR-39 as a 
function of NaOH concentration, N(normals) 
at different temperatures; without 
etchant stirring 
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Figure 3.12(b) A v e r a g e b u l k etch r a t e , V_ of CR-39 as a 
function of KOH c o n c e n t r a t i o n , N (normals) 
at 70°C and 80°C; w i t h o u t etchant s t i r r i n g 
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where T = absolute temperature of the etchant 

N = concentration of the etchant in normals 

k = Boltzmanns constant (8.67 x 10 ^ eV/°K) 

The fitting procedure gave the values F g = 0.88 e V , = 

(8.2 + 0.4) x 1 0 1 1 um/h and n„ = 3/2 respectively. 
a 

Fig.3.13 shows the bulk etch rate of Makrofol K.G in 

NaOH and KOH at 60°C. Th e comparison of the two poly-

carbonates (CR-39 and Makrofol K.G ) shows that CR-39 is 

one of the hardest plastic track recorder presently k n o w n . 

The bulk etch rates of both above mentioned poly-

carbonate SSTRs do not saturate in the investigated etchant 

concentration range 2 - 1 2 N . This can be explained on the 

basis of the chemical composition of polycarbonates. These 

polymers do not contain any plasticizers, therefore the 

effect of the colloidal layer which is formed during etching 

process and serves as a shield between the etchant and the 

plastic surface, is m i n i m u m . 

The track etch r a t e , V T for 6 MeV alpha tracks in CR-39 

as a function of etchant temperature and concentration is 

shown in Fig.3.14. The dependence of V T on etchant temper-

ature and concentration can also be described by an empirical 

relation similar to the one used for V^ (equation 3.18), 

with G t = (9.5 + 0.5) x 1 0 1 1 um/h, n T = 7/4. 

From the data given in Figs.3.14 and 3.15 for the etch 

rate ratio ( V m / V D ) the relation: 
i a 

( V T / V B ) « ( G t / G b ) N ^ R b = 1 . 4 N 1 / 4 (3.19) 
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Figure 3.13 Average bulk etch rate, V of Makrofol K . G as a 
function of etchant concentration, N (normals) 
at 60°C; wi t h o u t etchant stirring 
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Figure 3.14 Dependence of the track etch r a t e , V for 6 MeV 
alpha particles in CR-39 on the etchant 
temperature, at different NaOH concentrations 
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CR-39 NaOH 
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Figure 3.15 Dependence of the average bulk etch rate, V of 
CR-39 on the etchant temperature, at different 
NaOH concentrations 
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is obtained; the validity of which was repeatedly checked 

and proved for a range of NaOH concentrations between IN and 

ION. At concentrations more than ION, a levelling-off tend-

ency seems to appear, which is due to the build up of etch 

products on the surface of the detector. 

3 .4 TRACK OBSERVATION AND COUNTING 

One of the most important parts of any work related to 

SSTRs is the observation and counting of tracks. It should 

be noted that the predominant factor with respect to the pre-

cision of counting is the track contrast against background 

and generally the clarity of tracks. These hold true in no 

matter what counting technique is employed. Therefore, in 

addition to the optimal etching conditions, it is essential 

to employ the right optical techniques to observe the 

tracks. 

The counting in the present study was performed by eye 

and/or using the automatic track counting technique developed 

at Imperial College (see Chapter 7 ) . Eye counting was found 

to be laborious and time-consuming. However, considering 

the eye to be the best possible detector, it was decided to 

use the eye-counts as bench-mark observations for the opti-

mization of the automatic counting technique. 

3 . 4 . 1 Optical Techniques for th^Observation and Measurement 

of Tracks 

The basic information needed for many track studies 

consists simply of measurements of track densities. The most 

direct , commonly used counting method is manual observation 
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through the microscope using an eye-piece with a calibrated 

grid and counting the number of tracks in a series of f ields 

of view. However, sometimes it is necessary to measure the 

track parameters, such as track lengths, diameter or cone 

angles. The precision with which track parameters of 

interest 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 centres on the fact that usually 

the etched tracks are in the form of transparent cavities 

rather than opaque objects such as silver grains in the 

processed nuclear photographic emulsions. Some of the 

major d i f f icult ies encountered are as follows: 

(a) The difference in the index of refraction of the track 

cavity and the bulk material is small. 

(b) Inhomogeneities and inclusions present in most com-

mercial plastics cause a variation in the index of 

refraction of the bulk material. 

(c) The often heavily pitted surfaces of the etched plastics 

degrade the optical image. 

Cd) Thick specimens may require objectives and condensers 

with larger working distances than usually available . 

(e) Track cavities tend to f i l l up with liquids when 

immersion objectives are used, thus reducing track 

image contrast. 

(f) Track dimensions may be small, requiring the use of 

high numerical aperture (N.A.) objective-condenser 

combinations. 
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Most of these d i f f i c u l t i e s , in general, can be over-

come by the use of either one or a combination of the optical 

techniques that are described below. 

(i) Bright-field, transmitted light illumination 

(a) Dry objectives 

For many measurements, track observations, and rapid 

scanning of the specimens at low magnifications, dry objectives 

are easy and convenient to use. A few dry lenses, even of 

moderate magnifying power, have long working distances. This 

permits the observation of steeply dipping, long tracks when 

t i lt ing of the specimen is required. The Vickers, AEI 651035, 

x 40 , N .A . = 0 . 5 7 objective having a working distance of 6nm 

is an excellent example of this type of lens. The main 

limitation of the dry objectives is the lack of high resolu-

tion. While dry objectives are available with N . A . ' s of up 

to 0 . 9 5 , most of the lenses with N . A . ' s over about 0 . 6 0 re-

quire the use of an exact thickness coverglass. This 

requirement decreases considerably their ut i l ity . 

(b). Immersion obj ectives 

These are generally of two types, oil or water. The 

immersion objectives are characteristically of higher N .A . 

(up to about 1 .40 ) than the dry lenses. Consequently, they 

are capable of higher resolution. The use of these objectives 

requires procedures that are considerably more exacting than 

those necessary with the dry lenses. To achieve the full 

resolution of the objectives with N . A . f s of over 1 . 0 requires 

the use of an oil immersion condenser. However, the use of 
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an oil immersion objective , without oiling the condenser 

wi l l s t i l l give greater resolution than that possible with 

the dry lenses. It is possible to overcome the problem of 

oil seepage into track cavities by covering the SSTR with a. 

transparent film such as glass cover-slip or a thin p last ic 

film. However, i t is essential to eliminate the air gap 

between the cover-slip and the SSTR. Otherwise, the numerical 

aperture greater than 1 . 0 cannot be achieved. 

The depth of f i e l d of the high N .A . objectives is very 

small. This feature makes the oil immersion objectives less 

desirable for general scanning than the dry objectives. 

However, the immersion objectives are extremely valuable for 

precise measurements. 

Table 3 . 7 shows some characteristics of optical 

objectives and the approximate limits of useful magnification 

and resolution which can be achieved on optical microscopes. 

(ii) Dark-field illumination 

A practical resolution of about 0 . 1 ym can be obtained 

with the use of oil immersion, dark-field illumination. 

Although this type of dark-field illumination requires a 

careful and a time consuming optical alignment, it is one cf 

the few techniques available for the observation of very 

small tracks, such as low energy recoil particles. 

The lower power, dry, dark field techniques are very 

useful in the general scanning work. The depth of f ie ld is 

considerably greater than with bright-field illumination, 

permitting the observation of large track segments. The 



TABLE 3.7(a) 

SOME CHARACTERISTICS OF OPTICAL MICROSCOPE OBJECTIVES 

Objective 
Focal Length 

(mm) 
N .A . 

Objective 
Magnification 

Working 
Distance 

(mm) 

Diameter 
of Field 

(mm) 

Depth of 
Field 

(ym) 

Final Magnification 

Objective 
Focal Length 

(mm) 
N .A . 

Objective 
Magnification 

Working 
Distance 

(mm) 

Diameter 
of Field 

(mm) 

Depth of 
Field 

(ym) 
I Sye-Piece 

Objective 
Focal Length 

(mm) 
N .A . 

Objective 
Magnification 

Working 
Distance 

(mm) 

Diameter 
of Field 

(mm) 

Depth of 
Field 

(ym) 

x8 x50 x20 

Objective 
Focal Length 

(mm) 
N .A . 

Objective 
Magnification 

Working 
Distance 

(mm) 

x8 x50 x20 

25 0 . 15 x5 23 3.2 20 x40 x50 xlOO 

16 0 . 28 xlO 7 1 .6 10 x80 xlOO x200 

4 0 .74 x40 1 0 . 4 2 x320 x400 x800 

2 1 .30 xlOO 0 . 25 0 . 15 1 x800 xlOOO X2000 

0 .16 1 .40 xl30 0 . 2 0 0 .12 0 . 75 X1040 X1300 x2600 

0 .14 1 .45 xl60 0 . 1 8 0 . 1 0 0 . 5 0 xl280 X1600 x3200 



TABLE 3.7(b) 

THE APPROXIMATE LIMITS OF USEFUL MAGNIFICATION 

AND RESOLUTION OF OPTICAL MICROSCOPES 

Objective 
Magnification 

N. A, 
Useful Final 
Magnification 

Limit 

Optical Resolution (ym) 
1.22 A/2N.A. 

A - 0 .425 ym A - 0 .625 ym 

x5 

xlO 

x40 

xlOO 

xl30 

xl60 

0 . 15 

0.28 

0 .74 

1 .30 

1 .40 

1 .45 

xlOO 

x200 

x740 

X1300 

X2400 

X3000 

1 .73 

0 . 93 

0 . 35 

0.20 

0 .19 

0.18 

2.54 

1 .36 

0 . 52 

0 . 29 

0 . 2 7 

0.26 
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considerable image contrast of track to background is also 

quite helpful . For accurate track parameter measurements 

dark-field is not particularly useful since track dimensions 

tend to be somewhat exaggerated. 

( i i i ) Phase contrast microscopy 

For observation of small, low contrast tracks, such as 

recoil proton tracks, phase contrast microscopy can be 

effectively uti l ised . I t is particularly useful for the 

observation of long narrow tracks, where the retention of 

liquids has rendered the terminal ends of tracks invisible 

under bright field illumination. However,if the track con-

trast is adequate for the standard bright-field optics , the 

phase contrast image is less satisfactory. For the larger 

tracks with appreciable dip angles, a 'halo ' surrounds the 

image. 

Phase contrast is available in the normal, or the 

positive, and the negative types. For track observations, 

the negative type is found to be more useful. In this case 

the track image is delineated by a sharp black border. This 

unique feature distinguishes the image obtained with the 

negative phase contrast techniques from that of the positive 

phase, or the standard dark-field illumination. 

(iv) Incident light illumination (reflection) 

For track observations in SSTRs which are very thick 

(> 2 mm), the use of incident light optics is found to be 

useful . The resolution of the surface-reflected light systems 

is somewhat inferior to the transmitted light systems. Because 
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of image degradation, observations are restricted to depths 

of less than about 30 ym into the volume of the specimen. 

With long working distances and dip cones available, incident 

light techniques can be used for observation of tracks in 

SSTRs that are s t i l l immersed in the etching solution con-

/ O] \ 
tained in opaque etching tanks 

3 . 4 . 2 The Microscope Equipment (used in .the present study) 

The microscope used for most of the present work was a 

Reichert (model MEF2, transmitted light) with dry (xl5 , x50 

or x70) or oil-immersed (xl40 or xl50) objectives together 

with x8 , xlO or x l 2 . 5 oculars. The microscope stage and 

fine focus controls are equipped with dials so that the stage 

area can be scanned with precision for track counting and 

measurement purposes. In fact , track dimensions can be 

measured to an accuracy of + 0 . 5 ym. One eye-piece is 

equipped with a Bausch and Lomb micrometer disc consisting 

of a square grid divided into 36 squares. The length of a 

side of the square was calibrated with a stage micrometer. 

The microscope stage position is defined so that the 

same frame wil l not be counted more than once. At every 

frame position the tracks in the field of view bounded by 

the square are counted from the top row of squares to the 

bottom. I f the tracks cross the left or top line they are 

not counted, whether they begin or end within the square. 

I f they cross the right or bottom line they are counted, so 

that a proper statistical estimate of the track density can 

be obtained without deciding which is the beginning or end 

of the tracks. When the counting in one field is completed 



- 137 -

the stage is moved so that a track or spot crossing one boundary 

is moved on to the opposite boundary and the counting process 

is repeated. When counting all tracks on the recorder, care is 

taken to move from one scanning path to another by displacing 

the scanning path one f ie ld of view after a given path is com-

pleted and the counting process is repeated. Overlapping 

correction (where appropriate) was performed by discriminating 

double, triple etc. by the size of the track. 

3 . 4 . 3 Track Counting Conventions 

This is particularly important in the case of ' i ntr ins ic 1 

SSTRs which have been exposed to neutrons, as the tracks pro-

duced have a wide range of dimensions. A convenient practical 

choice of ^ 1 ym for V g t (where t is the etching time) can be 

made so that tracks are large enough to be visible in the 

microscope but such that few new tracks have been uncovered 

by removal of the material from the surface of the SSTR ( i . e . 

prolonged etching e f fects , see Chapter 4 ) . A second alter-

native is to make Vgt large relative to the track dimensions 

and count only sharp-bottomed tracks having dimensions bigger 

than about 1 ym, while rejecting all shallow looking tracks. 

Since for long etching times the rate of display of new tracks 

wil l be balanced by the rounding out of old tracks after their 

full lengths have been dissolved away, the procedure wi l l give 

a reproducible, steady-state value, as long as the track 

density is not so large that overlapping tracks are common. 

(82) 

A more laborious but well-defined procedure , is to count 

all tracks as a function of etching time and extrapolate back 

to the track density at zero etching time. 
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In the present work, out of the three above mentioned 

procedures, the second was found to be the most reproducible 

and hence, employed in a l l track density measurements in 

SSTRs exposed to neutrons. 

3 . 5 CONCLUSIONS 

Three materials namely CA80-15, CR-39 and Makrofol K.G 

were selected on the basis of the results from the preliminary 

experimentsf for detailed examination as the SSTRs for fast 

neutron measurements. Smooth surface of excellent optical 

quality after prolonged periods of etching^ in the case of 

CR-39, makes it particularly suitable for fast neutron dosi-

metry using recoil proton tracks. 

The choice of the etchant temperature and concentration 

depends on the f inal use of the SSTR. For reaction rate 

measurements etching at high temperatures (60°C) will reveal 

tracks within a few minutes. The tracks are of acceptable 

quality for counting which can be done under lower magni-

fication in order to scan over a wide area of the etched 

surface. The control of the etchant temperature to within 

+ 0 . 1 ° C is necessary to prevent errors of greater than + 1% 

in the track density. 

However, i f the shape of tracks is to be measured in 

order to determine particle energies, then very careful control 

over the etching process is required. It is not satisfactory 

to etch at high temperatures since the etching time must be 

accurately known, which is not possible as some etching con-

tinues to take place when the SSTR is removed from the etchant. 
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The SSTR is always washed in water to neutralize the etchant 

after etching is completed, i f etching takes place at 60 °c 

then a few seconds in transferring the SSTR to water is 

sufficient for etching to continue and cause s ignif icant 

error in analysing track dimensions. 

Etching at low temperatures, although time consuming, 

does permit control over the etching process. A few seconds 

in transferring an SSTR into water at the end of etching wiLL 

result in an ins igni f icant effect on the track dimensions. 

Furthermore, the etching at low temperature ensures that the 

SSTR suffers very l i t t l e damage and that the resulting tracks 

are of a high quality . A variation of + 0 . 5 ° C at 19°C wi l l 

result in a + 1% change in V T /Vg for a 2 .5N etchant for 

CA80-15 while at 60°C a + 0 . 5 ° C variation w i l l result in a 

4 .0% change in V^ /V . 
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CHAPTER 4 

EXPERIMENTS 

4 . 1 INTRODUCTION 

I f a SSTR such as CA80-15 or CR-39 is irradiated in a 

fast neutron spectrum, tracks wi l l be produced from a wide 

range of nuclear reactions resulting from neutron inter-

actions with the constituent elements such as H, C, N and 0 . 

Since the cross-sections of these elements with respect to 

neutron interactions vary with energy over the energy range 

of interest in reactor physics , the track density will be de-

pendent on the neutron spectrum. It is therefore necessary to 

investigate the sensitivity of CA80-15 and CR-39 for the 

various neutron reactions as a function of energy. These 

reactions are concerned with recoils from H, C, N and 0 and 

14 11 
also from the products of threshold reactions, N (n ,a ) B 

14 14 
and N(n ,p) C etc. 

Also, one of the conclusions reached as a result of a 

recent intercomparison exercise on neutron dosimetry using 

(83} 

SSTRs , was that it was desirable to find optimum procedures 

for processing, evaluation and calibration of these detectors. 

This chapter deals with experimental details and results 

from a series of irradiations involving particle accelerators, 

reactor and other charged particle sources, which were per-

formed to characterise the track density in CA80-15, CR-39 and 

Makrofol K .G , as a function of energy. The main character-

istics of these irradiations are given in Table 4 . 1 . The 

effect of chemical etching on neutron detection efficiency 
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T A B L E 4 . 1 

M A I N C H A R A C T E R I S T I C S O F V A R I O U S I R R A D I A T I O N S 

P E R F O R M E D (CA8Q-3E5 , Makrofol K . G . and C R - 3 9 ) 

Particle Source 
Energy 

(MeV) 
Dip Angle 

Protons Van de Graaf, 
Harwell 

0.45-4 9 0 ° 

Alphas Van de Graaf, 
Harwell , 

Am-241 
Cf-252 

0.6-5 

0 .1-5 .4 
6 . 1 

9 0 ° 

2 7T- geometry 
2 it-geometry 

Nitrogen-14 Van de Graaf, 
Harwell 

3 . 5 9 0 ° 

Thermal Neutrons Reactor 
'Consort' 

0 . 2 5 x 1 0 " 7 

Fast Neutrons Cf-252 
I B I S , Harwell 

u 

571 
0 . 2-17 .0 

-

n 9 0 ° n 

0 - 9 0 
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is also examined. F inally , some conclusions are drawn on 

neutron sensitivity of various SSTRs. 

4 .2 EXPERIMENTS ON THE Van de Graaf ACCELERATOR 

These experiments consist of CA80-15 and CR-39 irradiations 

with protons, alpha particles and nitrogen ions of various 

energies, which were performed using the 6MV Van de Graaf 

accelerator at A . E . R . E . , Harwell. The purpose of these expexi-

ments was to study the registration and detection properties 

of CA80-15 and CR-39 with reference to the particles of con-

cern in the present work. The alpha particle detection 

efficiency of CA80-15 has been studied ^ ^ , but information 

on protons and heavy ions is limited. Therefore more emphasis 

was given on proton irradiations . 

The two major objectives of the present experiments 

were: 

(i) Examination of the counting efficiency within the 

particle limits (energy wise) for track detection. 

This is defined as the number of tracks counted 

over the number of detectable particles incident 

upon the SSTR. It should generally be expected 

that the counting efficiency is a constant close 

to 100%, depending primarily on the track size dis-

crimination against background and overlapping 

corrections, i f any. However, these problems can 

be minimised or even eliminated by the appropriate 

selection of the irradiation length, so that the 

overlapping is only statistical . 
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(ii) Examination of the detection efficiency , i . e . deter-

mination of the maximum and minimum particle energy 

limits for track detection, ^E^ and respectively. 

The above, make it clear that a detailed study of the 

detection properties of a given SSTR with regard to a speci-

fied particle requires a considerable amount of irradiations . 

Moreover, to assure that the information obtained will be 

within realistic terms, these experiments must comply with 

the following conditions: 

(a) The particle beams must be well calibrated with 

respect to energy? their intensity should be well 

monitored and the particle dose must be known with 

confidence. 

(b) The irradiation length should be controlled 

accurately and the particles should not undergo 

any energy losses before striking the surface of 

the film. 

(c) The experimental set-up should provide a high 

energy resolution (narrow energy mesh) and pre-

ferably various angles of incidence. 

4 . 2 . 1 Description of Experimental Set-Up on Van de Graaf 

This is a vertical Van de Graaf capable of terminal 

energies of up to 6 MV and accelerating both gaseous and 

metal ions. Its two main target areas each contain a number 

of flight paths which are connected to the accelerator via a 

rotatable 9 0 ° analysing magnet. 

As a result of collaboration with A . E . R . E . , Harwell, an 

accelerator vacuum box, shown in Figs. 4.1 (a) and (b) , was 



.tS 

• 
j__~ 
I 

5ECTION ·s ~ 

cale: l/1.93 VI E:W ON A RC:O~ ·~ 

Figure 4.l(a) Accelerator vacuum box 



Figure 4 . 1 ( b ) S S T R rotator system, showing rotator with 1 2 recorders, b a c k - p l a t e w i t h m o t o r a n d 

semi-conductor detector, and housing with beam hole 



Figure 4.1(c) Beam tube assembly terminating in the rotator system containing SSTRs and 
semi-conductor particle detector 
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/ oc\ 

constructed . This design was considered to most closely 

meet the conditions set out in the previous section and 

provides a rotating wheel , where for a certain particle 

energy, SSTRs can be irradiated at several angles at the same 

time. 

The films are kept firm on the respective demountable 

pieces by the action of the double-sided sticky tape. 

The end of the tube from the accelerator, on which the 

base is mounted before irradiation is seen in F i g . 4 . 1 ( c ) . 

The monitor of the beam gives the absolute dose of particles 

received, while the particle dose per unit area can be found 

by normalising over the area of the monitor cover hole (see 

white plastic cover in F i g . 4 . 1 ( b ) ) . 

The vacuum is sustained by the continuous action of a 

vacuum pump. The irradiation length can be controlled with 

high precision by the operator. 

4 . 2 . 2 Experimental 

The main reason for adopting the rotating wheel mode to 
* 

perform irradiations was to overcome the problem arising from 

the instability of the particle beam. In other words, i f the 

SSTR was stationary, it would be extremely diff icult to control 

the particle dose due to fluctuations on the intensity of the 

beam and it would be almost impossible to assure repeatability 

of the experimental conditions. On the other hand, irradiating 

many films simultaneously has the advantage of reducing the 

experimental work. 
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(i) Protons 

CA80-15 and CR-39 were bombarded with monoenergetic 

protons of 0.45-4 MeV, which had to be scattered at a gold 

2 

foil of 100 yg/cm thickness, to reduce the particle flux . 

The number of particles was measured by means of a semi-

conductor detector. Protons were incident normal to the 

surface of the films and the irradiated sides on all films 

were marked. 

The beam current was set together with the length of 

irradiation so that the track density for 90 ° incident protons 

4 2 

was = 10 tracks/cm , which is a convenient density for both 

automatic and manual counting, since track overlapping is 

less than 5%. 

(ii ) Alpha particles 

CA80-15 films were bombarded with monoenergetic alpha 

particles of 0.6-5 MeV. This alpha particle energy-range is 

particularly important in the present work, as most of the 

alpha particles produced from the threshold reactions such as 

14 11 

N(.n,a) B in CA80-15 exposed to fast neutrons, lie in this 

energy range. Alpha particles were incident normal to the 

surface of the films. 

Various reasons made it impossible to irradiate CR-39 

films with well calibrated alpha particles from the accelerator. 

Therefore, a 0 . 2 yCi calibrated Am-241 source (Ea ^ 5 . 4 MeV) 

and a 1 yCi Cf-252 source.: (E a - 6 . 1 MeV) , were used. The 

241 

two modes of alpha-decay from Am have similar energies of 

5 .484 MeV (y85.2%) and 5 . 442 MeV (y 12 . 5% ) . The energies of 



- 149 -

the alpha particles were varied by passing them through 

aluminium sheets of various thicknesses. 

( i i i ) Heavy ions 

It became possible to irradiate CA80-15 films with 3 .5 

MeV nitrogen-14 ions only, and therefore the deduction from 

12 16 

these experiments can be extrapolated to C and 0 ions 

(other two constituents of CA80-15 in 'heavy ions' category) , 

as long as some sort of weighting factor can be introduced. 

The latter was done with regard to certain magnitudes of 

importance to the theoretical response calculations presented 

in Chapter 2. 

(iv) Etchings 

The irradiated films were stored &t ^ 4°C until etching 

and evaluation could be carried out, typically within a few 

weeks of irradiation. CA80-15 films were etched in 2 55N NaOH 

aqueous solution at 19°C for several time steps. Cold etching 

conditions were adopted as they permit precise control over 

the etching process (see also Chapter 3 ) , thus making track 

dimension measurements more accurate. This is particularly 

important for proton tracks, as the low stopping power (dE/dx) 

places them close to the limit of detectability is' CA80-15. 

It was found from the CR-39 bulk etch rate measurements 

(Chapter 3 ) , these films are highly resistant to the alkaline 

etchant attack. Therefore, it was necessary to etch CR-39 

films at a high temperature to reveal tracks in a reasonable 

period of time? hence these films were etched in aqueous 

solution of 6N NaOH at 70°C. 
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As control, the same plastic sample but unirradiated 

was treated with the same etching agents under the same 

etching conditions. Tracks were counted under optical 

microscope with total magnification of x400 - x560. 

4 . 2 * 3 Results and Discussion 

(i) CA80-15 

(a) Protons 

Proton tracks were observed with energies from 0.45-

0 . 7 0 MeV, with small amount of etching. The number of tracks 

was the same as the semiconductor count within 5% limits of 

error. No proton tracks were observed with energies greater 

than 1 MeV. Table 4 .2 refers to results from counting 

tracks on CA80-15 films created by protons incident at 90 ° , 

It can be seen that the counting efficiency is with a good 

confidence of the order of 100%. This arises from the 

measurements below 0 . 7 MeV, where the difference from 100% 

can easily be explained by statistical errors and track 

overlapping correction inadequacies. 

F i g . 4 . 2 ( a ) shows the track diameter plotted as a 

function of layer removed from the film surface for various 

proton energies. In the measurement of track diameters, a 

minimum of 40 tracks were sampled at each energy and the 

mean diameter determined. I t can be seen from this figure 

that protons having an energy of less than 500 keV, cause 

the formation of track immediately from the start. For 

protons with energy greater than 500 keV, degradation within 

the detector to this value is necessary if tracks are to be 

revealed. 



TABLE 4 .2 

TRACKS FROM PROTONS INCIDENT ON THE CA80-15 FILMS AT 9 0 ° 

Energy (MeV) 0 . 45 0 . 5 0 . 6 0 . 7 

Monitor* 
Dose 

In Protons 3716 2900 2776 2534 

Monitor* 
Dose Integrated Current 

/ Idt 
4 .46 x 10~8 4 .54 x 10~8 6 . 4 x 1 0 " 8 

8 .4 x 1 0 " 8 

Expected Traclj Density ** 
(in tracks/cm ) 

1 . 35 X 10 4 1 .05 X 10 4 1 .09 X 10 4 0 . 92 x 104 

Observed Track Density 
(in tracks/cm ) 

1 . 27 x 10 4 

+ 3.21% 

4 
0 . 9 8 x 10 
+ 4.68% 

1 .15 x 10 4 

+ 3.8% 
0 . 8 7 x 10 4 

+ 5 .6% 

(counting efficiency) 94.09% 9 3.3% 105% 94.5% 

* The monitor dose corresponds to the absolute dose of protons. The irradiation lengths 
were of the order of a few minutes. 

** The area to find the track density ( i . e . area of the monitor cover hole) i s : 
A = 7T r 2 = 0 . 275 cm2 
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Figure 4.2 (a) 
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Track diameter as a function of the layer 
removed from the film surface (by etching 
in 2.5N NaOH at 19°C) for various proton 
energies in MeV 
Track diameter as a function of proton 
incident energy at removed layer thicknesses 
of 4 ym and 7 ym 
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The relationship between the diameter of tracks arid 

proton incident energy at a particular removed layer thick-

nesses is shown in F i g . 4 . 2 ( b ) . It can be seen, from the 

diameter of the tracks obtained at a particular thickness 

of the etched layer, it is possible to draw conclusions on 

the entrance energy of the protons. F i g s . 4 . 3 ( a ) and (b) 

show microphotographs of 0 . 4 5 and 0 . 5 MeV proton tracks in 

CA80-15. The optical contrast increases with decreasing 

energy due to the rapid growth of the radiation damage 

density. 

The histogram of diameter distributions of 0 . 6 and 

0 . 7 MeV tracks at a removed layer thickness of 4 urn is shown 

in F i g s . 4 . 4 ( a ) and (b ) . 

(b) Alpha-particles 

Table 4 .3 refers to results from counting tracks on 

CA80-15 films created by alpha particles incident at 9 0 ° . 

It can be seen that the counting efficiency again, is of the 

order of 100% within 5% limits of error. 

F i g . 4 . 5 ( a ) shows the track diameter plotted as a 

function of film removed for various alpha particle energies. 

It can be seen that alpha particles must have an energy less 

than 2 MeV for tracks to be visible with small amounts of 

etching. The track diameter as a function of the alpha 

particle energy at a particular removed layer thickness is 

shown in F i g . 4 . 5 ( b ) . A linear extrapolation of the curves 

in this figure shows that at 'v 1 ym layer removal, alpha 

particles below ^ 5 MeV would be visible . This value is a 
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(a) 

Figure 4.3 (a) and (b) 0 . 4 5 and 0.5 MeV proton tracks 
(respectively) in CA80-15 at 90 incidence, etched 
for 72 hours in 2. 5N NaOH at 19°C and observed at 
a m a g n i f i c a t i o n of (x 50 x 10) 
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Figure 4.4(a) and (b) T h e histogram of diameter distributions 
of 0.60 and 0.70 MeV proton tracks in 
CA80-15 at a removed layer thickness of 
4 ym in 2.5N NaOH at 19°C 



TABLE 4 .3 

TRACKS FROM a-PARTICLES INCIDENT ON THE CA80-15 FILMS AT 90 ° 

Energy (MeV) 1 2 3 5 

Monitor* 
Dose 

In a-Particles 2698 2734 2716 2758 

Monitor* 
Dose 

Integrated Current 
/ Idt 

2 . 5 8 x 1 0 " 7 4 .06 x 10~7 
9 . 3 1 x 1 0 " 7 2 . 1 x 1 0 " 6 

Expected Track Density** 
(in tracks/cm ) 

0 . 9 8 x 10 4 4 
0 . 9 9 x 10 

4 
0 . 9 8 x 10 1 . 0 x 10 4 

Observed Track Density 
(in tracks/cm2) 

0 . 956 x 10 4 

+ 2 .18% 
1 .03 x 10 4 

+ 1.95% 
0 . 9 3 x 10 4 

+ 2.35% 
0 . 96 x 10 4 

+ 2 .88% 

C ££ (counting efficiency) 97.55% 104% 94.8% 96% 

* The monitor dose corresponds to the absolute dose of alpha-particles. The 
irradiation lengths were of the order of a few minutes. 

** The area to find the track density ( i . e . area of the monitor cover hole) i s : 
A = TT r = 0 . 2 75 cm2. 
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Figure 4.5 (a) Track diameter as a function of removed 
layer thickness in 2.5N NaOH at 19°C for 
various alpha particle energies 

(b) Track diameter as a function of alpha 
particle energy at removed layer thickness 
of 0.75 ym and 1.12 ym 
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function of the removed layer thickness from the surface 

of the SSTR. 

A microphotograph of 2 MeV alpha particle tracks, 

incident normal on the surface of CA80-15 and etched in 

2 .5N NaOH at 19°C and observed at a magnification of 500x is 

shown in F i g . 4 . 6 . 

(c) Nitrogen-14 ions 

F i g s . 4 . 7 ( a ) and (b) show microphotogaphs of 3 .5 MeV, 

Nitrogen-14 tracks in CA80—15 at 90 incidence, etched for 

2 4 hours (corresponding to etched layer thickness o f ^ 1 ym) 

in 2.5N NaOH at 19°C. The optical magnifications are 500x 

and 560x, respectively. The track counting efficiency was 

of the order of 100% within limits of error. 

(ii ) CR-39 

(a) Protons 

Table 4 .4 refers to results from counting tracks on 

CR-39 films created by protons of various energies incident 

at 90 ° . F i g s . 4 . 8 ( a ) , ( b ) , (c) and (d) show microphoto-

graphs of 0.5-3 MeV proton tracks in CR-39. The etching 

conditions were 7 .5 hours in aqueous solution of 6N NaOH at 

70°C. It can be seen that the quality of the tracks is 

excellent and because the energy resolution of the detector 

is so good, it is possible to determine the energy of in'-

cident protons from measurements of track diameters at a 

particular etching condition. Proton tracks up to 4 MeV 

were revealed in CR-39. I t was found that CR-39 retains its 
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Figure 4 . 6 Tracks of 2 MeV normally incident alpha part ic les 
in CA80-15, etched for 40 hours in 2. 5N NaOH at 
19 C and observed at a magnification of (x 50 x 10) 
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(a) 

J o © 

(b) 
Figure 4.7 (a) and (b) Tracks of 3.5 MeV normally incident 

N-14 ions in CA80-15, etched for 24 hours in Z ^ 
NaOH at 19°C and observed at m a g n i f i c a t i o n s o t 

(a) (x 50 x 10) , (b) (x 70 x 8) 



TABLE 4 .4 

TRACKS FROM PROTONS INCIDENT ON THE CR-39 FILMS AT 90 ° 

Energy (MeV) 0 . 5 0 1 . 0 2 . 0 3 . 0 

Monitor* 
Dose 

In Protons 2936 3194 2618 2588 
Monitor* 

Dose 

Integrated Current 
/ I d t 

4 . 5 x 10~8 
2 .4 x 1 0 " 7 

6 . 7 x l o " 7 
1 .6 x 10 " 6 

Expected Track Density** 
(in tracks/cm2) 

1 .06 x 10 4 
1 .06 x 10 4 0 . 9 5 x 104 0 .94 x 104 

Observed Track Density 
(in tracks/cm2) 

1 .02 x 10 4 

+ 2.61% 
0 . 94 x 10 4 

+ 3.02% 
0 . 92 x 10 4 

+ 2.4% 
0 . 9 1 x 10 4 

+ 3.68% 

C ^ ^ (counting efficiency) 96.2% 88.2% 96% 96.8% 

* The monitor dose corresponds to the absolute dose of protons. The irradiation 
lengths of the order of a few minutes. 

** The area to find the track density ( i . e . the area of the monitor cover hole) i s : 
A = ir r 2 = 0 . 2 75 cm2. 
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(a) 

(b) 

Figure 4 . 8 (a) & (b) Tracks of normally incident protogs 
CR-39, etched for 7 . 5 hours in 6N NaOH at 70 C. 
(a) 0 . 5 MeV, observed at (x 50 x 8 ) , 
(b) 1 MeV, observed at (x 50 x 8) 
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( C ) 

Figure 4.8 (c) & (d) Tracks of normally incident protons in 
CR-39, etched for 7.5 hours in 6N NaOH at 70 C. 
(c) 2 MeV, observed at (x 50 x 8), 
(d) 3 MeV, observed at (x 50 x 10) 
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smooth surface of excellent optical quality even after long 

periods (24 hours) of etching in 6N NaOH at 70°C. 

F i g s . 4 . 9 ( a ) and (b) show the track diameter of proton 

tracks in CR-39 as a function of the removed layer thickness 

and the proton energy, respectively. A linear extrapolation 

of track diameter versus proton energy shows that at a 

removed layer thickness of ^ 3 ym proton tracks below 3 MeV 

can be revealed. By increasing the length of etching, as 

shown in F i g . 4 . 9 ( b ) , higher and higher energy limits of 

track revelation can be obtained. 

The histograms of diameter distributions of 0 . 5 , 1 and 

2 MeV proton tracks at an etched depth of ^ 5 . 3 ym is shown, 

in F i g . 4 . 1 0 . I t is observed that the distributions are 

quite narrow, indicating better energy-resolution and low 

background. 

(b) Alpha-particles 

F i g . 4 . 1 1 shows the track diameter in CR-39 as a 

function of alpha particle energy, etched in aqueous solution 

of 6N NaOH at 70°C. I t is observed that from about 2 to 

4 MeV the track diameter varies rather rapidly and the 

curve becomes slightly flattened beyond that energy. Fig. 

4 .12 shows a microphotograph of alpha particles in CR-39, 

241 

from Am-source with 8 ym aluminium f o i l , (2tt-geometry, 

E a - 3 MeV), etched in aqueous solution of 6N NaOH at 70°C 

for 3 hours. Note the excellent optical quality and low 

background of the etched surface. 
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Figure 4 . 9 (a) Track diameter as a function of removed 
layer thickness in 6N NaOH at 70°C , for 
various proton energies 

(b) Track diameter as a function of proton 
energy for various values of the removed 
layer thickness (in ym) 
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Figure 4.12 Tracks of 3 MeV alpha-particles in CR-39 etched 
for 3 hours in 6N NaOH at 70°C, and observed at 
a magnificantion of (x 50 x 10). CR-39 was 
irradiated in 2ir-geometry with an 24lAm-source 
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CR-39 response to alpha particles in the energy range 

from 3 to 6 MeV (F ig . 4 . 11 ) is such that differential alpha 

particle spectrometry would be diff icult in this range. 

However, the response and sensitivity in this ionization 

region make CR-39 an excellent candidate for integral (n,a) 

reaction rate measurements. 

4 . 3 EXPERIMENTS ON THE REACTOR 'CONSORT1 

These experiments consist of CA80-15 irradiations in 

( 8 6 ) 

the vertical thermal column facility , of the University 

of London reactor 'Consort' at Silwood Park. 

I t was established in the previous section that CA80-15 

is sensitive to low energy protons. Due to the high nitrogen 

content of CA80-15 (see Table 2 . 3 ) , it was necessary to in-

vestigate its response to~ thermal neutrons, which produce 

14 14 

0 .534 MeV protons from the N(n,p) C reaction (Q-value = 

0 .626 MeV, a = 1 . 7 b ) ( 8 7 ) . 

It was essential to find the sensitivity of CA80-15 to 

thermal neutrons with a good accuracy, since it was decided 

to use this SSTR for the selective detection of fast neutrons 

in the presence of low energy neutrons. 

4 . 3 . 1 Description of the Vertical Thermal Column Facil ity 

The vertical thermal column facility (VTC) consists of 

a stack of graphite blocks in a 5 x 5 array and 3 blocks in 

height. The cross-sectional side elevation on the thermal 

column extension is shown in F i g . 4 . 1 3 ( a ) , while the arrange-

ment of the facility is shown in F i g . 4 . 1 3 ( b ) . Each block 
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Figure 4 .13 (a ) The cross-sectional side elevation on the thermal column extension 
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graphite stack 
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has semi-circular channels cut down two opposite sides and 

adjacent blocks make up circular channels which are f i l led 

with removable sleeves and channels. 

The stack is supported on an aluminium cover plate 

resting on the vertical stub of the thermal column. The 

space between the stack and the cave walls is partially 

f i l led with small concrete blocks to improve the radiation 

shielding. The cave is closed in the vertical direction by 

concrete shielding blocks , one of which has conduits for 

electrical cables. The axial flux distributions have been 

(86) 
measured , in positions B , 18 and 3 by removing the central 

plugs ( F i g . 4 . 1 4 ) . The transverse flux distributions have 

been measured in each position at a constant height (61 .5 cm) 

with the upper plug removed. Table 4 . 5 summarises the neutron 

fluxes in each position normalised to that at the centre 

(position B ) . 

By making the assumption that the neutron flux distri-

bution can be expressed in a form separable in the three 

Cartesian coordinates, i . e . 

<{> (x,y ,z) = X(x) Y (y) Z (z) (4.1) 

and using the data from Table 4 .5 and F i g . 4 . 1 4 , the flux at 

any accessible point in the stack may be estimated. 

4 . 3 . 2 Experimental 

In the case of thermal neutrons a sensitivity of 

— 6 

4 . 0 x 10 tracks per neutron for CA80-15 was calculated 

using the theoretical response equation 2 . 3 in Chapter 2. 
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Figure 4 . 14 Flux d istribution at 100 kW in the vertical 
thermal column fac i l i ty 
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TABLE 4 .5 

RELATIVE TRANSVERSE FLUX DISTRIBUTION AT 61 .5 cm 

FROM THE TOP FACE 

Position Relative Flux Position Relative Flux 

1 • 0 . 3 6 13 0 . 99 

2 0 . 6 3 14 0 . 85 

3 0 . 7 2 15 0 . 49 

4 0 . 6 3 16 0 . 4 0 

5 0 . 3 5 17 0 .64 

6 0 . 4 9 18 0 . 75 

7 0 . 8 6 19 0 . 66 

8 0 . 9 9 20 0 . 4 0 

9 0 . 8 5 A 1 . 00 

10 0 . 4 7 B 1 . 00 

11 0 . 5 0 C 0 . 99 

12 0 . 8 5 
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This value was used as a guide to decide the neutron fluence, 

which will result in a convenient track density for scanning 

purposes. From the neutron flux distributions given in 

F i g . 4 . 1 4 and Table 4 . 5 , it was decided to perform irradiation 

in hole 13 (see F i g . 4 . 1 3 ( b ) ) at 35 cm below from top face. 

CA80-15 samples ( 2 x 2 cm) , along with two gold foils 

(weight 4 . 5 mg each) , one each on either side of CA80-15 

were contained in a standard aluminium container? which was 

lowered in the VTC and positioned at the desired height. 

One piece of CA80-15 was enclosed in a cadmium capsule 

(thickness 0 . 4 mm) which wi l l absorb thermal neutrons. 

Gold foils were irradiated to check the accuracy of neutron 

flux data given in F i g . 4 . 1 4 . The samples were irradiated 

for 30 minutes at a full reactor power of 100 kW. 

After the irradiation , the gold foil B-activity was 

measured on an absolute 4 tt $-y coincidence counter. The 

9 2 

neutron fluence calculated, ( 7 . 1 0 + 0 . 3 5 ) x 10 n/cm was in 

agreement to within 4% of the value given in F i g . 4 . 1 4 for 

the position where the irradiation took place. 

4 . 3 . 3 Results and Discussion 

The thermal neutron irradiated CA80-15 films were 

etched in 2 .5N NaOH aqueous solution at 19°C for several 

time steps. Cold etching conditions were adopted for 

reasons discussed ear l ier , in Section 4 . 2 . 2 . As control 

the same plastic sample but unirradiated was treated with the 

same etching agent under the same etching conditions, and 

some background tracks were detected. Therefore, in order 
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to estimate the real number of proton tracks, produced from 

14 14 

the threshold reaction N(n ,p ) C, it was necessary to sub-

tract the number of background tracks from the total number 

of tracks per unit area detected in the irradiated CA80-15. 

The track density as a function of the removed layer 

thickness (in 2 .5N NaOH at 19 °C) is shown in F i g . 4 . 1 5 ( a ) . I t 

was observed that the tracks grow in size and number during 

early period of etching, which can be explained as followsr 

(i) very small features which were not originally 

perceptible are enlarged; 

(ii) new tracks that begin and end beneath the 

original surface are encountered, and 

( i i i ) the etching along a track having a low dip angle 

and damage that increases downwards reveals tracks 

partway along their lengths. 

The track density reaches a plateau at an etched depth 

of ^ 3 .6 ym, because at long etch times some of the original 

tracks may be lost as their optical contrast is reduced. 

F i g . 4 . 1 5 ( b ) shows the track diameter distributions at 

an etched depth of 3 . 68 ym in CA80-15 exposed to thermal 

neutrons. The wide range of diameter distribution is due to 

the basic property of ' intrinsic* SSTRs, that at any stage 

of etching the observation plane intersects tracks at all 

stages of production, ranging from the beginning of a track 

to the end of its range. 
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to thermal neutrons. Removed layer thickness 

is 3 . 6 8 ym 



-6282-

£ d # 

o 
3 

© 
9 < 

1 

Figure 4.16 Proton tracks from 14N(n,p)14
C reaction in 

CA80-15 exposed to thermal neutrons. Etched 
for 9 6 hours in 2.5N NaOH at 19°C and observed 
at a magnification of (x 70 x 8). Very larqe 
blobs are 'background' tracks 
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F i g . 4 . 1 6 shows a microphotograph of proton tracks in 

CA80-15 exposed to thermal neutrons and etched in 2 .5N NaOH 

at 19°C (removed layer thickness = 3 .68 ym). Very large 

blobs are background tracks. 

The sensitivity (n e Xp) CA80-15 to thermal neutrons 

— 6 

is found to be (3.40 + 0 . 2 2 ) x 10 tracks per neutron, being 

visible after an etched depth of 4 ym. No tracks were 

observed in CA80-15 which was enclosed in cadmium capsule 

during the irradiation, but some background, which confirms 14 14 

that the observed tracks resulted from the N(n,p) C 

reaction. 

4 .4 EXPERIMENTS ON THE ' I B I S ' ACCELERATOR 

These experiments consist of monoenergetic fast neutron, 

irradiations performed using the IBIS accelerator at A . E . R . E . 

Harwell. The experiments were designed to give the sensi-

tivity of CA80-15 and Makrofol K.G as a function of neutron 

energy. The two major objectives of the present experimental 

work were: 

(i) Calibration of CA80-15 and Makrofol K.G as a 

function of neutron energy and the examination of 

the effect of chemical etching on the neutron 

detection efficiency of the SSTRs employed. 

(ii) To examine the credibility of the theoretical 

model developed in Chapter 2 to calculate the 

neutron sensitivity of SSTRs as a function of 

energy. 
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4 . 4 . 1 Description of ' I B I S ' Accelerator 

(88} 

IBIS (Intense Bunched Ion Source) , consists of a 

3 MeV Van de Graaf machine equipped with a pulsed ion source. 

The machine consists of a high current radio-frequency ion 

source giving ^ 1 mA of protons, deuterons, or helium ions, 

whose beam is chopped by sweeping it in an ell iptical path 

across an aperture. Sweeping is accomplished by the two 

pairs of plates at right angles, connected through a suitable 

phasing network to a 1 Mc/sec oscillator. 

After acceleration by the Van de Graaf, the beam enters 

a bunching system whose principal element is a wide aperture 

magnet between whose poles the charged particle beam can 

follow a path whose length depends on the point of entry. 

By sweeping the pulse of particles as they emerge from the 

machine across the entrance aperture to this magnet, different 

parts of the pulse follow different paths. When this sweep 

is suitably synchronised, the first path of the pulse is 

made to follow the longest path and the last part the 

shortest, so that all parts of the pulse arrive simultaneously. 

The bombardment of targets like tritium, deuterium and 

lithium with protons, deuterons or helium ions produces 

neutrons. The energy of neutrons is a function of the angle 

of emergence from the target . 

4 . 4 . 2 Experimental 

The experimental set-up used for monoenergetic fast 

neutron irradiations at IBIS s ite , A . E . R . E , Harwell is shown 

in F i g . 4 . 1 7 . The fast neutrons emitted from the target have 
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Figure 4 . 17 The experimental set-up used for monoenergetic 
fast neutron irradiations at the ' IBIS ' site 
A . E . R . E . , Harwell. Several energies and 
fluences of neutrons were obtained. Neutron 
fluences were monitored during irradiation 
by a BF-3 'long counter' 
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a wide energy range because the energy of the neutrons 

depends on thescattering angle. The neutrons are mono-

energetic at a particular angle of emergence from the 

target. The target was located 15 feet above the floor. 

The floor constitutes a very large scatterer and it could 

constitute a serious background, i f the apparatus were nearer 

to the floor. 

Neutrons from 0 . 2 to 6 MeV were produced using D-D, 

P-T and P-Li reactions. This energy range is particularly 

relevant to reactor physics applications. However, to ex-

amine the sensitivity of CA80-15 at high neutron energies, 

12 
particularly of the reaction C ( n , n ' ) 3 a , 17 MeV neutrons 

were also produced from D-T reaction. 

The neutron fluence was measured with a BF^ 1 long 

252 

counter1 which was calibrated on a Cf neutron source. The 

aligning system on the accelerator (see F ig . 4 . 1 7 ) is such 

that the BF^ counter ' sees ' neutrons emitted from the target 

at a particular angle. 

For a fission neutron source a sensitivity of 1 .3 x 10 ^ 

tracksper neutron for CA80-15 was calculated using the 

theoretical model developed in Chapter 2 . This value was 

9 2 

used as a guide to have a neutron fluence of about 10 n/cm 

in SSTRs, which wil l result in a convenient track density 

for counting purposes. 

Makrofol K .G films were irradiated along with a 

2 
1 .23 mg/cm natural uranium foil to measure the neutron 

fluence by counting the tracks from the (n ,f ) reaction. 
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Neutrons were incident normal to the surface of the 

2 
SSTRs (of area ^ 4 cm ) and the irradiated sides on all 

films were marked so as to compare the number of tracks on 

the 'front 1 and 'back' surfaces. To examine the angular 

dependence of the track density, irradiations at two neutron 

energies, namely 3 and 17 MeV were performed at 0 ° , 3 0 ° and 

60° angles of incidence, in addition to at 90 ° . The main 

characteristics of these irradiations are summarised in 

Table 4 . 6 . The neutron energies are accurate to within 

+ 4%. 

The irradiated films were stored at ^ 4°c until etching 

and evaluation could be carried out, typically within a few 

weeks of irradiation. Etching was performed with aqueous 

solution of 6N KOH at 60°C in several time steps up to a 

total of 60 minutes. All tracks having dimensions greater 

than ^ 1 pm were counted under optical microscope with total 

magnification of up to x560 . However, for triple track 

12 
densities from C ( n , n ' ) 3 a reaction, higher magnifications 

of up to xl400 were used. 

Fast etching conditions were selected in these experi-

ments, as they let the tracks increase their size quickly 

for counting under lower magnification in order to scan over 

a wide area of the etched surface to get better statistics . 

Again, for control purposes, unirradiated samples were also 

etched and examined for background. 



TABLE 4 .6 

MAIN CHARACTERISTICS OF THE MONOENERGETIC FAST NEUTRON IRRADIATIONS 

USING THE IBIS ACCELERATOR AT AERE, HARWELL 

Reaction 
Particle Energy 

(MeV) 
Angle* 
(deg.) 

Neutron Energy 
(MeV) 

Neutron Fluence 
in SSTR's ^cm2) 

7 7 
L i (p ,n ) Be 1 .985 0 0 . 2 0 8 .4 x 10 8 

II 2 . 240 0 0 . 5 0 2 . 23 x 10 9 

II 2 . 470 0 0 . 75 1 .24 x 10 9 

3 H ( p , n ) 3 H e 1 . 850 0 1 . 0 1 . 0 0 x 10 9 

II 2 . 3 0 0 1 . 5 0 1 .6 x 10 9 

H 2. 80 0 2 . 0 2 . 2 x 10 9 

2 H ( d , n ) 3 H e 1 . 20 70 3 . 0 4 .9 x 10 8 

II 1 . 30 0 4 . 0 1 . 0 0 x 10 9 

II 2 . 1 0 0 f 5 . 0 1 . 0 0 x 10 9 

ii 3 . 0 0 6 . 0 9 . 9 x 10 8 

3 H ( d , n ) 4 H e 1 . 20 0 1 7 . 0 1 . 0 0 x 10 9 

*Neutrons emitted from the target at these angles were received in SSTRs0 
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4 . 4 . 3 Results and Discussion 

(i) CA80-15 

F i g . 4 . 1 8 shows the number of tracks of charged reaction 

products plotted as a function of etching time, for two 

neutron energies namely 3 and 17 MeV, neutrons were incident 

normal to the surface. The track density on the surface of 

the SSTR facing the neutron beam (the 'front 1 surface) as 

well as that on the 'back 1 surface (facing away from the 

beam) is shown. 

F i g . 4 . 1 9 shows the density of triple tracks from 

12 

C ( n , n ' ) 3 a reaction as a function of etching time for 17 MeV 

neutrons. Again, data for front and back surface are given. 

The most dramatic feature of both F i g s . 4 . 1 8 and 4 .19 

is the large difference in track density between the front 

and back surface of the films in the relatively early period 

of etching. In the case of all types of tracks counted at 

neutron energies of 3 and 17 MeV (Fig .4 . 18 ) the back surface 

shows a track density higher by a factor of ^ 1 .4 and 1 . 3 

times, respectively at an etching time of 15 minutes, than 

that observed on the front surface. For the 3a events 

(F ig .4 . 19 ) the difference is more noticeable, the back sur-

face density being 2 . 8 times higher. These differences 

presumably reflect the forward peaking of the angular dis-

tribution of the reaction products resulting from the high 

energy neutron interactions. 

The track density in F i g . 4 . 1 8 rises to a plateau value 

as the etch time is increased. As etching proceeds, the 

surface intersects new tracks and the track density increases. 
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Figure 4 . 18 Track density , p. as a function of etching time 
in 6N KOH at 60^5 for two neutron energies . 
Track densities on the surface of the CA80-15 
films facing the neutron beam and that on the 
back surface are represented by solid and open 
symbols, respectively 
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Figure 4 . 19 Density of tr iple tracks, p. (from the reaction 
1 2 C ( n , n ' ) 3 a ) in CA80-15 as a function of etching 
time in 6N KOH at 60°C . Track densities on the 
' front 1 and 'back 1 surfaces are represented by 
open and solid symbols, respectively 
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At long etch times some of the original tracks may be lost 

as their optical contrast is reduced. At higher neutron 

energies the tracks are generally longer and remain v is ible 

over much longer etch times. Therefore, the plateau track 

density is reached more slowly for the high energy neutrons. 

It was di f f icult to estimate the number of visible tracks 

due to each type of neutron interaction, since many recoils 

give rise to tracks similar to alpha particles . 

The number of triple tracks as a function of etch time 

appears to pass through a maximum. This behaviour is 

probably the result of several factors. 

Firstly , as the energy of the incident neutron increases 

so the energy available as kinetic energy for the three 

alpha particles also increases. For incident neutron energy 

of 17 MeV, it is possible for one of the alpha particles to 

have an energy of 6 MeV or more (the Q-value for the reaction 

12 

C ( n , n f ) 3 a is - 7 .28 MeV) such an alpha particle w i l l 

produce a track, which is very slowly etchable at the out-

set. . In such cases the event will not be identified as one 

of the 3a type until relatively long etchings have been 

reached. This event w i l l become increasingly important at 

higher neutron energies. 

The second factor governing the curves in F i g . 4 . 1 9 is 

as follows. At high incident neutron energies, the spread 

in alpha particle energies becomes quite large. Therefore, 

at short etch times those 3a events which consist of 

entirely of low energy alpha tracks wi l l be clearly etched 

out, whereas those consisting of higher energy alphas may 
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not be identifiable i n i t i a l l y . At longer etch times these 

latter events w i l l become v is ib le , whereas the low energy 

events may by then be so overetched as to be di f f icult to 

identify. In case of lower neutron energies the above-

mentioned overetching would account for the fall-off in the 

track density curve after long etch times (there being few 

high energy alpha events to compensate). 

The experimental sensitivity , n (in tracks/neutron) 
exp 

of CA80-15 is plotted as a function of neutron energy in 

F i g . 4 . 2 0 . The curve was obtained by counting all types of 

tracks on the ' front 1 surface at the optimum etching con-

dition (6N KOH at 60°C , for 45 minuites) . At a given neutron 

energy this etching condition corresponds to that at which 

the triple track density assumed its maximum value and at 

which the recoil and threshold reactions track density lay 

on the plateau,discussed earlier . 

The sensitivity increases steeply with increasing 

neutron energy up to 3 MeV, after which this increase is not 

sharp? which can be explained as follows. The number of 

tracks per neutron is proportional to the aggregate of cross-

sections for the elastic scattering of neutrons from H , C, 

N and 0 nuclei and for the threshold reactions such as 

14 11 

N ( n , a ) B , and also on the observable track length, I , (see 

also Chapter 2) of these particles . The latter increases 

sharply with neutron energy in this energy range. Both of 

these factors contribute to an increase in the observed 

sensitivity of CA80-15 with increasing neutron energy. At 

neutron energies greater than 6 MeV, total neutron cross 
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Figure 4 . 2 0 The neutron sens it iv ity , n (in tracks per neutron) of CA80-15 as a 
function of neutron e n e r g y E • Etching was carried out in 6N KOH at 
60°C for 45 minutes 
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sections increase slowly with increasing energy and the 

observable track length, L also, remains constant, thus 

saturating the sensitivity at higher neutron energies. 

A microphotograph of 3 MeV neutron induced tracks in 

CA80-15 etched for 45 minutes in 6N KOH at 60°C is shown in 

F i g . 4 . 2 1 . Most of the tracks observed at this energy are 

circular. This is due to the low range of C: , N, 0 recoils 

and low energy alpha particles as well as due to the limited 

etchability of proton tracks i . e . they are visible only in 

the last few microns of their range in cellulose nitrate . 

The number of triple tracks per neutron at the optimum 

etching condition (6N KOH at 60°C for 45 mins.) was found to 
_ g 

b e ^ 8 x 10 tracks per neutron; which is 20% greater than 

(47) 

that obtained by Frank and Benton . There are a number 

of possible reasons for th is . First , i t is obvious from the 

results described above (F ig . 4 . 19 ) that the track densities 

are quite strongly dependent on the etching conditions. 

Secondly, it is clear that the number of 3a events, which 

are identified during scanning depends on the magnification ( 4 7 ) 

and resolution of the microscope used. Frank and Benton , 

although they do not state the magnification under which 

tracks were counted, indicate that certain of their triple 

tracks " would not have been seen under the lower power, 

lower resolution microscope objective used in scanning and 

track counting", and conclude that their measured track 12 

densities do not include many of the C ( n , n ' ) 3 a events which 

occurred. Thirdly, there is some variation in the sensitivity 

of different types of cellulose nitrates , and therefore in 
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Figure 4.21 Tracks in CA80-15 exposed to 3 MeV neutrons 
from the 'IBIS' accelerator. Etching was Q 
carried out for 45 minutes in 6N KOH at 60 C 
and tracks were observed at a magnification 
of (x 50 x 10) 
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their ability to record different particles. This is clear 

from a compilation of etching behaviour of different cellulose 

nitrates , presented by Somogyi et a l ^ 8 ^ . For example, the 

rate of energy loss at which the track etch rate equals twice 

2 
the bulk etch rate varies from only 0 . 4 MeV cm /mg for the 

Kodak CA80-15 used here to 1 .24 for uncoloured Daicel 

cellulose nitrate . Clearly , such differences must manifest 

themselves as considerable differences in neutron detection 

efficiency. 

(ii ) Makrofol K .G 

The sensitivity of Makrofol K.G for neutron detection 

using the (n ,f ) reaction is given in F i g . 4 . 2 2 . This curve 

was obtained by irradiating Makrofol K .G in contact with a 

2 
1 .23 mg/cm natural uranium foil ,using the IBIS accelerator. 

Etching was performed in 6N KOH aqueous solution at 60°C for 

2 3 8 

45 minutes. The sensitivity curve follows the U-fission 

cross-section, which is to be expected. 

A microphotograph of 5 MeV neutrons induced fission-

fragment tracks is shown in F i g . 4 . 2 3 . 

Angular dependences of CA80-15 and Makrofol K .G (with 

2 
1 .23 mg/cm natural uranium foil) i . e . the dependence of the 

counted track densities on the neutron angle of incidence on 

the surface of the films for two neutron energies namely 3 

and 17 MeV is given in F i g . 4 . 2 4 . The fission-fragment 

detector (Makrofol K .G with U foil) shows the lowest varia-

tion of response as a function of the neutron incidence 

angle. 
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Figure 4 . 22 The neutron sens i t iv i ty , n (in tracks 
per neutron) of Makrofol K .G in contact 
with a 1 . 2 3 mg/cm2 natural uranium f o i l , 
as a function of neutron energy. The 
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Figure 4.23 Fission-fragment tracks in Makrofol K.G. (in 
contact with a 1.23 mg/cm^natural uranium foil), 
exposed to 5 MeV neutrons from the 'IBIS' 
accelerator. Etched for 45 minutes in 6N KOH 
at 60°C and observed at a magnification of 
(x 50 x 8) 
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Angle of fast neutron Incidence 

Figure 4 . 24 Angular dependence of track densities in CA80-15 
and Makrofol K . G (in contact with a 1 . 2 3 rng/cm2 

natural uranium foil ) for two neutron energies. 
The f i ss ion fragment detector shows the lowest 
variation of response as a function of the 
neutron incidence angle 
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The number of tracks is significantly low at lower 

angles of incidence in the case of CA80-15 at low neutron 

energy. This is due to the reduced etchability of those 

tracks (caused by 0 ° exposure) which are produced below the 

critical angle of track detection, 0 in the material. 
o 

4 .5 NEUTRONS IN CR-39 

The large energy range for proton registration and low 

background count observed in the earlier experiments described 

in this chapter, make CR-39 an ideal SSTR for fast neutron 

dosimetry based on neutron-proton scattering. The sensi-

tivity of CR-39 to recoil proton track registration was 

investigated in a variety of ways. In these experiments a 

252 
calibrated Cf-neutron source (E = 2 . 1 MeV) was used. 

n 

A piece of CR-39 was covered with 0 . 0 5 mm thick high 

density polyethylene on one side and with an (n,a) 'converter 

foil 1 (CA80-15 type B film which is coated with lithium 

tetraborate) on the other side . The middle portion of the 

CR-39 was not covered with any radiator material. The ex-

posure was carried out so that CR-39 film received 

9 2 
2 . 1 " x 10 n/cm . 

After the exposure, CR-39 was etched in 6N aqueous 

solution of NaOH at 70°C for varying time intervals. The 

track densities on the etched surfaces were determined by 

optical microscope. Al l tracks having dimensions greater 

than about 1 ym were included in the counting, while 

shallow looking etch pits were rejected. 
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4 . 5 . 1 Results and Discussion 

The track densities and sensitivities (in tracks/neutron) 

as a function of the etching time, for three above mentioned 

neutron exposures are shown in F i g . 4 . 2 5 . The etching was 

carried out in 6N NaOH at 70°C. I t is observed that the 

maximum track density for both bare and polyethylene covered 

CR-39 appears between ^ 12 to 20 hours. For shorter etch 

times, tracks are simply too small to be effectively counted 

under the optical magnification used, while longer etch times 

tend to overetch some of the shallow tracks and thus also 

reduce track counting eff iciency . The neutron sensitivity 

of polyethylene covered CR-39 at 12 hours etch, is ^ 1 . 5 

times higher than that for bare CR-39. This is due to 

additional recoil protons from the polyethylene, which also 

produce tracks. 

The track density of CR-39 covered, with lithium tetra-

borate film is much higher than the polyethylene covered 

and bare CR-39 ,s. This can be explained as follows. The 

track density in this case includes both fast neutrons 

induced recoil tracks and tracks created by alpha particles 

from the 1 0 B ( n , a ) 7 L i reaction (Ea - 1 . 5 MeV, a
t h e r m a l = 3837b) 

due to thermal and low energy neutrons present in the 

irradiation room. The track density, in this case increases 

rapidly in the early period of etching and after passing 

through the maximum, decreases sharply. This is due to 

etching out of alpha particle tracks which are present ;only 

at the surface of CR-39; this leaves only recoil tracks 

v is ible , which are distributed throughout the volume of 

CR-39. 
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Figure 4 . 2 5 The track d e n s i t i e s , p. and neutron s e n s i t i v i t i e s , 
ri (in tracks per neutron) as a function of 
etching time in 6N NaOH at 7 0 ° C , for bare , 
polyethylene (CH2) covered and lithium tetra-
borate covered Ck-39 's 
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Figure 4.26 (a) & (b) Recoil tracks in CR-39 exposed to fast 

neutrons from a 2Cf-neutron source (E = 27l MeV. 
Etching was carried out for 7.5 hours in 6N NaOH 
at 70 C and tracks were observed at (x 50 x 8) . 
(a) Polyethylene covered CR-39, (b) Bare CR-39 
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Figure 4.26 (c) Tracks in lithium tetraborate covered CR-39 
exposed to fast neutrons from a 252cf 

-neutron 
source (E = 7. 1 MeV) . Etching was carried oat 
for 3 hours in 6N NaOH at 70°C and tracks were 
observed at a magnification of (x 50 x 8) 
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F i g s . 4 . 2 6 ( a ) , (b) and (c) show microphotographs of 

etched surfaces of polyethylene covered, bare and lithium 

tetraborate covered CR-39's respectively. 

It was found that the etched surface of CR-39 under 

proper etching conditions can have very low background 

2 
track densities of the order of 2-3 tracks/mm . These 

results suggest the suitability of CR-39 together with a 

suitable polyethylene radiator and thermal (n,a) 'converter 

f o i l ' , as an effective neutron dosimeter having excellent 

sensitivity , where thermal neutrons can be measured by 

calculating the sensitivity ratio, from the track density 

in bare and (n,a) 'converter fo i l ' covered CR-39 films. 

4 .6 CONCLUSIONS 

The following summarised conclusions can be drawn from 

the present experiments: 

(i) It was established that CA80-15 is sensitive to low 

energy protons and therefore have to be taken into 

account in addition to other particles when calculating 

the response to fast neutrons. Owing to the proton 

sensitivity and high nitrogen content of CA80-15 films, 

they must be wrapped in cadmium or some other neutron 

absorber for use in and around nuclear reactors, 

otherwise thermal neutron induced protons wi l l inter-

fere with recoil and other tracks produced by fast 

neutrons. 

The sensitivity of CA80-15 is energy dependent, there-

fore a knowledge of neutron spectrum is necessary for 

reaction rate measurements in reactor physics 
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applications . For a f ission neutron source, the 

sensitivity of CA80-15 after 45 minutes of etching in 

6N KOH at 60°C is 1 . 2 x 10~5 tracks per-neutron. 

( i i ) For a f ission neutron source the sensitivity of Makrofol 

2 
K .G in contact with a 1 . 2 3 mg/cm natural uranium f o i L , 

after 45 minutes of etching in 6N KOH at 60°C is 

-5 

0 . 6 x 10 tracks /neutron . The sensitivity follows the 

2 3 8 U - f i s s i o n cross-section. 

( i i i ) The response of CR-39 to alpha particles from 3 to 

6 MeV makes CR-39 an excellent candidate for integral „ 

(n ,a) reaction rate measurements. 

For a f ission neutron source the sensitivity of CR-39 

without any particle radiator , after 10 hours of etching in 

o -5 
6N NaOH at 70 C is 2 . 6 x 10 tracks per neutron. The 

sensitivity can be increased considerably by employing a 

suitable particle radiator , in which case etching time can 

also be decreased. 
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CHAPTER 5 

SYSTEMATIC ERRORS AND SUMMARY OF THEORETICAL 

AND EXPERIMENTAL EVIDENCE 

5 . 1 SOURCES OF SYSTEMATIC ERRORS 

Repeated measurements of tracks belonging to the same 

SSTR or SSTRs of the same experimental series ( i . e . irradi-

ations in the same positions and the same neutron spectrum) 

are bound to give devious results due to statistical and 

systematic uncertainties due to the counting technique, the 

experimental conditions, the SSTR itself and the etching 

process. 

Uncertainties in neutron measurements with SSTRs fall 

into four general categories: 

(a) track etching? 

(b) track scanning? 

(c) time and position of irradiation exposure-

and (d) mass and uniformity of 'converter f o i l s 1 . 

Table 5 . 1 gives a summary of the actual uncertainties 

that were measured in the present experiments for these 

different categories. These categories do not include 

statistical uncertainty that arises in track scanning. It 

has been demonstrated that Poisson statistics are applicable 

for manual track s c a n n i n g ( 5 8 ) . 

5 . 1 . 1 Chemical Etching 

Care needs to be taken to control the chemical compo-

sition and the temperature of the etching bath. It was 
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TABLE 5 . 1 

SOURCES OF SYSTEMATIC ERROR IN NEUTRON 

MEASUREMENTS USING SSTRs 

Source Error (%) 

1. Chemical Etching 

(a) ' I n tr ins ic ' SSTRs 
(b) SSTRs with a (n , f ) 'converter fo i l ' 

2 . Manual Scanning 

(a) Area measurements 
(b) Stage movements 
(c) Track identification (isotropic 

incidence) 
(i) ' I n t r i n s i c ' SSTRs 
(ii) SSTRs with a (n , f ) 'converter 

f o i l ' 

3. Type and Position of Irradiation 

(a) Exposure to spontaneous fission 
sources 

(b) Exposure to neutron fields 

4. Quality of (n , f ) 'converter fo i ls ' 

+ 1 . 0 
< + 1 . 0 

+ 0 . 5 
< + 0 . 5 

+ 1 . 0 

+ 0 . 5 

< + 0 . 5 
> + 0 . 5 , 

depending upon 
conditions 

+ 1 . 0 

Total Systematic Error 

(a) ' I ntr ins ic ' SSTRs 
(b) SSTRs with a (n , f ) 'converter 

fo i l ' 

± 3 ' 5 

'v + 3 . 0 
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observed that the control of etching temperature to within 

+ 0 . 1 ° C at 60°C is necessary to prevent errors greater than 

+ 1% in the track density. 

A variation of + 0 . 5 ° C at 19°C results in a > 1% change 

in V T / V B (the etch rate ratio) for a 2 .5N NaOH etchant, while 

at 60°C a + 0 . 5 ° C variation results in a 4.0% change in V T / V g . 

The 'background1 in etched SSTRs can be divided into two 

categories: f irst type of background corresponds to a perm-

anent background due to (unavoidable) imperfections of the 

surface of the SSTR, while the second type of background 

pertains to the permanent (constant) background plus etch 

pits produced in a particular experiment, and therefore varies 

with time ( i . e . in different irradiations) . The permanent 

background remains more or less constant within 'optimal' 

etching conditions, subject to reasonable statistical fluctu-

ations, as long as the SSTR manufacturing procedure is 

standard. 

Errors from etching uncertainties can be kept negligible 

if proper care is taken. 

5 . 1 . 2 Manual Track Scanning 

Scanning uncertainties are more complicated to measure 

because of the human element in track counting. Since the 

human element enters into how a scanner perceives tracks in 

relation to "unwanted features" , it is d i f f icult to quantify 

this problem except by experience. Experience shows that 

repeated measurements for isotropic tracks in ' i ntr ins ic ' 

SSTRs agree at the + 1% level ; while in the case of isotropic 
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fission tracks repeated measurements generally agree at 

+ 0 .5% level. 

In addition to the perception problem, the precision 

level in track scanning actually depends upon a number of 

factors which can produce uncertainty in the area scanned and 

hence in the overall measurements. These other factors are: 

(i) measurement of the area of the grid used to 

define the counting area? 

(ii) non-linearity in the dials used to measure the 

length of the scanning swaths? 

( i i i ) uncertainty in the movement of the microscope 

stage from swath-to-swath? 

and 

(iv) decision of the scanner as to whether a track 

is touching a grid line defining the edge of 

the f ield . 

The length of the grid defining the counting area in 

the present experiments was measured at the + 0 .5% level with 

a suitable stage micrometer. Ideally , the calibration of the 

stage area should be made every time before starting the 

scanning, since it depends upon the interocular spacing used 

on the microscope. Non-linearities in the dial gauges can 

be determined by comparison with the stage micrometer and 

these can be corrected for i f significant . 

Scanning errors can be reduced if the SSTR is pre-

selected for superior quality . By proper selection (see 

Section 3 . 2 , Chapter 3 ) , uncertainties between tracks and 

'background' can be kept at 1% level in ' intr insic ' SSTRs 

and below 1% level in SSTRs with (n ,f ) 'converter f o i l s ' . 
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5 . 1 . 3 Time and Position of Irradiation Exposure 

I f an exposure is made by placing the SSTR in direct 

contact with a 'converter f o i l ' , care must be taken to have 

good physical contact between the deposit and the SSTR. I f 

this is done, errors from this cause should be negligible . 

Uncertainties in exposure time can be made negligibly 

small i f the total exposure time is made large relative to a. 

few seconds. Errors of this type depend primarily upon ex-

posure times to obtain desired track densities. 

5 . 1 . 4 Quality of (nyf) 'Converter Foils ' 

I f the (n ,f ) 'converter fo i ls ' used in measurements are 

not uniform in the radial direction then errors could be 

introduced in track counting should an insufficient area of 

the recorder be scanned. In most cases the mass and isotopic 

composition of 'converter fo i l s ' is known to be better than 1%. 

For most deposits that are vacuum evaporated, the uniformity 

is also within 1% uncertainty. For electroplated deposits 

the lack of uniformity is somewhat higher; when good precision 

is required it is often necessary to count all tracks over 

the entire area of the deposit. 

In the present experiments with a natural uranium foil 

errors from this source are estimated to be less than 1%. 

5 . 1 . 5 Summary 

It can be seen from Table 5 . 1 that neutron measurements 

by <intrinsic' SSTRs are subject to a total systematic error 

of + 3 . 5 % . In the case of SSTRs with a (n ,f ) 'converter 
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foil f the total systematic error is estimated to be 3 . 0% . 

These errors do not include the statistical variation in the 

number of tracks counted in an etched SSTR. Errors arising 

out of area and stage measurements of microscope can be 

eliminated by using a microscope having a good mechanical 

stage. Manual scanning errors due to track identification 

against 'background 1 , and track counting can be reduced sub-

stantially by automation of track counting i . e . eliminating 

the subjective nature of human decisions (see end of the 

following section, 5 . 2 . 1 and Chapter 7 ) . 

5 . 2 COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS 

5 . 2 . 1 Response of CA80-i5 to Thermal and Fast Neutrons 

In the case of CA80-15 without any 'converter f o i l ' , 

the theoretical sensitivity to neutrons is compared with the 

experimental results in Figure 5 . 1 and Table 5 . 2 . The pre-

dicted values were obtained by considering two boundary sets 

of "energy limits for the observable track length, L " , for 

particles of interest (recall model developed in Chapter 2 

to calculate the response of ' intrinsic ' SSTRs to neutrons). 

It can be seen that the theoretical values are higher 

(.11.6%) than the experimental ones in the neutron energy 

range 1.5-5 MeV; which can be explained as follows. In this 

neutron energy range the tracks in CA80-15 are mainly due to 

recoil protons which due to low ionization are d i f f icult to 

visualize and distinguish from the 'background' present in 

CA80-15 (see Section 4 . 2 . 3 , Chapter 4) which makes their 

manual counting particularly erratic; hence it is possible 

that some of the recoil proton tracks were not taken into 
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Figure 5 . 1 Theoretical and experimental neutron s e n s i t i v i t i e s , n t h and n e respectively 
(in tracks per neutron) of CA80-15. Experimental curve is for p 4 5 minutes of 
etching in 6N KOH at 60°C (see Figure 4 . 2 0 , Chapter 4) 
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TABLE 5 .2 

COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL SENSITIVITIES 
OF CA8Q-15 (ri-hh a n d n e X P RESPECTIVELY? IN TRACKS PER NEUTRON) 

AS A FUNCTION OF NEUTRON ENERGY/ E 

E n 

(MeV) 
n th 

(x 1 0 " 5 t / n ) 

n e x P 

(x 10-5 t /n) n e x p / n t h 

Thermal 0 . 4 0 0 . 3 4 0 + 0 . 022 0 . 85 
1 . 5 1 . 1 1 0 . 95 0 . 86 
2 . 0 1 . 33 1 . 090 + 0 . 058 0 . 8 3 
3 . 0 1 . 51 1 . 350 + 0 . 073 0 . 9 0 
4 . 0 1 . 61 1 . 450 + 0 . 065 0 . 9 1 
5 . 0 1 .75 1 . 610 + 0 . 055 0 . 92 
6 . 0 1 .62 1 . 650 + 0 . 0 6 0 1 . 1 0 
8 . 0 1 . 71 1 . 80 1 .05 

1 0 . 0 1 .85 1 . 91 1 .02 
1 4 . 0 1 .99 2 . 01 1 . 0 1 
1 7 . 0 2 . 15 2 . 2 80 + 0 . 055 1 .06 

TABLE 5 . 3 

COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL SENSITIVITIES 
(nth and n P v n RESPECTIVELY? IN TRACKS PER NEUTRON) OF MAKROFOL 

K .G IN CQNTACT~WITH A 1 . 2 3 mq/cm* NATURAL URANIUM FOIL 

E 
n 

(MeV) 

n th 

(x 1 0 " 5 t /n ) 

n 

exp 

(x 10~5 t / n 

^ e x p ^ t h 

1 . 5 0 . 3 5 0 . 3 10 + 0 . 024 0 . 8 8 
2 . 0 0 . 7 8 0 . 64 0 . 82 
3 . 0 0 . 8 0 0 . 6 8 0 + 0 . 0 3 0 0 . 8 5 
4 . 0 0 . 9 1 0 . 84 0 . 92 
5 . 0 0 . 94 0 . 8 5 0 + 0 . 0 4 0 0 . 9 1 
6 . 0 0 . 9 5 
8 . 0 1 . 35 

10 . 0 1 . 61 
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account, thus reducing the sensitivity . This argument is 

supported by the thermal neutron experiments which give a 

— 6 

sensitivity of ( 3 . 40 + 0 . 2 2 ) x 10 tracks per neutron for 

CA80-15, which is 15% less than the predicted value. The 

tracks in CA80-15 exposed to thermal neutrons are also pro-14 14 

duced by protons (from N(n ,p ) C reaction) . The fluctu-

ation in the theoretical response curve (Figure 5 . 1 ) at 16 13 

E n = 6 MeV is due to the 0 (n , a ) C resonance. The pre-

dicted values are 4.8% less than the experimental ones in the 

neutron energy range 6-17 MeV. However, shapes of both 

curves (rith and n e x p as a function of E n ) within experimental 

errors predict a general tendency of increase in sensitivity 

with increase in neutron energy. The difference between the 

absolute number of tracks observed and predicted can be due 

to the following e f fects , which have not been included in the 

theoretical model; 

(a) some etching effects , and 

(b) effects due to the observer's subjective 

approach to track recognition. 

The etching process in the case of ' intr insic ' SSTRs 

often results in tracks which appear as circles , rather 

than lines as was considered in theory. The circle has a 

diameter and "appearance" , which is determined by the damage 

produced by the particle and the etching conditions. The 

diameter must be a certain minimum value to be registered as 

a count and should also have the same "appearance". 

An observer chooses to register a track using his own 

criteria on the diameter and "appearance" which would not 
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necessarily coincide with those of a second observer. This 

aspect of track recognition can be parameterised by defining a 

counting efficiency parameter (e) and a reproducibility 

parameter (Ae) . 

These concepts are important because of the subjective 

nature of human decisions on the number of tracks and 

immediately point to the advantages of computer algorithms 

for track counting. A computer based track counting system 

can be expected to have a fixed value for e and an almost 

zero value for A e . 

2 
5 . 2 . 2 Response of Makrofol (in Contact with 1 .23 mg/cm 

Natural Uranium Foil) to Neutrons 

The theoretical sensitivity of Makrofol K.G in contact 

2 
with a 1 .23 mg/cm natural uranium f o i l , to fast neutrons is 

compared with experimental results in Table 5 . 3 and Figure 

5 . 2 . The predicted values were calculated using the theo-

retical response equations derived in Section 2 . 3 . 1 , Chapter 2 . 

It appears that the theoretical values are higher 

(8-18%) in the neutron energy range 1.5-5 MeV. It is quite 

understandable i f one takes into account that the theoretical 

values are for a ' th ick ' ( i . e . thicker than the range of 

fission fragments in the foil ) fission fo i l . The mean range 

2 
of fission fragments in uranium metal is 9 . 1 mg/cm (see 

Figure 2 . 1 0 ) ; while the thickness of the fission foil used 

2 
in the present experiments is 1 .23 mg/cm (natural uranium); 

which makes it a ' th in ' f o i l . Therefore, all fragments 

produced i . e . from almost zero to the maximum energy do not 

reach the detector. However, the ratio of thicknesses of a 
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Figure 5 . 2 Theoretical and experimental neutron s e n s i t i v i t i e s , 
T ) . , and n _ respectively (in trackes per neutron) 
of M a k r o f S P K . G in contact with a 1 . 2 3 mg/cm2 

natural uranium f o i l . Experimental curve is for 
45 minutes of etching in 6N KOH at 60°C (see 
Figure 4 . 2 2 , Chapter 4) 
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'thick ' fo i l and the f o i l used in the present experiments is 

not reflected in the ratio of theoretical and experimental 

sensitivities . This is due to the fact that the reduction 

of fission foil thickness by a certain factor, say f ive , 

reduces the neutron sensitivity by much less than this factor 

due to much reduced self-absorption of fission fragments in 

Other factors contributing to rather high neutron 

sensitivity of ' th in ' natural uranium foil is the contribution 

235 
from other uranium isotope U present in the f o i l . 
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CHAPTER 6 

EFFECTS OF HIGH GAMMA DOSES ON SSTRs 

6 . 1 INTRODUCTION 

It is usually assumed that high doses of gamma-rays, 

such as are found in reactor physics and nuclear safeguards 

applications, do not affect the charged particle registration 

(84 90) 

and revelation properties of SSTRs ' . However, the 

validity of this assumption should be verified in the case 

of nuclear safeguards applications (it is planned to use 

SSTRs for the evaluation of tracks induced by fast neutrons 

emerging from transuranic nuclei accumulated in irradiated (42) 
reactor fuel elements) , since it is known that gamma-

rays and electrons cause significant radiation damage in all 

(91) 
organic polymers and polycarbonates 

In order to determine the influence of gamma-rays on 

track registration and revelation properties of CA80-15 and 

Makrofol K .G SSTRs the following topics were investigated. 

(1) The effect of high gamma-ray doses on track etching 

parameters: the track etching rate, V T , the bulk etching 

rate, V^ , the threshold of track registration (the 

minimal value of energy loss, dE/dx) and the track 

registration ef f ic iency . 

(2) The limit of gamma-ray dose below which the basic 

properties of the SSTRs remain unchanged so that the 

effects of gamma-rays may be neglected. 

(3) The etching conditions which minimise and maximise the 

influence of gamma-rays on the track registration and 

revelation properties of CA80-15 and Makrofol K .G SSTRs. 
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(4) The appropriate correction factors, depending on the 

gamma-ray dose, which must be introduced in inter-

preting the track measurements (number, length and 

diameter). 

(5) I f the bulk or track etching rates (VB or VT respectively) 

are affected by gamma-ray dose, whether their change can 

be used as an accurate measure of the gamma-ray dose, 

6 . 2 EXPERIMENTS 

6 . 2 . 1 Irradiations 

In order to investigate the effects of gamma-ray dose 

on track registration and revelation properties of CA80-15 

cellulose nitrate and Makrofol K .G polycarbonate SSTRs, six 

sets of detector films were exposed to varying doses of 

fission fragments, neutrons, alpha-particles and gamma-rays. 

Each set consisted of CA80-15 and Makrofol K .G detector 

films which were punched into strips of equal area 

(1 cm x 4 cm) . These were individually weighed before gamma-

ray irradiations on a microbalance capable of reading 

hundredths of a milligram. The fission-fragments were obtained 

252 
from a 1 yCi spontaneous fission Cf-source and alpha-

241 

particles from an Am-source, which was covered with an 

aluminium foil of 20 ym thickness to reduce the energy of 

particles to - 1 MeV. In both cases the films were in con-

tact with the sources in 2 7r-geometry. Monoenergetic fast 

neutrons were produced using the IBIS-accelerator at A . E . R . E . 

Harwell (see Chapter 4 ) . The gamma-ray irradiations with a 

60 

10,.000 Ci Co-source were performed in the sterilization 

room of the Nuclear Technology Section, Department of 
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Chemical Engineering and Chemical Technology of Imperial 

College. The temperature of air was under 40°C and the 

dose f ield was relieved from the ozone. The dose range from 

6 7 
1 x 10 to 2 .4 x 10 Rads (+ 3%) was covered at dose rates 

g 
of approximately 1 x 10 rads/h . 

The experiments were conducted in the following groups: 

(A) : SSTRs were exposed to fission-fragments and subsequently 

to gamma-rays. 

(B) : SSTRs were exposed to gamma-rays followed by fission-

fragments . 

(C) : SSTRs were exposed to fission-fragments only. 

(D) : SSTRs were exposed to gamma-rays only. 

(E) : SSTRs were exposed to monoenergetic fast neutrons and 

subsequently to gamma-rays. 

(F) : SSTRs were exposed to gamma-rays followed by alpha-

particles . 

After gamma-ray exposures it was found that individual 

plastic strips tended to adhere to each other, However, 

upon separation, plastics retained their fine surfaces. A 

change in colour was noticeable in the case of CA80-15 for 

6 

absorbed doses greater than 2 x 10 Rads. All SSTRs were 

individually weighed once again before etching them. 

6 . 2 . 2 Chemical Etching 

After the gamma-ray exposures the six sets of SSTRs were 

stored at room temperature, away from light to avoid the UV-

accumulation, which would give an effect similar to a gamma 

dose. The sets of SSTRs were etched simultaneously under 

eight different etching conditions, these being as follows: 
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E 1 ' 
2 .5N NaOH at 19°C 

E 2 
6N NaOH at 19°C 

E 3 
2 .5N NaOH at 60°C 

E 4 
6N NaOH at 60°C 

E 5 
2 .5N KOH at 19°C 

E 6 
6N KOH at 19 °C 

E 7 
2 .5N KOH at 60°C 

E 8 
6N KOH at 60°C 

The samples were etched in a controlled temperature bath 

whose accuracy is + 0 . 1 ° C . Each SSTR was analysed and the 

following parameters measured: the track width, W for 

fission-fragments, the bulk etching rate, V B and the number 

of tracks in the case of SSTRs exposed to fast neutrons 

followed by gamma-rays. 

6 . 3 RESULTS AND DISCUSSION 

F i g s . 6 . 1 and 6 .2 show the variation of as a 

function of absorbed gamma-ray dose, D^ in the case of CA80-15 

SSTR for the eight etching conditions E^-Eg. W denotes the 

average observed width of fission-fragment tracks with sub-

scripts 1D1 and 'o ' referring to with and without gamma dosey 

respectively. I t can be seen that there is a significant 

increase in the ratio , W D /W Q with increasing dose for the 

low temperature etching conditions, E^ , E2/ E^ and Eg. 

Furthermore, the increase in the ratio is greater for the 

252 

'set A' detectors, which were exposed first to Cf fission-

fragments and then to gamma-rays, than the ones exposed in 

the reverse order (set B ) . On the other hand there is no 
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Figure 6 . 1 The ratio of average values of fission fragment 
track widths, W-./W , in CA80-15 at gamma doses of 
1D-megarads' and 1zero-megarads', as a function of 
absorbed gamma dose, D^. The etching was carried Y 
out for, (a) 10 hours, (b) 25 minutes, without 
interruption or stirring 
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'D-megarads' ana 'zero-megarads1, as a function 
of absorbed gamma dose, D . The etching was 
carried out for , (a) 2 . 5 nours, (b) 15 minutes, 
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significant variation in the ratio , W d / W q under fast etching 

conditions, E ^ , E ^ , E^ and Eg, indicating that etching at 

high temperatures masks any effects due to gamma-rays up to 

some extent. One might conclude from these results that the 

gamma-ray doses in the megarad region cause significant en-

hancement in the damaged region, which increases with the 

increasing gamma dose. Thus, i t appears that gamma-ray 

doses in the megarad region effectively increase the 'volume1 

and the 'density ' of the damaged region. Also , the results 

from the 'set B' SSTRs indicate that even the general nature 

of the plastic is changed up to some extent by such high 

gamma-ray doses. 

The bulk etch rates for CA80-15 SSTRs (set D) for 

various exposures at etching condition, Eg are given in 

Table 6 . 1 . In addition to the difference in the bulk etch 

rates, there is one other dose dependent effect present in 

7 
the measurements. At doses above 10 rads there is a loss 

of mass from the plastic during the gamma-ray irradiation , 

as shown in Table 6 . 1 . This is due to the escaping gases 

from the plast ic . This effect was included in the bulk 

etching rate measurements. 

F i g s . 6 . 3 - 6 . 7 show the variation of the average bulk 

etching rates , V_ and the rat io , V_ ^/V^ ^ as a function of 
B d , D D , U 

absorbed gamma dose, D^ in the case of CA80-15 and Makrofol 

K .G SSTRs for the eight etching conditions E^-Eg. The bulk 

etching rate, V B D increases as a function of absorbed gamma 

' (92) 
dose, D^ up to - $ M Rads according to the relation : 

W V o = D ) ( 6 - 1 ) 
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TABLE 6 . 1 

THE AVERAGE BULK ETCH RATES AND IRRADIATION MASS LOSSES 

FOR CA8Q-15. THE ETCHANT WAS 6N KOH AT (60 ± O.lPc, 

60 
Co 

Absorbed y-Dose 
(Rads) 

Average Bulk 
Etch Rate (VR) 

(ym/h) 13 

Equivalent Thickness 
of Mass Loss 

(ym) 

0 13 0 

5 . 0 X 1 0 6 
16 0 

1 . 0 X i o 7 
18 .5 0 . 08 

1 .5 X i o 7 
20 .5 0 .14 

2 . 0 X l o 7 
22 0 . 28 

2 .4 X 1 0 7 
23. 5 0 . 37 

TABLE 6 .2 

THE" 'k-VALUES 1 FOR DIFFERENT ETCHING CONDITIONS 

IN CASE OF CA80-15 

Etching Condition 
fk-Value1 

(M Rad""1) 

E 1 : 2 .5N NaOH at 19°C 0. 38 

E 2 : 6N NaOH at 19°C 0 .35 

E 3 : 2 .5N NaOH at 60°C 0 .06 

E 4 : 6N NaOH at 60°C 0 .045 

E_ : 2.5N KOH at 19°C 
D 

0 .18 

E^ : 6N KOH at 19°C 
6 

0 .05 

E ? : 2 .5N KOH at 60°C 0 . 10 

Eg : 6N KOH at 60°C 0.036 
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Figure 6 . 3 The average bulk etch rate , Vg of CA80-15 as a 

function of absorbed gamma dose, D^ . Etched for , 
(a) 96 hours, (b) 5 hours, without interruptions 
or st irring 
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Figure 6 . 5 V g ^ n , the ratio of average values of bulk etch, 
rates or ' "CA80-15 at gamma doses of 'D-megarads1 

and 'zero-megarads' , as a function of absorbed 
gamma dose, D , (a) averaged over an etching time 
of 96 hours, lb) averaged over an etching time of 
5 hours 
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where V_, and V_ are the bulk etching rates at gamma 
a ru b ,u 

doses of 1D-megarads' and 1zero-megarads1 respectively, 1D' 

is the absorbed dose and 1 k' is a constant. The 1k-values' 

for etching conditions E^-Eg (curves of F i g s . 6 . 5 and 6 .6 ) 

are given in Table 6 . 2 . F i g . 6 . 7 shows that Makrofol K .G 

is less sensitive to gamma-rays than CA80-15. 

The influence of different etching conditions on the 

ratio VD ~/V_ 0 is similar to that shown for W /W i . e . there 
H fU b u o 

is a significant increase for the low temperature etching 

conditions. A possible explanation of these results is the 

(93) 

phenomenon of swelling observed in cellulose and its 

derivatives in alkaline solutions at low temperatures (see 

Chapter 3 ) . Swelling is known to be significant below 

but negligible above 30°C. Furthermore, swelling 

is maximised at an ion concentration of 2 . 5N , which is the 

etching condition for E^ , E^ , E^ and E^. The swelling is 

related to the diffusion of ions into the cellulose nitrate 

due to ion exchange with acidic (carboxyl) groups. Since 

radiation damage involves the creation of such groups in 

cellulose nitrate , the swelling is considerably increased 

with radiation damage and consequently the bulk etching 

rate, V_ is also increased, since the more rapid penetration B 

of the surface by ions w i l l increase the rate of reaction 

and of dissolution of the surface. 

F i g . 6 . 8 shows the number of neutron induced tracks in 

CA80-15 exposed to 17 MeV neutrons followed by gamma-rays 

(set E) as a function of absorbed dose, D^. The track 

density starts decreasing at - 8 M Rads, this is because of 
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Figure 6 . 8 The track density, p t in CA80-15 exposed to 17 MeV 
neutrons followed by gamma-rays, as a function of 
absorbed gamma dose, D . Etched in 6N KOH at 60°C 
for various time intervals 
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Fiqure 6.9 1 MeV a l p h a - p a r t i c l e tracks in CA80-15; subjected 
to a g a m m a - r a y d o s e of 20 M rads and subsequently 
irradiated w i t h alpha-particles. Etching was 
carried out in 6N KOH at 60°C for 10 minutes and 
the tracks w e r e o b s e r v e d at a magnification of 
(x 50 x 8) 
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the increase in the bulk etching rate of CA80-15, which 

makes the background surface roughened thus making it 

d i f f icult to avoid the counting loss. However, when etching-

times were reduced according to the increase in the bulk 

etching rate, the track density remained constant even at 

high gamma-ray doses as shown in the figure. 

F i g . 6 . 9 shows a microphotograph of alpha tracks in 

CA80-15 which was f irst subjected to a gamma-ray dose of 

20 M Rads and subsequently irradiated with alpha particles 

241 

from an Am-source in 2 n-geometry (set F) . 

6 . 3 . 1 Errors 

Errors in these measurements could be due to the cali-

60 

bration of the Co-gamma-ray f i e l d , determination of- the 

plastic thickness, the density of the different films and 

changes in the etchant strength and temperature. The dose 

calibrations are correct on an absolute basis to + 3%. 

Within a single exposure the dose delivered to different 

films are equal to about 0 .5% . Errors in the density of 

different films are quite small and probably negligible from 

strip to strip. The accuracy of the etching bath used is 

+ 0 . 1 ° C , therefore resulting etch rate changes are < 2%. 

6 .4 CONCLUSIONS 

The following summarised conclusions can be drawn from 

the results presented in this chapter. 
(i) Gamma-ray doses in the region of a few megarads (and 

above) bring changes not only in the general structure 
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of the plastic SSTR, but also in the damaged region 

of the latent damage tra i l . Thus effectively in-

creasing the 'volume1 of the damaged region. The 

degree to which the damaged and undamaged regions 

are modified increases with increasing gamma-ray dose. 

Gamma-ray doses below the 'megarad region1 do not 

alter the structure to any significant extent. 

(ii) The influence of gamma-rays on the radiochemical 

changes in the bulk cellulose nitrate can be dis-

criminated by varying the chemical etching conditions. 

( i i i ) Gamma-ray doses up to 24 M Rads do not affect the 

track registration characteristics of CA80-15 and 

Makrofol K .G SSTRs. 

(iv) The systematic increase in the bulk etching rate, 

suggests the possibil ity of use of SSTRs for the 

measurement of large gamma-ray doses, while at the 

same time measuring neutrons. Some advantages of the 

technique are relative ease and simplicity of data 

read-out (measuring the thickness of plastic before 

and after etching, and comparing with a calibration 

curve) and high degree of reproducibility obtainable. 
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CHAPTER 7 

AUTOMATIC COUNTING OF TRACKS IN SSTRs 

7 . 1 INTRODUCTION 

A problem associated with the use of SSTRs in the 

measurement of neutrons (determination of nuclear reaction 

rates ) , is the large number of tracks that must be counted 

for good statistics . I f the tracks have to be counted by 

eye using a microscope, then the technique could be subject 

to errors due to the laborious nature of the work. This is 

particularly true in the case of ' intr insic ' SSTRs, where 

the resultant tracks have a wide range of dimensions and an 

observer chooses to count a track using his own criteria 

on the diameter and appearance, which would not necessarily 

coincide with those of a second observer. Thus making the 

technique subjective to human decisions on the number of 

tracks counted in an etched SSTR. 

Various attempts have been made to automise the track 

(94) (95} 
counting in SSTRs. Ozalid method ' and light scattering , 

are two of the earliest attempts in semi-automatic track 

(96) 
counting. A spark counting method , applicable with 

plastic SSTRs has been successfully demonstrated. Recent 

investigations take advantage of digital computers in auto-

(97) 

matic scanners . Three commercially available instruments, 

the Q u a n t i m e t ( 9 8 ) , the C l a s s i m a t a n d the Leitz T . A . S . 

have been used in automatic track counting^ 1 0 1 ^ . These 

instruments have a high capital cost, and often have peri-

pheral equipment suited only to their prime task of analysing 

well-defined objects/images with sharp outlines. 
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A system has been developed at Imperial College , 

which permits the automatic counting of tracks using a TV 

camera and a mini-computer. The computer is now a common 

feature of nuclear physics laboratories and the addition of 

a TV camera together with a simple set of interfacing 

electronics, can result in a powerful system for automatic 

counting for a modest investment. 

It is not suff icient just to count tracks, since more 

than one type of trakcs are visible in ' intrinsic 1 SSTRs 

and therefore it is necessary to discriminate against un-

wanted 'background' . Thus a variety of measurements must 

be performed on each track, such as area, length to breadth 

or some other specific parameter in order to determine i f 

the track is valid . 

Tracks appear under the surface of the recorder i f 

they are at an angle to the surface and thus present an 

imperfect image for analysis . Focussing can therefore 

present problems. 

The present system was developed so that a variety of 

form factors such as area to perimeter could be used to 

identify desired tracks. Focussing problems are overcome 

by using a range of grey levels (light intensity values)-, 

together with software discrimination, to reject out of 

focus images. 

In this Chapter, the system hardware, software and its 

calibration for track counting are described and a typical 

analysis is presented, and compared with manual counting. 

Finally , some conclusions are drawn on the performance of the 

system. 
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7 .2 SYSTEM HARDWARE 

A block diagram of the system hardware is shown in 

F i g . 7 . 1 . The tracks in an etched SSTR are photographed from 

the optical microscope (Reichert model MEF2, described in 

Section 3 . 4 , Chapter 3 ) , on an Ilford PanF (35 mm) film. 

Developing for 3 .5 minutes in Ilford contrast FF at 1 : 4 

dilution produces negatives with adequate contrast which 

are used directly in the automatic counting system (see 

F i g . 7 . 1 ) . 

Illumination of the negatives is by a 12V quartz iodine 

lamp with condenser lens and diffusing screen, using direct 

current to avoid loss of information during the TV scanning. 

A Sony AVC4600CE television camera with vidicon tube and 

80 mm focal length lens, scans the negative. Its video signal 

is passed to a purpose built d ig it iser , which divides each of 

the 625 lines into 384 picture points, a number consistent 

with the resolution of the camera. The grid used in practice 

is restricted to 580 lines (y-coordinates, measured from top 

of frame) by 380 points (x-coordinates measured from left of 

frame). Each point is assigned a grey level on an equal 

interval scale from 0 to 7 , enabling the level to be repre-

sented by three b its . The seven levels are contained within 

a 1window ! which can be stretched or compressed relative to 

the video signal , either by altering the level 7 voltage or 

by adjusting the signal level (via the camera lens aperture 

or video gain) . 

The digitised information is transferred to a Digital 

Equipment Corporation ( D . E . C . ) PDP 11/45 mini-computer (24K, 
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SSTR-NEGATIVE 

Figure 7 . 1 Block diagram of automatic track counting 

system hardware 
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16 bit words) , the reading sequence of (x,y) coordinates, 

determined by the scanning speed and the interlaced scan 

pattern, is ( 1 , 1 ) , ( 1 , 3 ) , (1 ,5) , ( 1 , 5 70 ) , ( 1 , 2 ) , ( 1 , 4 ) , ( 1 , 6 ) -

, ( 1 , 5 8 0 ) , ( 2 , 1 ) , ( 2 , 3 ) etc . (The half line at the beginning 

of one of the two interlaced scans is masked out.) The grey 

levels are packed five to a word, gaps being left during the 

odd scans to be f i l led during the next even scan so that y-

coordinates are stored consecutively. To overcome the 

apparent requirement for a buffer size of 44R for a complete 

frame, logic is incorporated to halt reading, when the x-

coordinate reaches 128 or 256; software restarts reading 

after the 15K buffer , holding data from one third of the 

frame, has been emptied. 

A D . E . C . RK-05 disc is used to hold the data from up 

to 24 frames for subsequent analysis (the area making up one 

photographic negative being determined by the overall magni-

ficiation required to count with sufficient accuracy the 

smallest tracks of interest ) . The data can be recalled at 

any time to display on a video monitor (Tektronix 611) the 

detected images at or above any desired grey level, a useful 

facility in cases, where there is some doubt as to how the 

system wil l interpret certain features on the negative, such 

as areas of markedly different background intensity. The 

system set-up is pictured in F i g s . 7 . 2 ( a ) and (b) . 

7 . 2 . 1 The Digitiser 

A block diagram indicating important parts of the 

digitiser is shown in F i g . 7 . 3 . The basic function of this 

hardware is to divide each horizontal scan line (x-direction) 
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Figure 7.2 (a) Automatic track counting system set-up. 
(1) PDP 11/45 computer, (2) Tektronix 611, 
(3) Teletype, (4) Oscilloscope, (5) Digitiser, 
(6) DC light source 



F i g u r e 7.2 (b) A u t o m a t i c track c o u n t i n g s y s t e m s e t - u p . (1) T V c a m e r a , (2) DC light s o u r c e , 

(3) DC power s u p p l y , (4) SSTR n e g a t i v e , (5) I m a g e r e f l e c t o r 
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into 380 picture points. Since a minimum of 9 bits is 

needed to represent 625 or 380, outputs from the interface 

are designed to allow for 10 bits for y-coordinates and 10 

bits for x-coordinates. An end of data flag , when all 380 x 

and 625 y coordinates are read, is set by switching on all 

10 bits of x- or y-, thus representing a value so large 

(1023 in decimal) that software would register the end of 

i n f o r m a t i o n ( 1 0 2 ) . 

Output from the d ig it iser is fed to PDP-11/45 mini-

computer, via the CAMAC interface modules. A complete 

picture array consists of 380 repeated interlaced scans, 

each repeat corresponding to a shift in the x-direction by 

one unit of x-coordinate. For each shift in the x-coordinate 

a vertical column of 625 y-coordinate grey levels is fed 

into the computer. Since interlaced scan is present, an 

in i t ia l set of odd y-coordinates is read into the buffer to 

be immediately followed by a set of even y-coordinates, 

with each shift in the x-direction. The CAMAC interface has 

up to 24 bits of parallel logic input. For the black and 

/ o c \ 

white system • , only 22 bits are used, one bit to signify 

odd or even field scan and one for black or white, apart 

from the ten -x and ten -y b i t s , PDP-11 software for this 

early version therefore simply tests the black or white bit 

as well as the odd or even b i t and sets up a black and white 

bit map in core making use of the x- and y-coordinate 

information. On a 24K memory machine with 16 bit word 

length, sixteen grey levels can be packed into each word, 

since in this early version only one bit signifies grey 

level . An array of 625 y- and 380 -x picture points 
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therefore needed a buffer size of approximately 15K which a 

2 4 k memory machine adequately accommodates. 

7 . 2 . 2 Extensions to the Digitiser Hardware 

Upon expanding to multi grey levels, software mani-

pulation of incoming data was slow owing to the need for 

every (x,y) coordinate pair to be accompanied by 3 bits of 

grey level information. As a result , every other incoming 

data position was missed. Further, a new buffer size of 

44K was needed to accommodate a single transfer of digitised 

3-bit grey levels . (This corresponded to packing five 3-

bit units of information into each PDP-11 word, the most 

significant bit (M .S .B . ) left as a spare b i t ) . In view of 

buffer size limitation on a 2 4K machine, it was decided to 

make three repeated transfers , each transfer embracing a 

third of the total number of 3-bit information units from a 

complete picture array of (x,y) coordinate pairs. To 

achieve th is , additional logic was incorporated into the 

sequence control logic. When the x-coordinate position , 

indicated by the odd frame counter, reaches either 128 or 

256 , a pulse generated by the sequence control logic , is 

passed on to the data control l ine , which immediately stops 

the reading operation. PDP-11 software instruction later 

restarts the reading from where it left o f f , having first 

emptied the buffer for the earlier transfer. 

A new criterion for software was also needed. I t was 

decided to ignore, in the software, the available bits of 

x- and y-coordinates, but to test the odd or even bit for 

a repeated sequence. Since each shift in the x-coordinate 
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was accompanied by a set of consecutive odd and even y-

coordinates, it was therefore possible to decode the relative 

positions of the 3-bits of grey level information by knowing 

the reading order. 

Hardware modifications to the existing black and white 

/ o n 
system , therefore included the following: 

(i) Introduction of seven grey levels (3 bits for 

grey level ) . 

( ii ) Masking out of f irst half line scans,' where they 

appeared. 

( i i i ) Automatic stoppage to hardware, when data 

read in reached an x-value of either 128 or 

256. 

(iv) Addition of an adjustable seven grey level 

'window' to allow for less contrast pictures 

to be meaningfully digitised and hence analysed. 

In the block diagram of the digitiser (F ig .7 . 3 ) all 

above mentioned modifications are implemented. 

7 .3 SYSTEM SOFTWARE 

A modular software system was devised for the digitiser 

in order to permit expansion into a variety of a p p l i c a t i o n s ^ 0 ^ . 

The flow of information through the system is indicated in 

F i g . 7 . 4 . The main aims of the software are: 

(i) Identify individual detected image, linked 

images are regarded as one large image, which 

can be identif ied subsequently by a shape 

factor or area test . 
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(ii) Assign a number to each image, hence 'counting1 

•them. 

( i i i ) Store up for each image, all digitised informati 

on that image. 

Civ) To repeat image identification at several grey 

levels. 

(v) Compute area and perimeter of each image in 

picture point units ( p . p . ) , from which a shape 

2 
factor ( S . F . ) , defined as (perimeter) /area is 

derived. 

(vi) Discard 'background' from computation of area, 

based on an earlier calibration with standard 

track images of a given area. 

7 . 3 . 1 Definitions 

To understand the different routines described in the 

following pages, it is best to define aoitre" terminology used 

in the description: 

Ci). A 'picture point ' is defined as an element of 

the 2-dimensional array which defines the entire 

picture. Its position in the array is deter-

mined by a Cx,y) coordinate pair . 

(ii) A 'picture function' is the digitised grey 

level value associated with a picture point. 

Mathematically, a picture function can be 

described as a real valued function of two 

real variables ^ ^ ^ . 

(iii). A ' c e l l ' is made up of a set of physically 

adjacent picture points, whose picture functions 
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satisfy a given grey level criterion. The 

shape of each cell is determined by shape 

factor. 

(iv) Each cell ' transition 1 is defined as that 

segment of a TV scan line along which consecutive 

picture functions, satisfy a grey level cri-

terion. 

(v) 'Voids ' are regions in the 2-dimensional array, 

in which the picture functions fail to satisfy 

a set criterion. 

7 . 3 . 2 Program and Data Structure on PDP-11 

The main functions of the software together with the 

data organisation of each routine are now discussed. 

(i) Routine CAMERA (Assembly language) 

The routine CAMERA originally written for the black and 

white system (2 grey levels only) was expanded for use in 

the multi-grey level system. It used 10(x) and 10(y) b its 

to set up a binary map of grey levels. 

A new version of this routine, coupled with hardware 

masking of the f ield scan is used to test the odd or even 

scan bit and to set-up a grey level binary map by shifting 

the x-coordinate after each complete picture scan. Main 

parameters describing the location of each transition in 

the digitised 2-D grey level bit map are the line number 

(y) , start (x. )_ and the end (x . ) of the transition. 
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(ii) Data Structure 

On a 24K PDP-11, under DOS-BATCH operation with two 

fixed RK-05 disk derives (identified as disk 0 and disk 1) , 

memory organisation plays a vital role in achieving speed 

and eff icient use of available resources. Digitised inform-

ation stored is thus confined to the first 432 sectors 

(corresponding to 24 f i les ) of disk memory space. The 

remaining 360 sectors are assigned for dynamic data transfer 

between core and disk memory: 

Total number of picture points used = 380(x) x 580(y) 

Grey level bits = 3 

Word length of PDP-11 = 16 bits 

Allowing for 5 sets of grey levels 

into one word, buffer size required = 44K 

Disk (5M Byte) storage: 60 sectors 

to each pass or 180 sectors for 1 

frame (3 passes) . At 256 words per 

sector, 180 sectors = 46 ,080 words 

Maximum number of data f i les 

(contiguous) per disk = 2 4 

Although 2 4 bits of parallel logic output were avail-

able from the digitiser , CAMERA only makes use of 4 bits of 

information to set-up the grey level binary map. 

7 . 3 . 3 Routine LEVEL (Assembly language), 

LEVEL accesses the binary grey level map on disk for a 

given set of arguments, namely x-, y-coordinates and n 

f i l e , the data f i le number. It returns a value of grey 

level , LEV, for the ( x ,y ,n f i le ) set of arguments. During 
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compilation, LEVEL is used as a subroutine only and cannot 

be used on its own. Subroutine LEVEL can be linked, just 

before execution, with Fortran program CARIK (follows 

shortly) to determine coordinates of detected images. 

7 . 3 . 4 Routine DIS2 (Fortran) 

Simply displays b it map (on disk) on the Tektronix 

screen for any one of seven grey.levels . Subroutines needed 

to feed this program are LEVEL and D0T2. DIS2 actually dis-

plays grey levels above a required level. 

7 . 3 . 5 Routine D0T2 (Assembly language) 

This routine returns a dot to the Tektronix display 

screen for a given (x,y) coordinate pair . Execution mode 

is CALL D0T2 (X ,Y ) . However, it is in turn fed by several 

other subroutines, which manipulate and display incoming 

information to the display screen. 

7 . 3 . 6 Routine CARIK (Fortran) 

CARIK creates a data f i l e of considerably reduced in-

formation on disk ,of (x ,y) coordinate pairs at entry and 

exit from detected images at a required grey level. It 

searches the binary map along consecutive columns ( i . e . in 

y^-direction) and records the first entry (x,y)-coordinate 

pair to a detected image line or column, indicated by a 

sudden rise of the digitised video signal to or above the 

required grey level. The next (x,y)-coordinate pair to be 

recorded is at the position immediately before the video 

level next falls below the required grey level , and this 
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(x fy)-coordinate pair is the exit coordinate for that de-

tected image line. When the video signal next rises above 

or to the required grey level , another set of entry co-

ordinates is recorded and the pattern repeated for the rest 

of the scan lines . Where a detected image does not fa l l 

below the required grey level towards the end of a line 

scan, CARIK resets the video level to below the required 

grey level and records the end of line (x,y)-coordinate pair 

as exit coordinates for that image. Thus a solid row of 

detected picture points only has both end coordinates 

recorded irrespective of its real length. CARIK has been 

designed to search for x . , y , and x from level 3 
* entry 2 entry exit 

up to level 7. I t has to be linked to subroutine LEVEL 

before execution. 

Another important aspect of CARIK is in the search 

sequence on the binary map. Searching the bit map along x-

direction ( i . e . across each scan line) as opposed to y-direction 

( i . e . vertically downwards) would lead to an increase in 

computer time by a factor of x 380. A 580 x 380 array is 

scanned in 90 seconds in the y-direction. 

7 . 3 . 7 Rout ine SORT (Fortran) 

Software discrimination of in-focus from out-of-focus 

images is the main task of this routine. The data f i l e 

created by the program CARIK is the input data to SORT. This 

routine is structured on a main program fed by other functional 

subroutines. Outputs from the main program are a set of 

individual detected images and their corresponding detected 

coordinates for one or more grey levels. Functional 
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subroutines which calculate area and/or perimeter in picture 

points, or shape factors or discriminate between in- and 

out-of-focus images using an area gradient method, can be 

added to execute immediately after the main program. 

7 . 3 . 8 Routine SEARCH 

SEARCH executes a coded chain search of all data from 

program CARIK and assigns an identity to each image thus 

determined. The grey level searched is the lowest level fed 

in to program CARIK. 

7 . 3 . 9 Routine TENTU 

This routine reads data from SEARCH, f i l l s in voids and 

writes out cell data (number, shape factor, area) i f needed. 

The images below a pre-calibrated value of cell area in 

picture points are not counted, thus rejecting some of the 

unwanted features. 

7.4 CALIBRATION OF THE SYSTEM 

The factors affecting the performance of the system can 

be divided into three groups, optical , electronic and 

statistical . The statist ical accuracy is determined by the 

number of tracks per f ie ld of view, which depends on the 

overall magnification, which in turn depends on the physical 

size of the SSTR. 

7 . 4 . 1 Grey-Level Setting 

The most accurate and reproducible threshold setting is 

illustrated by plotting the number of tracks against different 
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grey levels. It is more accurate to consider the total 

number of tracks in several successive fields of view 

( i . e . several negatives) , corresponding to one grey level , 

and counting the same f i e l d for another grey level and so on. 

F i g . 7 . 5 shows the results of the two etched SSTRs (CA80-15) 

exposed to fast neutrons (2 MeV) and thermal neutrons. It 

can be seen from F i g . 7 . 5 that levels 4 and 5 are the ' sa fe ' 

working levels. At level 6 , only few tracks with a high 

contrast are counted. F i g s . 7 . 6 ( a ) and (b) show the digit ised 

tracks displayed on Tektronix 611 screen at levels 4 and 5. 

7 . 4 . 2 Size Setting 

The size setting discriminates against features with 

an area (in picture points) less than a value chosen in 

discrete steps in the routine TENTU. A calibration was made 

to measure the track area (in p . p . ) at the magnifications 

used in manual scanning ofSSTRs irradiated with 2 MeV 

neutrons (Chapter 4 ) , and i t was found that a track with 

1 ym diameter has an area of 20 picture points in the 

digitiser . In manual scanning tracks with diameters less 

than l' ym were not counted, therefore in the automatic 

counting,tracks with areas less than 20 picture points were 

rejected in the routine TENTU. 

A typical frequency histogram of the number of tracks 

in CA80-15 exposed to 2 MeV neutrons, as a function of 

track area in picture points is given in F i g . 7 . 7 . 
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plateau at levels 4 and 5 
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Figure 7 . 7 Typical frequency histogram of the number of 
tracks in CA80-15 exposed to 2 MeV neutrons, 
as a function of track area in picture points (pp) 
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7 . 4 . 3 Overlap Correction 

I f two tracks overlap the system counts them as one 

feature. Thus at high track densities, when the probability 

of overlap is high, it is necessary to make correction. In 

th'e present work, the overlapping correction was performed 

by setting two boundary numbers in the form separator, 

corresponding to the track area in picture points and 

separating the track area universe into three regions. 

Region 1 covered single tracks up to a track area of 250 p . p . , 

region 2 covered double tracks up to an area of 400 p . p . f and 

region 3 covered triple overlapping above an area of 400 p . p . 

Hence the number of tracks per frame was: 

(number of singles) + 2 (number of doubles) + 3 (number 

of triples) 

The region boundaries were determined experimentally by 

comparisons with eye-counting. 

7 .5 DATA ANALYSIS AND RESULTS 

Experiments were made in order to test the reproduci-

bil ity of counting on the system and to make comparisons 

between eye and automatic-counts, in the case of CA80-15 

exposed to 2 MeV neutrons. The results for 15 fields of 

view in microscope ( i . e . 15 negatives) are shown in Table 

7 . 1 . The quantities of interest in these comparisons are 

the reproducibility of each method of counting reflected 

in the ratios of counts of the two methods. The ratios 

are consistant with a constant value of counting ratio within 

+ 4% for track densities used in the present experiments. 
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TABLE 7 .1 

COMPARISON OF TRACK COUNTING BY EYE- AND 

BY THE 'DIGITISERI* , FOR CA8Q-15 EXPOSED TO 2 MeV NEUTRONS 

Negative No. 
(1 Field of 

View) 

Eye-Counts 
(Tracks/Field 

of View) 

Auto.Counts 
(Tracks/Field 

of View) 

Ratio 
Auto. /Eye 

3 39 41 1 .05 

4 44 45 1 .02 

5 45 43 0 . 96 

6 43 45 1 .04 

7 39 43 1 . 1 0 

8 41 42 1 .02 

9 46 44 0 . 9 6 

10 44 46 1 .04 

11 38 39 1 .02 

12 41 40 0 . 9 8 

13 40 44 1 . 1 0 

14 40 43 1 . 07 

15 41 42 1 .02 

16 41 43 1 .04 

17 44 46 1 .04 

Mean: 

Eye-counts/field of view = 41 .86 

Auto-counts/field of view = 43 .56 

2 
Track density (tracks/cm ) : 

Eye - = 2 .093 x 10 4 

4 

Auto - = 2 . 178 x 10 

Ratio (Auto/Eye) = 1 .04 
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For 15 fields of view, satisfactorily counted by both 

methods the mean ratio of the automatic-counts to eye-

counts is 1 . 0 4 . 

7 . 5 . 1 Errors 

There are two possible explanations for the difference 

of the ratio from unity: 

(i) Repeated digitisation of a ' f ie ld of view' at intervals 

of 15 minutes, under the same lighting conditions often 

indicates, a given edge of the image does not remain 

in exactly the same position on the 580 x 380 grid of 

picture points covering the TV frame. A small shift 

of the order of one picture point, at this edge of an 

image is noticed in the present digitising system. 

The measurements of track image area in picture point 

units of several repeated scans of the same image show 

a change in area of the order of 1%; which can make a 

certain track image to be counted or rejected, 

(.ii) The other probable cause of discrepancy between the 

two methods is a systematic difference in the detection 

criteria of the human observer and the digitising 

system. 

7 .6 CONCLUSIONS 

An off-line multi grey level automatic track counting 

system has been successfully used in the automatic counting 

of tracks in SSTR, produced by fast neutrons. Software 

developed for the present work can be expanded to determine 

the different parameters of nuclear tracks (for neutron 
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spectrometry), apart from its present capability to count 

them. 

A part from the track overlap problem which can 

easily be overcome by choosing the right irradiation time 

and etching conditions, the main disadvantage of the system 

is the detection of some "unwanted features" . It was 

found, this performance depends strongly on the focus, so 

that it is sometimes necessary to defocus a given f ield of 

view to get the right detection. Since tracks are normally 

darker than the background, slight de-focusing has no 

effect on the number of tracks per f ield of view. In order 

to get the best results , grey level threshold and in parti-

c u l a r size setting (track area distribution in routine 

TENTU) should be determined for any given sample. In 

practice, when dealing with tens of samples (such as 

reaction rate measurements), this procedure is time con-

suming. So it is assumed that the determination of track 

size setting for one or two specimens of a given set can 

be chosen as a typical setting for the rest of the samples. 

The eye-counting speed depends on the number of tracks 

per f ield of view. The greater the number of tracks per 

frame, the larger the counting time. For a film with track 

4 2 

density of the order of 3 x 10 tracks/cm , it takes about 

3 hours to eye-count 30 f ields of view for a typical 40 

tracks per frame. On the present automatic counting system, 

minimum analysis time for one TV frame (one f ield of view 

with 40 tracks) , is currently 6 minutes. Since eye-counting 

is not possible continuously for about 3 hours, counting by 
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the digitiser is about 6-8 times faster than eye. Develop 

ment in three areas could make a substantial improvement: 

(i) An improved track recognition algorithm to eliminate 

irrelevant features at an earlier stage of image 

processing. 

(ii ) A finer grid of picture points would allow larger 

areas of f ields of view to be digitised in one frame 

without losing accuracy and resolution. 

(iii) The use of cartridge discs for intermediate data 

storage has an adverse effect on running time, a com-

puter with sufficient core or semi-conductor memory 

would solve this problem. 

The experimental work involved in the present auto-

matic counting system can be considerably reduced by 

mounting theTV camera on to the photo-tube of the micro-

scope and counting the tracks direct from the SSTR, rather 

than from the negative. Stepping motors can be used to 

drive the SSTR across the f ie ld of view of the camera. 

The most important advantage of the system is the re-

producibility and the elimination of the subjective nature 

of human decisions on the number of tracks counted in an 

SSTR. 
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CHAPTER 8 

APPLICATION OF SSTRs IN NUCLEAR FUEL SAFEGUARDS 

8 . 1 INTRODUCTION 

As spent fuel from nuclear power stations continues to 

accumulate, it becomes increasingly important to provide 

effective means for long-term disposal of this material. To 

this end, it is essential to assure: 

(i) personnel safety during 'handling and transport? 

(ii) long-term integrity of the stbrage medium, 

and ( i i i ) accurate accountability of the actinide content 

of the fuel . 

The accomplishment of these objectives is dependent 

to a considerable degree upon development of means to 

characterize the radiation f ield associated with spent-fuel 

and to determine the elemental isotopic content of the 

. - , ( 1 0 4 ) , ( 4 2 ) 
spent-fuel ' 

Direct radiochemical procedures can be used to deter-

mine the concentration of plutonium or other actinides in 

spent-fuel. However, procedures dealing directly with 

highly radioactive spent-fuel are complex and expensive. 

Hence, it is highly advantageous to either eliminate such 

procedures or reduce them to a bare minimum. A non-

destructive method is therefore highly desirable. 

Comprehensive measurement of spontaneous neutron 

generation from spent-fuel is also necessary for more 

accurate definition , prediction and control of personnel 
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radiation exposures and for assessment of the potential for 

damage to candidate geologic storage facility m e d i a ^ ^ ^ . 

Hence, neutron dosimetry measurements with spent-fuel 

can serve two broad purposes, namely to characterize the 

composition and the radiation environment. The f irst purpose 

includes the need to understand and quantify spent-fuel 

f i ss i le isotopic compositions for reasons of economics, 

safeguards, or reactor physics. The s e c o n d purpose encompasses 

health and safety requirements created by the spent-fuel 

radiation environment. 

Neutron dosimetry measurements with spent-fuel can 

either be based upon spontaneously generated neutron emission 

from plutonium and higher actinide content of the fue l , or 

on neutron interrogation . In the first method, 

neutrons emitted from spontaneous fission as well as from 

(a,n) reactions in irradiated fuel , are measured (a spent-

fuel sample containing 200 kg of fuel emits ^ 1 0 ^ n / s e c ) # 

The presence of the spontaneously-generated neutrons is 

strongly correlated with the higher actinide content. The 

second method makes use of a neutron interrogation source 

The interrogation source has an energy below the fission 

2 o o 2 ^ 9 

threshold of U and Sb/Be or Cf (with a moderator) are 

commonly used. The detectors measure neutrons from fissions 

induced in the fuel and must be able to contend with 'back-

ground' neutrons from the interrogation source and the fuel. 

SSTRs have three important advantages over other 

neutron detectors in the neutron interrogation of spent-

fuel : 
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(i) The detectors are so small that they can be 

quite easily mounted without upsetting the fuel 

storage arrangement and would therefore intro-

duce a small experimental perturbation. 

(ii) They are relatively insensitive to gamma radi-

ation which is an important advantage,as a 

spent-fuel sample containing 200 kg of fuel 

also contains > 10^ Ci of gamma a c t i v i t y . 

( i i i ) They produce a permanent record of the experi-

mental results . 

A scoping experiment to study the feasibility of 

SSTRs (based upon calibrations reported in Section 4 . 4 . 3 , 

Chapter 4) in fuel interrogation was performed at A . E . R . E . , 

Harwell. In this experiment AGR fuel pins with different 

fuel enrichments were used. 

8 .2 EXPERIMENTAL ARRANGEMENT 

The experimental set-up used in the present experiment 

is shown in F i g . 8 . 1 . AGR fuel pins (^ 3 ft .long) containing 

100 g of U02 enriched in 2 3 5 U at 0 .4% (depleted U ) , 1 .475% 

and 3.5% were arranged in a rectangular array (.2 4 pins or 

252 
48 p ins ) . Two Cf spontaneous fission neutron sources 

252 
were used to induce fission in fuel pins. Cf neutron 

spectrum was moderated with polyethylene, so that the 

238 

system was not particularly sensitive to U content of 

the pins. 

CA80-15 SSTRs enclosed in cadmium capsules were posi-

tioned to measure fast neutrons from the induced fission in 

2 35 
U of fuel pins ; which depends on the fuel enrichment. 
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Figure 8 . 1 Experimental set-up used in the application 
of SSTRs in the neutron interrogation of 
reactor fuels at A . E . R . E . , Harwell 
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Cd capsules were essential as CA80-15,because of its 

nitrogen content is sensitive to thermal neutrons (see 

Section 4 . 3 . 3 , Chapter 4 ) . 

The tracks detected in SSTR arise from three sources, 

i . e . 

T = B + S + I (8 .1) 

where: 

T = total tracks detected in SSTR 

B = background 

252 

S = scattered neutrons from Cf interrogation 

source, and 

I = neutrons from induced fission in fuel pins . 

'B1 and 'S 1 should be constant, i f the number of pins is 

kept constant, while ' I 1 should vary with number of pins 

and enrichment i . e . the intensity of neutrons from induced 

fission should be proportional to the amount of f i ss i le 

material present in the fuel pins. 

Each SSTR exposure in the present experiment lasted 

for 16 hours so as to obtain acceptable track density for 

track scanning with good statistics . 

8 . 3 RESULTS 

The irradiated CA80-15 films were etched in 6N KOH at 

60°C for 45 minutes (these are the etching conditions for 

which CA80-15 was calibrated, see Section 4 . 4 . 3 , Chapter 4 ) . 

Results obtained are summarized in Table 8 . 1 and F i g . 8 . 2 . 

Note that the track density i s quite acceptable for all the 

CA80-15 exposures. 
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TABLE 8.1 

TRACK DENSITIES AND NEUTRON FLUXES 
(MEASURED WITH A CA80-T5 SSTR) 

AS A FUNCTION OF NUMBER OF FUEL PINS AND FUEL ENRICHMENTS, 
IN THE NEUTRON INTERROGATION OF FUEL EXPERIMENT 

Number 
of Pins 

Enrichment 

(%) 

Track Density 
(x 104/cm2) 

Flux 
(x 104) 

n/(cm^-sec) 

24 0 . 4 0 0 . 5 1 + 0 .06 0 . 738 

24 1 .457 1 .65 + 0 . 12 2 . 387 

24 3 . 50 3 .68 + 0 . 15 5 .324 

48 0 . 4 0 1 . 07 + 0 . 1 0 1 .548 

48 1 . 457 3 .41 + 0 . 13 4 .933 

48 3 . 50 7 .66 + 0 . 3 0 11.082 
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Figure 8 . 2 Track density , in CA80-15 as a function of fuel 
pin enrichment and the number of p ins . CA80-15 
was etched in 6N KOH at 60°C for 45 minutes 
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Neutron fluxes in Table 8 . 1 were calculated from the 

track density using the neutron sensitivity calibration of 

CA80-15 to a fission neutron source (as reported in Section 

4 . 4 . 3 , Chapter 4 ) . Flux perturbation effect due to the 

f inite thickness of cadmium covers has been neglected in 

this treatment. 

It can be seen from Table 8 . 1 and F i g . 8 . 2 that the 

number of neutrons detected (within the limits of experi-

mental errors) is proportional to enrichment of fuel in the 

pins in a particular arrangement (24 or 48 p ins ) . 

8 .4 CONCLUSIONS 

The results from the scoping experiment reported in the 

earlier sections of this chapter, suggest that, with suit-

able calibration SSTR neutron dosimetry can be successfully 

applied for non-destructive, fuel actinide or other f i ss i le 

material assay and for characterization of the radiation 

environment associated with reactor fuel assemblies. 

The rather large uncertainties in track density and 

hence in neutron flux given in Table 8 . 1 reflect the pre-

liminary nature of this scoping experiment. While only 

6.6% track scanning statistics were justified in these 

measurements, future track scanning could be performed to 

obtain an accuracy of 2-3%,using the automatic track count-

ing system described in Chapter 7. Hence, considerable 

reduction in neutron flux uncertainties could be realised 

and used for actinide assay work with good accuracy. 
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As an off-line method, the SSTR technique has the dis-

advantage that the detector must be processed. However, 

there are several advantages over other systems, such as 

- simple installation , 

- permanent recording for documentation, 

- absence of sophisticated instrumentation at the s ite . 

Therefore, the SSTR technique seems to be a promising 

back-up system for an additional and independent assessment 

of fuel assemblies. As the SSTR method integrates over the 

exposure period, the total number of tracks in a given time 

interval can be evaluated and documented. With respect to 

the above mentioned advantages this method could be 

especially attractive to be applied by the national and 

international agencies to achieve a balanced safeguards 

system and to reduce f ie ld inspection efforts . 
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CHAPTER 9 

SUMMARY OF CONCLUSIONS 

AND PROPOSALS FOR FUTURE WORK 

9 . 1 SUMMARY OF CONCLUSIONS 

In this thesis several conclusions were made concerning 

the application of Solid State Track Recorders to fast 

neutron measurements. The significant features are summar-

ized below. 

In Chapter 2 a theoretical model was developed to cal-

culate the sensitivity of SSTRs to neutrons as a function 

of neutron energy. The main conclusions were the follow-

ing: 

(i) The response function for ' intrinsic 1 SSTRs was 

found to be due to a large number of different 

neutron interactions. The presence of hydrogen 

in the detector is important, since recoil 

protons make a significant contribution to the 

total response even at high neutron energy. 

Since the response of SSTRs is energy dependent,, 

some knowledge of neutron spectrum to be 

measured would be required. 

(ii) The energetical dependence of SSTRs with (n , f ) 

'converter* foils is determined by the fission 

cross section. 

( i i il For a fission neutron source the sensitivities 

of CA80-15 without any 'converter' foil and of 
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2 38 
Makrofol K . G with a thick U-fission fo i l 

-5 
were calculated to be 1 . 30 x 10 and 

-5 
0 . 8 0 x 10 tracks per neutron, respectively. 

In Chapter 3 regarding the SSTR materials for neutron 

detection and the chemical etch development of tracks in 

SSTRs, the main conclusions were the following: 

(i) The track etch rate ratio , V^/V^ can be sub-
1 £ 

stantially increased either, through the 

reduction of the bulk etch rate or by etching 

at lower temperatures. Simple theoretical 

arguments were presented to explain this 

behaviour. 

(ii ) CR-39 was found to retain its smooth surface of 

excellent optical quality after prolonged 

periods of etching. 

In Chapter 4 results from charged particle and neutron 

irradiations were presented. The more important features 

follow: 

(i) CA80-15 is sensitive to low energy protons and 

hence to thermal neutrons due to its high nitrogen 

14 14 
content (through the N(n ,p) C reaction) . 

Ciil For a fission neutron source the sensitivity of 

- 5 

CA80-15 is 1 . 2 x 10 tracks per neutron,after 

45 minutes of etching in 6N KOH at 60°C. 

(riiil For a f ission neutron source the sensitivity of 

2 
Makrofol K. G in good contact with a 1 . 23 mg/cm 
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-5 
natural uranium foil is 0 . 6 0 x 10 tracks per 

neutron,after 45 minutes of etching in 6N KOH at 

60°C. The sensitivity follows the fission cross 

section. 

(iv) The response of CR-39 to alpha-particles from 3 

to 6 MeV makes it suitable for integral (n,a) 

reaction rate measurements. 

(v) Large energy range for proton registration and 

low 'background1 count in GR-39 suggest its 

suitability for personnel fast neutron dosimetry 

using recoil tracks. For a fission neutron 

source the sensitivity of CR-39 without any 

-5 

particle radiator is 2 . 6 0 x 10 tracks per 

neutron 7after 10 hours of etching in 6N NaOH at 

70°C. 

The main conclusions from investigation of possible 

systematic errors and comparison between experimental and 

theoretical results (Chapter 5) were as follows: 

(i)_ Fast neutrons can be measured by ' intr ins ic ' 

SSTRs with an accuracy of + 3 . 5% ; while in the 

case of SSTRs with an (n,f) 'converter' foil an 

accuracy of + 3.0% can be achieved. These 

figures do not include statistical uncertainty 

that arises in track scanning. 

(ii) Experimental neutron sensitivities of CA80-15 

and Makrofol K . G were found to be in agreement 

to within + 15% of the theoretical results. 
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Results from the work carried out to study the effects 

of high gamma doses on SSTRs (Chapter 6) underline the 

importance of proper etching conditions for fast neutron 

dosimetry in presence of a high flux of gamma rays. 

Automatic track counting technique described in Chapter 

7 was found to be absolutely feasible to neutron induced 

track measurements and should help to overcome the sub-

jective nature of human decisions on the number of tracks 

seen in an etched SSTR. 

The results from the reactor fuel interrogation scoping 

experiment (Chapter 8 ) , suggest that with suitable calibration 

SSTR neutron dosimetry can be reliably applied to non-

destructive assay of spent fuels. The technique can be 

based on the automatic track counting system described in 

Chapter 7, so that a large number of SSTRs can be processed 

in a similar way to gamma counting of foi ls . The technique 

has been developed to a stage of yielding an absolute 

reaction rate including an investigation of possible syste-

matic errors and sensitivity measurements. 

9 . 2 PROPOSALS FOR FUTURE WORK 

In view of an SSTR technique more or less similar to 

that already described^the following domains are recommended 

for further study. 

9 . 2 . 1 Nature of Tracks in SSTRs 

From the review of previous work on SSTRs presented in 

Chapter 1 , it is clear that understanding the nature of 
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tracks in SSTRs has had far less attention in the past 

than have the applications of SSTRs. This gap provides an 

opportunity for productive future study. 

9 . 2 . 2 Non-Destructive Assay of Spent Fuel Assemblies 

Adaptation of the SSTR technique to fingerprint spent 

reactor fuel assemblies stored in water ponds seems 

absolutely feasible . SSTR may consist of a small aluminium 

button r 3 .5 cm diameter and 1 . 25 cm depth,containing a 9 7% 

2 38 2 35 

enriched and a highly depleted U ( U 10 ppm) foil in 

contact with a Makrofol K .G film . The button can be placed 

on or adjacent to a spent fuel assembly stored under water. 

Preliminary results show a correlation of track density to 

burn-up and further development of this technique is 

warranted as a possible verification measure,where preferred 

techniques such as sealing , optical surveillance or non-

destructive gamma assay of spent fuel assemblies have for 

some reason been excluded. 

9 . 2 . 3 Applications of CR-39 

The response of CR-39 to alpha-particles in the energy 

range from 3 to 6 MeV makes it an excellent candidate for 

integral (n,a) reaction rate measurements. The present 

work indicated that the capabilities of CR-39 for proton 

spectrometry looked very promising. Excellent energy 

resolution coupled with unexpectedly large energy range for 

proton registration opens up new realms of SSTR activity , 

namely passive differential methods for proton spectrometry. 

In situ , proton recoil fast neutron spectrometry for 
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reactors and d i f ferential techniques for passive fast 

neutron personnel dosimetry are important examples that are 

singled out for special emphasis. 

9 . 2 . 4 Applications of SSTRs in Nuclear Fusion 

In recent years important advances have been made in 

controlled fusion experiments. Energy break-even experi-

ments are now being proposed and designed in laboratories 

around the world. In order to document the power balance 

in these types of experiments, new and elaborate diagnostic 

techniques wi l l have to be developed. In this regard, high 

sensitivity SSTRs capable of recording hydrogenic ion 

tracks can be of great interest in diagnosing high density 

implosions in laser fusion experiments. The two areas of 

application are, (i) neutron radiography of the Li target 

which is used as an intense source of high energy neutrons 

for the systematic study, evaluation and development of 

fusion reactor materials and (ii) passive spectrometry. 

Throughout the neutron energy range that exists in 

fusion experiments i . e . up to 50 MeV only hydrogen (n,p) 

scattering cross section is accurately known. Using 

appropriate neutron collimators, hydrogenous radiators and 

vacuum scattering chambers, the entire fusion neutron 

spectrum can be measured with SSTRs placed at suitable 

(n,p). scattering angles. The proton energy sensitivity of 

CR-39 which extends up to at least 10 MeV can furnish unique 

passive neutron spectrometry in fusion experiments on bothy 

an absolute and time-integrated basis . 
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A P P E N D I X A 

K I N E M A T I C S O F N U C L E A R R E A C T I O N S A N D S C A T T E R I N G 

S o m e of t h e i m p o r t a n t n o n - r e l a t i v i s t i c and r e l a t i v i s t i c 

e q u a t i o n s u s e d t o c a l c u l a t e t h e e n e r g i e s of the r e a c t i o n 

p r o d u c t s a r e g i v e n in t h e f o l l o w i n g p a g e s . T h e m a t e r i a l is 

a d o p t e d f r o m t h e L o s A l a m o s r e p o r t e d i t e d b y J a r m i e a n d 

(106) 
S e a g r a v e 

k i n e m a t i c s a r e a v a i l a b l e 

M o r e c o m p l e t e a c c o u n t s of n u c l e a r r e a c t i o n 

(46) 

A l N U C L E A R R E A C T I O N S 

T h e k i n e m a t i c s o f n u c l e a r r e a c t i o n s a r e i l l u s t r a t e d in 

F i g . A . l . T h e n o n - r e l a t i v i s t i c e x p r e s s i o n s for t h e e n e r g e t i c s 

and s o l i d - a n g l e r e l a t i o n s f o r n u c l e a r r e a c t i o n s are l i s t e d i n 

T a b l e A . 1 . S o m e of t h e i m p o r t a n t n o n - r e l a t i v i s t i c a n d 

r e l a t i v i s t i c e q u a t i o n s a r e g i v e n b e l o w . (The n o t a t i o n is 

e x p l a i n e d in F i g . A . l . ) 

A l . l N o n - r e l a t i v i s t i c K i n e m a t i c s 

/ M . M J E 

^
 =

 M I M
 c o s

 ^ 3 M ^ + M ^ 
1 + {1 + 

l + M 4 / M 3 

2" 
cos v 

M 

^ t 1 +
 £ > 

M i E i 

- 1 

(A. 1) 

M , M , E _ M . (M, + M.) _ 
E = 1 3 1 2 { 2 c q s tl> + - 1 3 4 _ (JB. 
3 (M, + M 4 )

 M 1 3 E l 

M 

JT + 1 

4 

+ 2 cos\|; 
2 M (M + M ) M 

c o s ^ + 4
 M

J
M i - (#- - - i + 1) 

r M
I

M
3

 e
I

 M
4 

} (A. 2) 



Incident Target 

Q (MeV) = 9 31.16 (M^ + M 2 - M 3 - M 4 ) (a.m.u.), 

E T = E X + Q = E 3 + . E 4 ^ 

E 3 = B[ COSIIt + (D/B - sin 2^) 2 ] 2 E T 

E 4 = A [ C O S £ + ( C / A - s i n 2 ? ) 2 ] 2 E T 

w h e r e 

sin? = ( M 3 - E 3 / M 4 E 4 ) * 

A = M 1 M 4 ( E 1 / E T ) 

( M 1 + M 2 ) ( M 3 + M 4 ) 

sini/; 

B = W W 
( M X + M 2 ) ( M 3 + M 4 ) 

C = 

D = 

M 2 M 3 

( M X + M 2 ) ( M 3 + M 4 ) 

M 2 M 4 
( M 1 + M 2 ) ( M J M 4 ) 

M Q E ; 

(1 + -
L
— ) = F 

m 2 E t 

M X Q E 3 

^ + mTEI^ = e I 2 T T 

F i g u r e A . l K i n e m a t i c s o f n u c l e a r r e a c t i o n s 
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T A B L E A . l 

N O N - R E L A T I V I S T I C E X P R E S S I O N S F O R T H E E N E R G E T I C S A N D 

S O L I D - A N G L E R E L A T I O N S F O R N U C L E A R R E A C T I O N S 

L a b e n e r g y o f l i g h t 

p r o d u c t 

E 3 J-
= B + D + 2 ( A C ) 2 c o s 9 

T r 2 n 2 

= Bj cosip + (D/B - s i n \p)  2  

L a b e n e r g y o f h e a v y 

p r o d u c t 

E. ^ 
= 1 = A + C + 2 (AC) 2cos(J> 

T r 2 n 2 

= A c o s ? + (C/A - s i n £) 2 

L a b a n g l e of h e a v y 

p r o d u c t 
s i n ? = 

f M 3 E 3 l * 

[ V J ^ 

C . M . a n g l e o f l i g h t 

p r o d u c t 
s i n 0 = 

f E 3/® J . 
— — j sinifi 

I n t e n s i t y o r s o l i d 

a n g l e r a t i o f o r l i g h t 

p r o d u c t 

2 
a (9) _ K 0 ) _ sinip dip _ s i n ip 

a w IW sine de s i n 2 e c o S l > e - ^ ) 

(AC) ̂  (D/B - s i n 2 ^ ) ^ 

E 3 / E T 

I n t e n s i t y o r s o l i d 

a n g l e r a t i o f o r 

h e a v y p r o d u c t 

a ( 0 ) _ 1(0) _ s i n ? d? _ s i n 2 ? _ , , 
a ( ? ) I(?) sincf> d(f> s . n 2 ^ c o s ^ ^ 

4 T 

I n t e n s i t y o r s o l i d 

a n g l e r a t i o f o r 

a s s o c i a t e d p a r t i c l e s 

in t h e lab s y s t e m 

2 
tf(?) I(?) sinij; dip s i n I J J C O S (0-ip) 

I n t e n s i t y o r s o l i d 

a n g l e r a t i o f o r 

a s s o c i a t e d p a r t i c l e s 

in t h e lab s y s t e m 

a( ip) I(ip) s i n ? d? s i n
2 ? c o s 
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M-j + M M . - M . 2 /M,M~E_ E -
Q =

 3
 M 4 E , - i E- - M cosif, (A. 3) 

M 4 3 M 4 1 M 4 

I f a p a r t i c l e x w i t h m a s s M ^ p r o d u c e s a ( x , n ) r e a c t i o n 

on a s t a t i o n a r y t a r g e t n u c l e u s o f a t o m i c m a s s M 2 , t h e n o n -

r e l a t i v i s t i c e x p r e s s i o n c o n n e c t i n g t h e t h r e s h o l d e n e r g y E ^ 

a n d t h e Q - v a l u e Q q is 

M 

l Q o ' = M ^ + M ^ E t h ( A - 4 ) 

w h e r e 

Q < 0 
o 

A l . 2 R e l a t i v i s t i c K i n e m a t i c s 

T h e p a r t i c l e s a r e l a b e l l e d 1 , 2 , 3 , 4 a s in t h e F i g . A . l . 

N o w d e f i n i n g 

M = r e s t m a s s i n M e V (i.e. C = 1) 

T = k i n e t i c e n e r g y 

E = T + M = t o t a l e n e r g y 

2 2 ~~2 

P = r e l a t i v i s t i c m o m e n t u m = /E - M = /T + 2 M T 

E t = + M x + M 2 

A = 2 M 2 T 1 + 2 M x M 3 + 2 M 2 M 3 + 2 Q ( M 1 + M 2 - M g ) - Q 2 

2 2 2 
B = E T - P 1 c o s 

3B 2 
= 2 P-^ sini|> cosip 

T = E - M = - I -l 3 3 3 2 B 
E T A — P 1 C O S ^ ^ " 4 M 3 B - M 3 

( A . 5 ) 

T 4 = E 4 - M 4 = E T - E G - ( M 1 + M 2 - M 3 - Q ) ( A . 6 ) 
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Q = M X + M 2 - M 3 - [ " J + M 2 + M 2 + 2 M 2 E l 

+ 2 P 1 P 3 cosip 

K = s i n " 1 sin ip) 
4 

R 

2 E 3 ( E 1 + M 2 > 

(A. 7) 

(A.8) 

3T E 
3 3B x

 P 1 + 4 M 3 ( E T " 2 B » + 2 = - 2 M + 1 1 
B W ~ 2B / a 2 _ 4 M 2 b 

(A.9) 

T h e r e l a t i v i s t i c e x p r e s s i o n for the t h r e s h o l d e n e r g y 

in t e r m s o f Q is 

M i + M 9 I ol 
E. u = IQI ( 1 , 2 + I g L ) 
'th M, 2M, 

(A. 10) 

so t h a t in t e r m s o f Q q , t h e n o n - r e l a t i v i s t i c v a l u e (see 

E q u a t i o n ( A . 4 ) ) , t h e t r u e Q - v a l u e is 

Q 2 

I Q I * I Q J - ^ « A ( A . I D •o1 2 ( M 1 + M ^ 

A.2 E L A S T I C S C A T T E R I N G 

T h e k i n e m a t i c s o f e l a s t i c s c a t t e r i n g are i l l u s t r a t e d in 

F i g , A . 2 . T h e n o n - r e l a t i v i s t i c e x p r e s s i o n s for t h e e n e r g e t i c s 

a n d s o l i d - a n g l e r e l a t i o n s f o r e l a s t i c s c a t t e r i n g , w h i c h are 

i n d e p e n d e n t o f e n e r g y a r e l i s t e d in T a b l e A . 2 . 
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in l a b . 

F i g u r e A . 2 K i n e m a t i c s o f e l a s t i c s c a t t e r i n g 
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T A B L E A . 2 

N O N - R E L A T I V I S T I C E X P R E S S I O N S F O R T H E E N E R G E T I C S A N D 

S O L I D - A N G L E R E L A T I O N S F O R E L A S T I C S C A T T E R I N G 

L a b e n e r g y o f t h e 

s c a t t e r e d p a r t i c l e 

E 2 M n M 
E o = 1 (i - c°s6) 
o .,2 1 2 

1 

= ( M 1 + M , )
2 { C ° S * + 1 ( V M 1 ) 2 

" 2 -, % 2 
- s i n ip } 

L a b e n e r g y o f t h e 

r e c o i l n u c l e u s 

E - 4 M ] M 2 

= 1 - E /E = — c o s £ 
B o 1 ° ( M x + M 2 )

2 

S £ hir 

L a b a n g l e of t h e 

r e c o i l n u c l e u s 

fM -E 
s i n ? = M E sinip, £ = % (tt— 

^ 2 2 i _ , sin2 £ 
t a n * = M ^ - c o s ^ 

C . M . a n g l e of 

s c a t t e r e d p a r t i c l e 

- 1 M 1 0 = ip + sin simp) = tt - 2^ 
2 

2 
cos9 = l - 2 c o s £ 

I n t e n s i t y o r s o l i d 

a n g l e r a t i o f o r 

s c a t t e r e d p a r t i c l e 

cr(9) _ 1(9) _ sinif> dip _ s i n 2 ^ f n . 

o(ip) I (if,) sine dd 2 f i
 c o s i y 

s in o 

^ ( M 2 / M l )
2 - s i n 2 ^ J 2 

( M x + M 2 )
2 ( E 1 / E o ) 

I n t e n s i t y o r s o l i d 

a n g l e r a t i o for 

r e c o i l n u c l e u s 

a ( $ ) I(4>) _ s i n C d£ 1 
a ( £ ) 1(C) sincj) d<f> 4cos£ 
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A P P E N D I X B 

R A N G E - E N E R G Y A N D E N E R G Y L O S S R E L A T I O N S 

B . l I N T R O D U C T I O N 

T h e k n o w l e d g e o f a c c u r a t e r a n g e - e n e r g y a n d e n e r g y l o s s 

r e l a t i o n s f o r c h a r g e d p a r t i c l e s is an e s s e n t i a l r e q u i r e m e n t 

in t h e d e v e l o p m e n t a n d u s e o f a n y c h a r g e d p a r t i c l e d e t e c t o r . 

I n t h e f o l l o w i n g p a g e s , a g e n e r a l m e t h o d f o r t h e c a l c u l a t i o n 

o f r a n g e - e n e r g y a n d e n e r g y l o s s r e l a t i o n s is d e s c r i b e d . T h e 

n u m e r i c a l v a l u e s in t h e c a s e o f a c e l l u l o s e n i t r a t e S S T R a r e 

g i v e n in T a b l e B . 2 a n d i n t h e f o r m o f g r a p h s in C h a p t e r 2 . 

T h e a c c u r a c y o f t h e r e l a t i o n s is d i s c u s s e d . 

In t h e s e c a l c u l a t i o n s t h e e n e r g y l o s s e x p e r i e n c e d b y a 

c h a r g e d p a r t i c l e t r a v e r s i n g m a t t e r is a s s u m e d t o r e s u l t 

s t r i c t l y f r o m t h e i n t e r a c t i o n s w i t h e l e c t r o n s of t h e s t o p p i n g 

m e d i u m ? i n e l a s t i c c o l l i s i o n s a r e n e g l e c t e d . T h i s is a g o o d 

a p p r o x i m a t i o n f o r e n e r g i e s b e l o w 5 0 0 M e V / n u c l e o n ; for e n e r g i e s 

a b o v e t h i s v a l u e t h e p r o b a b i l i t y for n u c l e a r i n t e r a c t i o n 

b e c o m e s s i g n i f i c a n t a n d t h e f u l l r a n g e , g i v e n b y t h i s c a l -

c u l a t i o n , m a y n o t b e a c h i e v e d . T h e d i s t i n c t i o n b e t w e e n 

t h e p a t h l e n g t h a n d r a n g e is a l s o n o t m a d e . S t r i c t l y s p e a k -

i n g , t h i s c a l c u l a t i o n g i v e s t h e t o t a l p a t h l e n g t h o f a 

c h a r g e d p a r t i c l e , r a t h e r t h a n i t s r a n g e ; h o w e v e r f o r h e a v y 

i o n s t h i s d i f f e r e n c e is s m a l l . A l s o , t h e d e n s i t y e f f e c t 

c o r r e c t i o n , <5 is n e g l e c t e d a s i t b e c o m e s i m p o r t a n t o n l y a t 

v e l o c i t i e s o f a b o u t « 0 . 8 7 1 . 0 G e V / n u c l e o n ) t 1 0 7 ' 1 0 8 ) ^ 
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B . 2 M E T H O D O F C A L C U L A T I O N 

B . 2 . 1 G e n e r a l E x p r e s s i o n s 

In o r d e r t o a c h i e v e a b r o a d c o v e r a g e o f t h e s p e c t r u m o f 

p a r t i c l e s , e n e r g i e s a n d s t o p p i n g m a t e r i a l s , t h e m e t h o d s o f 

B a r k a s a n d B e r g e r h a v e b e e n e m p l o y e d in t h e s e c a l c u l a t i o n s ^ . 

T h e i r e m p i r i c a l r e p r e s e n t a t i o n s o f r a n g e - e n e r g y d a t a h a v e 

b e e n m o d i f i e d a n d e x t e n d e d t o l o w e r e n e r g i e s . 

T h e r a n g e o f a c h a r g e d p a r t i c l e in m a t t e r c a n b e e x -

p r e s s e d b y t h e g e n e r a l f o r m u l a 

(B.l) 

w h e r e 

M = m a s s o f t h e p a r t i c l e in u n i t s o f t h e p r o t o n 

Z = c h a r g e o f t h e p a r t i c l e in u n i t s o f t h e p r o t o n 

X(3) = r a n g e o f a n ' i d e a l ' p r o t o n w i t h v e l o c i t y $ C , 

B ^ C B ) = t h e r a n g e e x t e n s i o n in t h e s a m e m a t e r i a l L 

T h e u n i t s o f X(3) a n d B z ($) a r e m o l e s o f e l e c t r o n s p e r 

2 2 
c m , a n d t h e u n i t s o f R ( 3 ) a r e g / c m . 

A n ' i d e a l ' p r o t o n is a p a r t i c l e of p r o t o n i c m a s s a n d 

c h a r g e w h i c h d o e s n o t c a p t u r e e l e c t r o n s o r i n t e r a c t s t r o n g l y 

w i t h n u c l e i . T h e r a n g e e x t e n s i o n , B z,($) is t h e e x t e n s i o n of 

t h e r a n g e c a u s e d b y t h e n e u t r a l i s a t i o n o f t h e m o v i n g i o n ' s 

c h a r g e b y c h a r g e p i c k - u p n e a r t h e s t o p p i n g e n d o f t h e t r a j e c t -

o r y . T h e s u b s c r i p t , Z in B z ( 3 ) i n d i c a t e s t h a t t h e r a n g e 

e x t e n s i o n is d e p e n d e n t u p o n t h e a t o m i c n u m b e r o f t h e m o v i n g 

i o n . 

R ( 3 ) = 
M 

A (3) + B z ( 3 ) 
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E q u a t i o n (B.l) p e r m i t s t h e c a l c u l a t i o n o f r a n g e s i n 

i 

(109) 

2 
g / c m as a f u n c t i o n o f f i v e p a r a m e t e r s : A / Z , I a ( y / Z , M a n d 

T h e r a t i o A / Z i s t h e a t o m i c m a s s p e r e l e c t r o n o f t h e 

s t o p p i n g m a t e r i a l in a m u / e l e c t r o n ? I a < y is t h e m e a n v a l u e o f 

t h e i o n i s a t i o n p o t e n t i a l i n e l e c t r o n v o l t s f o r t h e s t o p p i n g 

m a t e r i a l a d j u s t e d b y a s s u m i n g t h a t t h e s h e l l c o r r e c t i o n f o r 

r e l a t i v i s t i c p a r t i c l e s i s z e r o ^ 0 ^ , Z , M a n d E a r e t h e 

a t o m i c n u m b e r , m a s s a n d e n e r g y o f t h e i n c i d e n t i o n , r e s p e c t -

i v e l y . 

T h e r a t e o f e n e r g y l o s s , ( d E / d x ) , is d e f i n e d as 

(dE/dx) = + (dE/dR) 

a n d is o b t a i n e d b y d i f f e r e n t i a t i n g t h e e q u a t i o n (B.l) 

S - J j [ x . ( B ) + B . ( B ) ] f § (B.2) 

w h e r e R is t h e r e s i d u a l r a n g e o f t h e p a r t i c l e . I t is c o n -

v e n i e n t t o e x p r e s s X as a f u n c t i o n o f t h e p r o t o n k i n e t i c 

e n e r g y T , t h e n A(8) X(T) , a n d 

d R _ M _ , 

dE 7 2 L " 
(B.3) 

T h e q u a n t i t y T is t h e e n e r g y o f a p r o t o n w i t h t h e s a m e 

6 as t h a t o f t h e p a r t i c l e , s o t h a t 

E = T M (B. 4) 

a n d 

I = £ <B-« 

S i n c e t h e k i n e t i c e n e r g y o f t h e p a r t i c l e is g i v e n b y 

.2 

E = 
M m C 9 

2 — 9 ^ - M m C 
(1 - B 2 ) 2 P 

(B.6) 
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t h e n 

dE 
d F 

M m C' 
P 

( 1 _ 0 2 } 3 / 2 d P / d E 
(B.7) 

w h e r e f m 1 is t h e r e s t m a s s of t h e p r o t o n . 
P 

U s i n g E q u a t i o n s ( B . 3 ) , (B.5) a n d (B.7) 

dE 1 Z 2 

d x d R / d E 

X 1 ( T ) + 
B £ ( 0 ) (1 - 3 2 ) 3 / 2 

M m C 2 3 
P 

(B. 8) 

T h e v e l o c i t y 3 is g i v e n b y t h e f o l l o w i n g r e l a t i v i s t i c 

e x p r e s s i o n , 

3 = 
MV^ C' 

(2 + 

L M m C' 
P 

1 + 
M m C 

P 

(B.9) 

w h e r e 

M = A / 1 . 0 0 8 a n d M m ^ C = 9 3 1 . 1 4 1 A (MeV) 

T h e q u a n t i t y A is a t o m i c w e i g h t of t h e i o n , a n d E is t h e 

k i n e t i c e n e r g y o f t h e i o n . 

E q u a t i o n s (B.l) a n d (B.8) e x p r e s s t h e r a n g e , a n d t h e 

r a t e o f e n e r g y l o s s , (dE/dx) of a c h a r g e d p a r t i c l e as a 

f u n c t i o n o f A ( T ) , X 1 ( T ) , B Z ( 3 ) , B ^ ( 3 ) a n d 3 . 

B . 2 . 2 T h e A d j u s t e d M e a n I o n i s a t i o n P o t e n t i a l , I 
adj 

A s s u m i n g B r a g g
1
s r u l e o f t h e a d d i t i v i t y o f t h e s t o p p i n g 

p o w e r e f f e c t s o f t h e v a r i o u s c o m p o n e n t s , t h e v a l u e of I a (jj 

f o r a g i v e n s t o p p i n g m a t e r i a l is c o m p u t e d f r o m t h e 1 s of 

t h e i n d i v i d u a l c o n s t i t u e n t s . F o r t h e i^*1 c o n s t i t u e n t ^ * " ^ , 

(I ,.)•. = 12 2 . + 7 e V 
adj I I 

Z ^ 13 
( B . 10) 

(I,..). = 9 . 7 6 Z . + q e V f o r Z 2 13 
a d ] i l „ 0.19 Z . 

l 
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T h e s e e m p i r i c a l e x p r e s s i o n s o f t h e e x p e r i m e n t a l r e s u l t s 

are o n l y a p p r o x i m a t e f o r v a l u e s of Z < 1 3 . 

F r o m t h e i n d i v i d u a l t h e -^aj f o r a c o m p o u n d is 

U (109) 
g i v e n b y 

I a d j < A/Z > | * n ( I a d j ) (B.ll) 

w h e r e 

th 

f ^ = f r a c t i o n b y w e i g h t o f t h e i c o m p o n e n t o f 

t h e s t o p p i n g m a t e r i a l th 
A ^ = a t o m i c w e i g h t o f the i c o m p o n e n t , 

th 
a n d Z i = a t o m i - c n u m b e r o f t h e i c o m p o n e n t . 

F o r a m o l e c u l a r m a t e r i a l , 

y . A . 

f, = '^VijA^ (B. 12) 

th 
w h e r e Uj is t h e f o r m u l a n u m b e r of t h e i c o m p o n e n t . I t is 

a s s u m e d t h a t 

/"z — — 
Z/A > 

< A ' Z > = S> ( B ' 1 3 ) 

w h e r e t h e q u a n t i t y 

Z . 
< Z / A > = 1 f . ^ (B.14) 

B 2 . 3 T h e I d e a l P r o t o n R a n g e and its D e r i v a t i v e 

T h e i d e a l p r o t o n r a n g e , A ( $ ) , a n d t h e a c t u a l p r o t o n 

r a n g e , A(8) + B ^ , a r e in p r a c t i c e h a r d l y d i s t i n g u i s h a b l e ^ 

U s i n g t h e a v a i l a b l e r a n g e - e n e r g y d a t a for p r o t o n s , B a r k a s 

a n d B e r g e r s u m m a r i s e t h e e n t i r e b o d y of r a n g e d a t a b y a 

f o r m u l a of t h e t y p e 

N M 
In \ = In <A/Z> + T I a ^ U n l ,.) ™ U n x ) 7 (B.15) 

ri=0 m = 0
 11111 a d 3 1 1 
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w h e r e a a r e t h e c o e f f i c i e n t s u s e d t o f i t X . In t h i s 
m n 

f a s h i o n , X is a s m o o t h f u n c t i o n o f • T h e q u a n t i t y 

< A / Z > is t h e t o t a l n u m b e r o f n u c l e o n s p e r e l e c t r o n in t h e 

s t o p p i n g m a t e r i a l a n d c a n b e c a l c u l a t e d f r o m E q u a t i o n ( B . 1 4 ) . 

T h e q u a n t i t y X ' ( T ) is o b t a i n e d b y d i f f e r e n t i a t i o n o f 

E q u a t i o n (B.15) 

, N M m r, 1 X r v r n -n \ m , rt . n—1 
I n a m n ' ^ n I a d j 1 n T ' l ( B ' 1 S > 

n = 0 m = o 

w h e r e 

U n l , •) , = £ n l ,. 
ad3 1 adi 

10 

a n d 

T h r e e d i f f e r e n t s e t s o f c o e f f i c i e n t s , a ^ a r e t o b e 
' m n 

u s e d t o f i t X in t h r e e d i f f e r e n t e n e r g y r e g i o n s . 

L o w e n e r g y r e g i o n : u p t o a b o u t 1 . 0 M e V / n u c l e o n 

M e d i u m e n e r g y r e g i o n : 1 - 9 M e V / n u c l e o n 

H i g h e n e r g y r e g i o n : 7 - 1 2 0 0 M e V / n u c l e o n 

F o r t h e l o w e n e r g y r e g i o n , a l e a s t s q u a r e fit o f t h e 

f o r m in E q u a t i o n (B.15) w a s m a d e t o a l l o f t h e low e n e r g y 

e x p e r i m e n t a l r a n g e - e n e r g y d a t a g i v e n b y W h a l i n g U p t o 

0 . 9 5 M e V / n u c l e o n . T h e i d e a l p r o t o n ' s r a n g e w a s c a l c u l a t e d 

b y s u b t r a c t i n g t h e r a n g e e x t e n s i o n f r o m t h e r e a l r a n g e . T h e 

c o e f f i c i e n t s o f E q u a t i o n s (B.15) a n d (B.16) for t h e l o w 

e n e r g y r e g i o n a r e l i s t e d in T a b l e B . l . 

B 2 . 4 T h e R a n g e E x t e n s i o n a n d its D e r i v a t i v e 

T h e r a n g e e x t e n s i o n , B (B), w a s c a l c u l a t e d u s i n g t h e 

(109) (1378) 
r a n g e e x t e n s i o n for e m u l s i o n , C — , s c a l e d t o a n 
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T A B L E B . l 

C O E F F I C I E N T S F O R X ( T ) IN T H E L O W E N E R G Y R E G I O N 

N = 3 M = 3 

m n = 0 1 2 3 

0 - 8.725 18.797 74. 192 752.005 

1 8.309 11.139 - 528. 805 - 5558.937 

2 - 13.396 - 64.808 1264. 232 12843.119 

3 12.625 54.043 - 934. 142 - 9306.336 
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a r b i t r a r y m a t e r i a l . T h e s c a l i n g is s u c h t h a t B ($) h a s t h e 
z 

s a m e a s y m p t o t i c v a l u e g i v e n b y B a r k a s a n d B e r g e r , 

(7.0 + 0 . 8 5 I a £ ? ) < A / Z > 1 0 ~ 6 z 8 / 3 ( B . 1 7 ) 

T h u s , t h e r a n g e e x t e n s i o n , B (8), is g i v e n b y 

B (3) = (31.8 + 3 . 8 6 A / Z > l o " 6 z 8 / 3 C ( 1 3 7 B ) 

z aQj z z 

(B. 1 8 ) 

w h e r e C (1373/z) -»» C (x) is g i v e n in t h e r e g i o n s 

C (X) = - 0 . 0 0 0 0 6 + 0 . 0 5 2 5 2 X + 0 . 1 2 8 5 7 x 2 X < 0 . 2 z 
C „ ( x ) = " 0 . 0 0 1 8 5 + 0 . 0 7 3 5 5 X + 0 . 0 7 1 7 2 x 2 - 0 . 0 2 7 2 3 x 3 

z 

0 . 2 < x * 2 (B.19) 

C „ ( X ) = - 0 . 0 7 9 3 + 0 . 3 3 2 3 X - 0 . 1 2 3 4 X 2 + 0 . 0 1 5 X 3 

2 £ x ^ 3 

C z(x) = 0 . 2 2 0 x * 3 

F o r x * 0 . 2 , C (x) is o b t a i n e d f r o m t h e m e a s u r e m e n t s 

of H e n k e e t a l ^ 1 1 1 * (see F i g . B . l ( a ) ) . F o r x > 0 . 2 , t h e 

d a t a g i v e n b y H e c k m a n . e t a l is u s e d ^ 1 1 2 ^ (see F i g . B . 1 ( b ) ) . 

T h e d e r i v a t i v e o f t h e r a n g e e x t e n s i o n , B ^ ( 3 ) i s 

o b t a i n e d b y t a k i n g t h e d e r i v a t i v e of E q u a t i o n (B.18) w i t h 

r e s p e c t t o 3/ 

B » ( B ) = (4.357 + 0 . 5 2 8 8 I
5
/ ? ) < A / Z > z 5 / 3 l o "

3
C *

( 1 3 7 3 ) 

z acij z z 

(B.20) 

w i t h c o r r e s p o n d i n g C^,(B) 

C ' ( x ) = 0 . 0 5 2 5 2 + 0 . 2 5 7 1 4 x X ^ 0 . 2 
z 

C f ( x ) = 0 . 0 7 3 5 5 + 0 . 1 4 3 4 4 X - 0 . 0 8 1 6 9 X 2 0.2 £ x * 2 
z 

C » ( x ) = 0 . 3 3 2 3 - 0 . 2 4 6 8 X + 0 . 0 4 5 9 X
2 2 < X

 *
 3 

z ^ 

C ' ( x ) = 0 X * 3 

(B.21) 
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\Z7p>/z 

F i g u r e B . l ( a ) E m p i r i c a l l y d e r i v e d c u r v e r e l a t i n g t h e 
r a n g e - e x t e n s i o n t e r m t o t h e v e l o c i t y o f 
t h e i o n i n u n i t s of t h e K - e l e c t r o n v e l o c i t y ^ 



137 j£>/z 

F i g u r e B . l ( b ) E m p i r i c a l l y d e r i v e d c u r v e r e l a t i n g t h e q u a n t i t y C (B/z) t o t h e v e l o c i t y 

o f t h e i o n in u n i t s of K - e l e c t r o n v e l o c i t y ( 1 1 2 ' z 
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T h e r a n g e , R , a n d t h e e n e r g y l o s s r a t e , ( d E / d x ) , c a n 

n o w b e e v a l u a t e d f r o m t h e f i t s t o q u a n t i t i e s A ( T ) , B z (3) 

a n d t h e i r d e r i v a t i v e s X ' ( T ) a n d B
1 ( 6 ) . 
z 

B . 3 D I S C U S S I O N O F T H E M E T H O D 

T h e r a n g e e x t e n s i o n , B (3) i s f u n c t i o n a l l y r e l a t e d 
z 

t o t h e e f f e c t i v e c h a r g e o f t h e i o n b y ^
1 1 2

^ 

B z ( B ) = j
3
 [ ( z / z * )

2
 - 1 d B

1
 (B. 22) 

o 

w h e r e z* i s t h e e f f e c t i v e c h a r g e o f t h e m o v i n g i o n w i t h 

a t o m i c n u m b e r z , 

z* = z [ l - e x p (- 1 2 5 3 / Z 2 / 3 ) J (B.23) 

A l t h o u g h s t r i c t l y t r u e o n l y f o r n u c l e a r e m u l s i o n s , E q u a t i o n 

(B.23) c a n b e u s e d f o r o t h e r s o l i d s , e x c e p t f o r v e r y h e a v y 

i o n s at l o w i n c i d e n t v e l o c i t i e s . F i g . B . 2 s h o w s z * / z a s a 

2 /3 
f u n c t i o n o f B/z ' . 

T h e q u a n t i t y B _ ( 3 ) in E q u a t i o n (B.22) i s o b t a i n e d b y 

s c a l i n g t h e c o r r e s p o n d i n g e x p e r i m e n t a l e x p r e s s i o n f o r 

e m u l s i o n t o o t h e r m a t e r i a l s . I t c a n b e s e e n f r o m E q u a t i o n 

(B.22) t h a t t h i s p r o c e d u r e r e l i e s o n t w o a s s u m p t i o n s 

(i) t h e e f f e c t i v e c h a r g e , z* i s o n l y a f u n c t i o n o f 

3 a n d z , n o t a f u n c t i o n o f t h e s t o p p i n g m a t e r i a l s , 

(ii) t h e p r o t o n r a n g e e x p r e s s i o n , A ( 3 ) , c a n b e s c a l e d 

f o r d i f f e r e n t s t o p p i n g m a t e r i a l s . 

T h e v a l i d i t y o f t h e f i r s t a s s u m p t i o n t h a t , z * / z i s 

i n d e p e n d e n t o f t h e s t o p p i n g m a t e r i a l , s e e m s t o b e d e m o n -

s t r a t e d e x p e r i m e n t a l l y e x c e p t f o r v e r y h e a v y i o n s a t l o w 

i n c i d e n t p a r t i c l e e n e r g y a n d v e r y l o w s t o p p i n g m a t e r i a l 

j .. (109) 
d e n s i t y 
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F i g u r e B . 2 T h e f r a c t i o n a l e f f e c t i v e c h a r g e , z*/z as a 
f u n c t i o n o f t h e r e d u c e d v e l o c i t y , f ^ 2 / 3 of 
t h e i o n 
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T h e s e c o n d a s s u m p t i o n is a p p r o x i m a t e l y t r u e f o r s m a l l 

v a l u e s o f 3 . B a r k a s a n d B e r g e r h a v e u s e d t h e e x p r e s s i o n 

X = (11.1 + 1 . 3 4 A / Z > B 1 0 / 3 g / c m 2 (B.24) 

5 / 8 

T h e (1 + 0 . 1 2 1 d e p e n d e n c e o f t h e r a n g e - e n e r g y r e l a t i o n 

a n d h e n c e o f B z h a s b e e n r e t a i n e d , b u t t h e e x p e r i m e n t a l 

r e s u l t s f o r e m u l s i o n h a v e b e e n u s e d t o o b t a i n t h e u n i v e r s a l 

f u n c t i o n t h a t is t o b e s c a l e d . D e r i v i n g B z in t h i s f a s h i o n 

is a n i m p o r v e m e n t o v e r t h e u s e of t h e s i m p l i f i e d a n a l y t i c 

e x p r e s s i o n o b t a i n e d f r o m E q u a t i o n s (B.22) a n d ( B . 2 4 ) , b u t 

s t i l l d o e s n o t t a k e i n t o a c c o u n t t h e s l i g h t d e p e n d e n c e o f t h e 

s h a p e of t h e c u r v e A(3) u p o n t h e s t o p p i n g m a t e r i a l . T h u s , 

an e r r o r w i l l b e i n t r o d u c e d w h e n I ,. o f t h e m a t e r i a l d e v i a t e s adj 

s i g n i f i c a n t l y f r o m f o r e m u l s i o n if B z ( B ) / A ( 3 ) is n o t 

s m a l l . T h i s s i t u a t i o n is e n c o u n t e r e d w h e n 3 is s m a l l a n d z 

is l a r g e . 

I n F i g . B . 3 is s h o w n a c o m p a r i s o n o f u s e d in t h e 

p r e s e n t c a l c u l a t i o n , ( a ) , w i t h t h e e q u i v a l e n t f u n c t i o n u s e d 

b y B a r k a s a n d B e r g e r , ( b ) . W h i l e t h e t w o f u n c t i o n s c l o s e l y 

a p p r o x i m a t e e a c h o t h e r i n a b s o l u t e v a l u e s t h e i r s l o p e s 

d i f f e r . F u n c t i o n (b) h a s a d i s c o n t i n u i t y a t (B/z) = 1 4 . 6 , 

t h u s r e s u l t i n g in a d i s c o n t i n u i t y in t h e ( d E / d x ) . A l s o , 

w h i l e t h e f u n c t i o n (b) c a n s a f e l y b e u s e d f o r c a l c u l a t i n g 

R a n d (dE/dx) o f p a r t i c l e s w i t h E > 1 M e V / n u c l e o n , i t l e a d s 

t o s e r i o u s e r r o r s at l o w e r e n e r g i e s . 

T h e c a l c u l a t e d e n e r g y l o s s a n d r a n g e - e n e r g y d a t a f o r 

1 H , 4 H e , 1 2 C , a n d " ^ 0 i n c e l l u l o s e n i t r a t e a r e g i v e n in 

T a b l e s B . 2 (a) a n d (b) . 



P/z(x I03) 

F i g u r e B . 3 T h e r a n g e - e x t e n s i o n f u n c t i o n s , C z ( 3 / z ) as a f u n c t i o n o f ( 3 / z ) . F u n c t i o n (a) w a s 
u s e d in t h e p r e s e n t c a l c u l a t i o n s , f u n c t i o n (b) is of t h e f o r m u s e d b y B a r k a s a n d 
B e r g e r 
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T A B L E B . 2 ( a ) 

E N E R G Y L O S S R A T E IN C E L L U L O S E N I T R A T E 

E / n u c l e o n 
(dE/dx) M e V / ( m g / c m 2 ) 

( M e V / a m u ) 
4 H e 

1 2
c 

1 4

N 
1 6
o 

0 . 0 4 0 . 7 6 1.94 5 . 6 9 6 . 0 7 7 . 0 7 

0 . 0 6 0 . 8 0 2 . 0 1 6 . 3 5 7 . 0 3 7.69 

0 . 0 8 0 . 7 8 2 . 0 3 6.79 7.89 8.65 

0 . 1 0 0 . 7 7 2 . 0 3 7 . 1 1 8.62 9 . 1 6 

0 . 1 5 0 . 6 8 1 . 9 8 7 . 5 7 8 . 9 3 1 0 . 0 0 

0 . 2 0 0 . 6 0 1 . 9 2 7.79 8.99 1 0 . 0 5 

0 . 2 5 0 . 5 4 1 . 8 4 7.88 9 . 1 0 1 0 . 0 6 

0 . 3 0 0 . 4 9 1 . 7 7 7.89 9 . 5 6 1 0 . 0 7 

0 . 4 0 0 . 4 2 1 . 6 5 7.79 9 . 9 2 1 1 . 1 0 

0 . 5 0 0 . 3 7 1 . 4 8 7 . 6 0 9 . 6 8 1 0 . 0 9 

0 . 6 0 0 . 36 1 . 3 4 7 . 3 8 9 . 2 1 1 0 . 0 8 

0 . 7 0 0 . 3 4 1 . 2 2 7.15 9 . 0 1 1 0 . 0 6 

0 . 80 0 . 2 9 1 . 1 2 6 . 9 0 8.62 1 0 . 0 3 

0 . 9 0 0 . 2 6 1 . 0 5 6 . 5 5 8 . 4 5 1 0 . 0 1 

1 . 0 0 0 . 2 4 0 . 9 7 6 . 4 7 7 . 8 8 9 . 4 6 

1 . 5 0 0 . 1 8 0 . 7 4 5 . 5 8 7 . 4 3 9 . 3 9 

2 . 0 0 0 . 1 5 0 . 6 0 4 . 8 7 6.89 8 . 7 5 

2 . 5 0 0 . 1 2 0 . 5 1 4.32 6 . 0 1 7 . 8 1 

3 . 0 0 0 . 1 1 0 . 4 5 3.48 5 . 8 9 7.02 

4 . 0 0 0 . 0 8 0 . 3 5 3 . 2 1 5 . 3 2 6 . 0 1 

5 . 0 0 0 . 0 7 0 . 2 9 2 . 6 8 3 . 9 8 4 . 8 0 

6 . 0 0 0 . 0 6 0 . 2 5 2 . 3 2 3.64 4.04 

8 . 0 0 0 . 0 5 0 . 2 0 1 . 8 4 2 . 9 8 3 . 2 7 

1 0 . 0 0 0 . 0 4 0 . 1 4 1.54 2 . 0 2 2 . 7 4 

— 
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T A B L E B . 2 (b) 

R A N G E IN C E L L U L O S E N I T R A T E 

E / n u c l e o n 
R ( g / c m 2 ) 

( M e V / a m u ) 
4 H e 

1 2c 1 4 N 
1 6o 

0 . 0 4 5 . 8 x l 0 ~ 
5 

1 . 0 x 1 0 " 
4 

1 . 2 x 1 0 " 
4 

1 . 2 6 x l 0 " 4 
1 . 3x10" 

-4 

0 . 0 6 8.4 1.4 1.6 1 . 6 6 1 . 7 

0 . 0 8 1 . 0 x 1 0 " 
4 

1.8 2 . 0 2 . 0 5 2 . 1 

0 . 1 0 1 . 3 2 . 2 2 . 3 2.4 2 . 5 

0 . 1 5 2 . 0 3.2 3 . 1 3.2 3 . 3 
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c a l c u l a t e t h e r e s p o n s e o f c e l l u l o s e n i t r a t e a n d M a k r o f o l K . G 

S S T R s a r e g i v e n in t h e f o l l o w i n g p a g e s . A l l d a t a a n d c u r v e s 

a r e t a k e n f r o m B N L - 3 2 5 , V o l . 1 a n d II ( 1 9 7 6 ) . 
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ABSTRACT 

Calibration of CA80-15 for fast neutron dosimetry in mixed radiation fields is 
described. For a fission source the sensitivity is = 1.4 x 10~ 5 tracks per 
neutron. The experimental results are in sufficiently good agreement with the 
theoretical computations to consider CA80-15 as a good fast neutron integrating 
device. 
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interactions) etchant) sensitivity. 

INTRODUCTION 

Solid state nuclear track detectors are being developed for the selective detection 
of fast neutrons in the presence of a high flux of gamma rays and low energy 
neutrons. This interest stems from a requirement to measure the fissile content 
of spent reactor fuel elements and the assay of fissile material for safeguards. 
The material selected for this purpose was cellulose nitrate CA80-15 due to its 
low registration threshold value GE/dx = 0.4 MeV cm 2/mg) which makes it sensitive 
to a wide range of particles produced in fast neutron interactions with the con-
stituents of the plastic thus leading to a high sensitivity. 

THEORETICAL CONSIDERATIONS 

Recoil Nuclei 

The following characteristics are of interest in the utilisation of this method. 
1) The energy of the recoil nuclei produced at various neutron energies and the 
linear loss of energy of these particles at the beginning of their range. 2) The 
range of recoil ions in the detector as a function of energy. 3) The total 
number of recoils produced per unit area of the detector. The average energy, 
dE/dx, range and scattering cross sections calculated as a function of neutron 
energy are given in table 1 (Haque, 1979) BNL 325). 

It is estimated that the minimum lengths of tracks produced in the detector must 
be - 2^mto be visible in an optical microscope with usual methods of observation 

^Research approved by A.E.R.E. Harwell. 
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(Fleischer, 1964J Rolarosy, 1969). For this reason and as a function of data in 
table 1 there exists a neutron energy threshold beyond which the tracks can be 
observed in the detector if the etching conditions have been chosen appropriately. 
The total number of tracks produced per unit area of the detector was calculated 
using the equation 

N = a$AC (1) 

where: N = number of tracks per unit area (t/cm 2)) a = elastic scattering cross 
section (cm2 ) C = concentration of particular nucleus (g/cm2 ) ) A = Avogadros 
number (6.02 x 1 0 2 3 m o l - 1 ) and $ = neutron fluence (n/cm 2). 

Reaction (n, a) from C, N and 0 

The (n, a) reaction from C, N and 0 in the neutron energy interval which is of 
interest to us (fission spectrum) are endothermic (Evans, 1967J Segre, 1953). In
table 2 the considered (n, a) reactions, Q values and threshold energies are 
listed. Table 3 shows the average energies of the particles produced in these 
reactions, the range of a-particles calculated as a function of neutron energy 
and the cross sections for these (n, a) reactions. 

The sensitivity of CA80-15 as a function of neutron energy was calculated by 
substituting different parameters in equation 1, from tables 1 and 3. These 
results are shown in fig. 3, and table 4. 

EXPERIMENTS 

CA80-15 films were irradiated with mono-energetic fast neutrons from 0.2 to 
17 MeV which were produced using the IBIS machine at A.E.R.E. Harwell. The 
fluence was measured with a BF3 long counter calibrated on a 2 5 2 C f neutron 
source. Neutrons were incident normally on the surface of the films. 

After irradiation the CA80-15 films were etched in 6N KOH at 60°C for different 
times. As control, the same plastic sample but unirradiated was treated with the 
same etching agents under the same etching conditions and some background tracks 
were detected. 

RESULTS 

Prolonged Etching Effects 

The quantitative relation between the etching time and the number of tracks is 
shown in fig. 1. It was observed that tracks grow in size and number with etch-
ing time which can be explained as follows. 1) Very small features which were 
not originally perceptible are enlarged. 2) New tracks that began and ended 
beneath the original surface are encountered as material is removed. 3) The 
etching along a track having a low dip angle and damage that increases downwards 
reveals track partway along their lengths. 

After some time the track density reaches a plateau which gives optimum etching 
conditions. This plateau is reached earlier as the neutron energy decreases. At 
long etching times some of the original tracks may be lost as their optical 
contrast is reduced. At higher energies the recoil tracks are longer and remain 
visible over much longer etching times. The thickness of the plastic surface 
removed as a function of etching time is shown in fig. 2, which reveals a linear 
relationship. 
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The Sensitivity Curve 

The experimental sensitivity curve for CA80-15 at a particular etching condition 
(6N KOH at 60°C for 45 mins.) is shown in fig. 3. The sensitivity increases with 
neutron energy. The tracks observed up to E

n
 = 1.5 MeV are due to recoil protons 

as at E
n
 = 1.5 MeV the average energy of recoil protons produced is 0.75 MeV and 

protons having this energy produce readily observable tracks in CA80-15 (Haque, 
1979). The tracks from E

n
 = 1.5 to 7 MeV are due to (n, a) reactions from C , N 

and O, while at neutron energies higher than 7 MeV C, N and O recoils are also 
present. The experimental and theoretical results are composed in table 4 and 
are in sufficiently good agreement. 

The Effects of High Gamma Doses 

An earlier study has shown that the bulk etching rate of CA80-15 at high gamma 
doses increases as shown in fig. 4, (Haque, 1977). Some of the neutron 
irradiated films were exposed to different gamma doses from 1 to 24 M Rads from 
a
 6 ( )Co source and the track density in these films is plotted in fig. 5. The 
track density starts decreasing at ^ 6 M Rads, because the increase in bulk 
etching rate of CA80-15 makes the background surface roughened thus making it 
difficult to avoid the counting loss. However, when the etching times were 

 reduced according to the increase in the bulk etching rate, the track density 
remained constant even at high gamma doses as shown in fig. 5. The results 
suggest that CA80-15 can be used successfully for the selective detection of 
fast neutrons in high gamma backgrounds provided etching conditions have been 
chosen appropriately. 
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TABLE: 1 

Calculated Parameters of H , C , N and 0 Recoils 

Hydrogen Carbon Nitrogen Oxygen 

(MeV) 

E H d E H / d X R H ^ 

(MeV) (MeV cm2 ) (|im) (b) 
mg 

E_ d E / d x R_ a , 
C C C e L 

(MeV) (MeV cm 2 ) (jam) (b) 
mg 

E dE /dx R a . 
N N N el 

(MeV) (MeV cm 2 ) (jim) (b) 
mg 

dE /dx R a n 
0 0 0 el 

(MeV) (MeV cm 2 ) (pro) (b) 
mg 

1 

3 

5 

6 

8 

10 
12 
15 

20 

0.5 0.36 5.8 4.0 

1.5 0.18 33 2.2 

0.71 

0.85 

1. 15 

1.44 

1.8 

2.14 

2.85 

1.82 

2.67 

3.9 

4.72 

5.34 

5.8 

6.26 

1.23 1.6 

1.38 0.88 

1.58 1.4 

1.85 0.68 

2.03 0.9 

2.3 0.85 

2.65 0.85 

0.62 0.43 

0.76 1.52 

0.98 3.18 

1.25 4.25 

1.5 5.10 

1.86 5.92 

2.5 6.85 

1.1 0.65 

1.21 1.1 

1.5 0.9 

1.74 0.85 

1.98 0.8 

2.2 0.9 

2.55 

0.89 

1 . 1 1 
1. 32 

1.65 

2.21 

2.03 

3.32 

4.41 

5.6 

6.8 

1.16 0.6 

1.3 1.0 

1.4 1.0 

1.6 1.0 

2.4 
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TABLE: 2 

Q-Values and Threshold Energies for (n, a) Reactions 

Q-Value Threshold Energy 
Reaction 

(Mev) (MeV) 

* + Q n He 
9 

+ >.Be 

4 -5.7 5.75 

> + 1 4„ 
0 n * 2 

-0.15 0.15 

1 ° + 1 4„ 
Q n 2He -2.20 2.21 

- 2.5 M 
S U 

2.0 

1.5 

1.0 

0.5 

FIG. 

X _L 
0 15 30 45 60 75 

Etching time (mins) 

1 Track density in Ca80-15 as a function 
of etching time (6N KOH at 60°C) for 
neutron energies 3 and 17 MeV 
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TABLE: 3 

Cross Sections of (n, g) Reactions from C , N and 0 , Average Energies of Particles Produced 

and Range of g-particles as a Function of Neutron Energy 

> 
E 
n 

Carbon Nitrogen Oxygen 

(MeV) E s 
Be 

E 
a 

R 
a 

J a 
E 

U B 
E 
a 

R 
a 

a 
a 

E 
1 3 c 

E 
a 

R 
a 

a 
a 

(MeV) (MeV) (j-im) (b) (MeV) (MeV) (Jim) (b) (MeV) (MeV) (Hm) (b) 

1.0 0 16 0 69 3 0 0 001 

1.5 0 .26 1 09 4 2 0 02 
2.0 0 .36 1 49 6 0 0 05 
2.5 0 .46 1 89 8 5 0 1 
3.0 0 .56 2 29 20 25 0 2 
3.5 0 .66 2 69 13 0 0 4 0 10 1 20 5 0 0.0 
4.0 0 .76 3 09 15 0 0 35 0 19 1 62 7 0 0.05 
4.5 0 .86 3 49 17 5 0 34 0 .28 2 03 9 0 0.05 
5.0 0 .96 3 89 20 5 0 3 0 .36 2 44 12 0 0.225 
5.5 1 .06 4 29 23 0 0 08 0 .45 2 85 14 0 0.01 
6.0 0.66 2.7 0 .001 1 16 4 69 26 5 0 095 0 .54 3 26 16 0 0.025 
6.5 1.05 4.0 0 .001 1 .26 5 09 29 0 0 06 0 .63 3 68 19 0 0.09 
7.0 1.43 5.5 0 .01 1 .36 5 49 32 5 0 04 0 .72 4 09 22 0 0.063 
7.5 1.82 8.0 0 .025 1 .46 5 89 36. 0 0 035 0 80 4 50 25 0 0.058 
8.0 0. 09 2.20 10.0 0 .074 1 .56 6 29 41 0 0 060 0 .89 4 91 28 0 0.05 
8.5 0. 21 2.59 12.0 0 .034 1 .66 6 69 43 0 0 01 0 .98 5 32 31 0 0.054 
9.0 0. 32 2.97 14.0 0 .059 1 .76 7 .09 47 5 0 0 1 .07 5 74 34 5 0.071 
9.5 0. 44 3.36 17.0 0 .087 1 .86 7 49 53 0 1 16 6 15 39 0 0.077 
10.0 0. 55 3.74 19.0 0 126 1 .96 7 89 56 0 1 .24 6 .56 43 0 0.086 



TABLE: 3 

Theoretical and Experimental Sensitivity of CA80-15 as a Function of Neutron Energy 

E 
n 

(MeV) 

Theoretical Sensitivity 
Experimental Sensitivity 

n (xl0~ 5t/ ) 
exp. n 

n e x p . ^ c a l c . 
E 
n 

(MeV) 

w . (* 1 0" 5 tV Reactions Considered 

Experimental Sensitivity 

n (xl0~ 5t/ ) 
exp. n 

n e x p . ^ c a l c . 

1.0 0.8 recoil protons 0.62 0. 78 

1.25 0.75 recoil protons 0.68 0.9 

1.5 0.6 recoil protons 0.78 1.3 

3.5 0.95 (n, a) from N 1.25 1.3 

4.0 1.1 (n, a) from N and 0 1.4 1.2 

5.0 1.7 (n, a) from N and 0 1.6 0.9 

8.0 1.6 (n, a) from O, C 1.8 1.1 

and N recoils 

10.0 1.75 C , N , and O recoils 2.0 1.14 

12.0 1.7 C , N , and O recoils 2. 12 1.24 
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FIG. 2 Thickness of layer removed from 
surface as a function of etching 
time in 6N KOH at 60°C for CA80-15 

Neutron Energy (MeV)  

FIG. 3 Experimental and theoretical sensitivities of CA80-15 
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Gamma Dose (M Rads) 

FIG. 4 Bulk etching rate in 6N KOH at 60°C for 

CA80-15 as a function of gamma dose 

Gamma Dose (M Rads) 

FIG. 5 Number of tracks from 17 MeV neutrons in 

CA80-15 as a function of gamma dose, etched 
in 6N KOH at 60°C for different times 
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Solid State Track Recorders in Nuclear 
Medicine 

(Received 21 October 1977) 
SEVERAL TYPES of fast particles including protons, 
neutrons, pions and heavy charged particles are cur-
rently being evaluated for applications in the radi-
ation therapy and diagnosis of cancer. There is 
already evidence to indicate that some of these par-
ticles will prove superior to conventional X-rays and 
y-rays in certain applications. Almost all studies with 
these new techniques are utilizing nuclear detectors, 
counters and photographic plates originally designed 
and constructed for nuclear reactor physics and 
engineering applications. For a variety of reasons 
these detectors and counters are not appropriate for 
adoption in wide-spread medical applications. It 
appears likely that as the clinical evaluation pro-
grammes proceed a demand will be created for medi-
cally practical particle detectors and counters. In this 
context, cellulose nitrate track recorders were evalu-
ated for use in charged particle radiography for the 
investigation and location of tumours and regions of 
abnormal density in soft tissues and to assist in inves-
tigations of radiation dose for radiation therapy. 

Introduction 
Our previous work in the detection of charged par-

ticles using Solid State Track Recorders, was directed 
to the measurement of nuclear reaction rates in reac-
tors and to the development of a neutron spec-
trometer via chemical etching." , J ) As a result of this 
work and better understanding of the chemistry of 
cellulose and its derivatives, new techniques of track 
revelation, based on the nature of the latent tracks, 
have been discovered. 

These techniques utilize the following: 
(a) Base-exchangeli) 

It was v shown in Reference (3) that radiation 
damage in cellulose (and especially in cellulose 
nitrate) lead to oxidative reactions along the latent 
tracks and consequent formation of acidic groups. 
The exchange of the H * ion of the. irradiated cellulose 
with the larger C a 2 + ion from the base exchange solu-
tion has also been shown to be proportional to the 
radiation dose and to be dependent on the pH of 
the solution. The amount exchanged is maximum in 
alkaline solution and minimum in acidic. Latent 
tracts are identified by the contrast of colour between 
the bulk plastic (a rosy colour) and the C a 2 + ion 
which is white (in fact this is similar to the grafting 
technique). 
(b) Free radicals (scavengers)<4) 

Free radicals are exceedingly common radiation 

products whose widespread existence in all irradiated 
organic solids has been demonstrated by EPR (elec-
tron paramagnetic resonance) techniques. Scavengers 
are substances which react with free radicals giving 
away their colour to form relatively stable com-
pounds. Latent tracks are seen by this distinct colour 
contrast given by the scavengers, with the rosy bulk 
plastic background. 
(c) Colouring of the acidic group by methylene blue 

Large molecules of methylene blue will anchor 
themselves, giving away their colour, to the acidic 
group which had been formed in the bulk plastic due 
to irradiation. 

Latent tracks arc recognised, counted and 
measured by the blue conical damaged (rails embed- . 
ded in a rosy background. 

One of the major drawbacks in extending the appli-
cation of Solid State Track Recorders via etching 
technique to nuclear medicine has been the low opti-
cal contrast between the irradiated and un-irradiatcd 
regions of the SSTR. This has been overcome by col-
ouring of the acidic group by methylene blue, which 
was very successful for revealing a charged particlc 
radiograph as well as for the reaction rate measure-
ments in nuclear reactor physics applications. 

The usefulness of this technique lies in the ability 
to observe the individual tracks produced by the , 
charged particles in the SSTR with a high optical 
contrast and resolution compatible with atomic and 
molecular scales. This technique is still in its infancy 
and needs better understanding and more quantita-
tive data. 

Charged Particle Radiography 
Current methods in nuclear medicine employing 

gamma emitting radionuclides impose three major 
limitations on the usefulness of these methods, 
namely: 

(i) Image contrast is severely reduced by activity 
contained in tissues surrounding the regions of inter-
est. This activity which contributes noise to the image 
may vary spatially and is often so pronounced that 
only structures with a high radionuclide concen-
tration can be differentiated from their surroundings. 

(ii) In spite of the relatively high inherent resolution 
capabilities of certain nuclear medicine imaging 
devices, their effective resolution is limited by that 
of the collimator whose improvement must be 
weighed against the concomitant severe loss in detec-
tion efficiency. Since the resolution and sensitivity (for 
the imaging of sources in tissues) of collimators vary 
with distance, the perceptibility of small or low con-
trast structures is usually reduced with depth. 

(iii) The widespread use of 9 9 m T c in nuclear medi-
cine limits the scope of this discipline. Although " T c 
is readily available, inexpensive, has a low energy-
high proton yield and possesses some desirable 
chemical properties, there are two serious drawbacks 
to its use: (a) Because of the low energy gamma radi-
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alien from "^I'c, detection efficiency varies signifi-
cantly with depth and may be affected by the presence 
of bone overlying the organ of interest, (b) The chemi-
cal properties of " T o arc less akin to physiological 
processes than those of many other radionuclides. 

As a consequcnce of the above limitations and due 
to the failure of X-ray diagnostic techniques to accu-
rately detect tumours and other regions of abnormal 
density in soft tissues, imaging in nuclear medicine 
has been primarily limited to morphological examin-
ations; while recording physiological studies which 
should be possible in this Held have been greatly re-
stricted. 

Conventional X-ray imaging does well in the evalu-
ation of the chemical composition and large differ-
ences in density, such as bone, soft tissue and air. 
Artificial differences can be made by introducing air 
or iodine compounds. However, the diagnostic infor-
mation of conventional X-rays is limited because the 
tissues of interest are obscured by superposition of 
over- or underlying tissues in the projected radio-
graph (Fig. 1). Also the response of the X-ray photo-
graphic films has unwanted halo effects due to the 
recording of unwanted electrons and charge secon-
daries. 

In order to circumvent these problems and to in-
crease the scope of nuclear medicine, methods have 
been developed, such as the EMI scanner, which is 
currently being used. 

Present research with alpha particles is an attempt 
to improve on spatial resolution and density sensi-
tivity (Fig. 2). 

The Technique 
A beam of monoenergetic charged particles (e.g. 

, 6 0 ions) is directed down a beam channel to a faci-
lity which houses the detection equipment and the 
biological object or patient (Fig. 3). The beam is 
brought to rest in a stack of plastic sheets, which 
in the present work were ccllulose nitrate films. Par-
ticles traverse about the same mass thickness (g/cm 2) 
before coming to rest in a particular sheet, which 

gives information about the mass density along their 
path. The damaged regions in the plastics may either 
be preferentially etched using a suitable chcmical to 
render the tracks visible under an optical microscopc 
or these tracks may be revealed using methylene blue, 
which was highly successful for heavy ions. 

Protons and alpha radiography is also of interest 
due to smaller radiation doses as compared to the 
radiation doses in the methods currently being used 
such as EMI. Present X-ray and EMI techniques 
deliver doses of 1000 mrad and I600mrad respect-
ively and probably would not detect a comprcsscd 
breast or skull tumour directly, compared to a 
30 mrad dose from alpha particles with good resolu-
tion of the tumour. As a result of straggling and scat-
tering. radiographs can be produced with heavy ions. 
The usefulness of this technique lies in the track reve-
lation with a high optical contrast which has been 
achieved using methylene blue and is discusscd in the 
next section. However, the application of heavy ion 
radiography is restricted to some extent by the need 
for high energy particles (several hundreds of MeV/ 
nucleon). 

Radiograph Development by Methylene Blue 
The damage left by a charged particle in a SSTR 

consists of acidic groups (carboxyl) among other radi-
ation products. In the present work it was found that 
the acidic groups in tracks can be coloured by a basic 
dye (methylene blue); thereby leading to a direct and 
convenient method of track revelation in a radio-
graph. 

In a basic dye the colouring group (chromophore) 
is contained in the cation. Methylene blue is com-
monly used in histology for staining acidic structures 
of cells. It is particularly effective since its affinity for 
basic groups is very high. However, because of the 
relatively large size of the cation (•>-10 A), it cannot 
easily penetrate cellulosic materials, where ions of up 
to ->- 8 A diameter are admitted. Thus a swelling agent 
must be employed to expand the spaces between the 
molecules along the latent tracks in order to aid pen-
etration. In the case of cellulose nitrate, it was found 

Polyethylene absorber Water box , P'ostic film 
Concrete shielding! 

Plastic stack 
13 6 54 3'2 I 

Beam 
Lead block collimator 

Rotating chair 
FIG. 3. Schematic diagram of helium ion transverse section imaging (the alpha Radiography 

Facility). 
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that an aqueous solution of methylene blue with con-
stituents as given in the following formula (I) was 
effective. Formulae (2) and (3) were tried for heavy 
particles (fission fragments) with success but as yet 
have not been tried for light particles. 
(1) Acidic 
Methylene blue: 1 g 
Glacial acetic acid: I ml 
Ethyl alcohol: 20ml 
Distilled water: 82 ml 

(2) Basic 
Methylene blue: 0.3 g 
Ethyl alcohol: 30 ml 
0.01% KOH: 100ml 

(3) Basic 
Methylene blue: 1 g 
Borax: 1 g 
Distilled water: 100 ml 

The cellulose nitrate material used for the SSTR 
was a thin sheet (100//) CA 80-15 manufactured by 
Kodak Pathe. The CA 80-15 plastic was irradiated 
by heavy ions at various angles of incidcncc and 
various doses. The specimens were immersed in a 
solution of methylene blue for various lengths of time. 
Short times are preferable since the plastic becomes 
uniformly coloured blue due to the weaker affinity 
of methylene blue for the hydroxyl groups in the 
cellulose nitrate. The carbcxyl groups absorb methyl-
ene blue much more rapidly. 

The profile of the charged beam was revealed by 
a very short treatment (~5min). Experiments were 
done to find the minimal dose which could be 
revealed to the human eye by an immersion in 
methylene blue. This minimal dose was found to be 
- 10 s particles/cm2 at an energy of ~ 3 5 MeV, which 
corresponds to a dose of 8.45 mrad at the surface of 
the plastic. 
. Further experiments were done on charged particle 

tracks at 30° to determine the amount of penetration 
of methylene blue dye into the tracks. This was found 
to depend on the swelling of the latent track. By using 
effective swelling agents such as chloride, the pen-
etration could be increased by a factor of 2 to a dis-
tance of 64 /i. 

The radiograph can be etched in sodium or potas-
sium hydroxide after colouring, so that the results 
of dyeing can be checked by a post etching. 

Conclusions 
This work shows that the SSTRs can be success-

fully used in nuclear medicine and the resulting tracks 
can be revealed by dyeing with high efficiency. The 
major advantage of the method is the high contrast 
achieved between irradiated and unirradiated regions 
of the radiograph, which permits easy revelation of 
a beam profile of a diagnostic beam. Previously, dyes 
were used to fill etched tracks to achieve higher con-
trast. Also this work shows that techniques of histolo-
gical staining are useful in charged particle radio^ 
graphy. 
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Part V. Neutron physics 
MEASUREMENT OF FAST NEUTRONS USING NUCLEAR TRACK DETECTORS 

A.U. HAQUE, C.B. BESANT and B.W. HOOTON * 
Nuclear Power Section, Department of Mechanical Engineering, Imperial College of Science and Technology, London SW7, 
England 

The properties of solid state track detectors for neutron measurements in high gamma radiation fields are being investigated. 
The programme consists of: 

1) Designing a neutron detector based on the tracks from recoil protons, (n, a) reactions or fission fragments. 
2) Calculating the response of detectors to neutrons in the energy range 0-17 MeV. 
3) Verification of the calculated response by measurements using mono-energetic neutrons. 
4) Measuring the effect of a high gamma dose on the detector performance. 
5) The application of automatic track counting techniques. 
A measurement of recoil protons from neutrons in the energy range 0.1-17 MeV has been carried out for cellulose nitrate. 

The measurements were made using the IBIS accelerator and the Harwell Long Counter as an absolute measurement of neutron 
flux. The results shown in fig. 4 have been interpreted in terms of a simple model based on the (n, p) scattering cross section and a 
detection efficiency for protons which increases with energy. The agreement between experiment and theory is not yet satisfac-
tory and has led to the realisation of a number of fundamental differences between neutron and charged particle detection in 
track recorders. These differences are: 

1) Neutron induced tracks originate uniformly from within the body of the material. 
2) Neutron induced tracks are not readily observed on the incident face because recoil protons are directed into the bulk of 

the material. 
3) In contrast with charged particle tracks a chemical etch of the back surface of the material will reveal tracks which are 

caused by charged particles leaving the material. The characteristics of such tracks differ because the energy loss of the emergent 
particle in the material decreases as the etch penetrates into the material. The emerging recoil protons from the back surface will 
have a range of different energies and directions, even for mono-energetic neutrons. 

Experiments on fission fragment tracks in Makrofol from (n,f) reaction in 2 3 8 U have to be carried out and the effect of 
gamma rays on track recognition has been measured for doses up to 24 MRad. Automatic track counting techniques, developed at 
Imperial College, are being applied to neutron induced track measurements and should help to overcome the subjective nature of 
human decisions on the number of tracks seen in an etched foil. 

1. Materials 

The substances subjected to examination as mate-
rial for plastic detectors were cellulose nitrate (CA80-
15, LR 115 and CA80-15 type B), cellulose triace-
tate, Makrofol and Cronar. After initial experiments 
cellulose nitrate (CA80-15) and polycarbonate 
(Makrofol) films were selected for detailed examina-
tion. 

2. Irradiations 

In preliminary experiments to select the suitable 
materials and to optimise the etching conditions a 
2 5 2 C f neutron source was used. In order to analyse 

* A.E.R.E. Harwell 

the correlation between the neutron fluence and the 
number of tracks, it is desirable to use monochro-
matic neutrons with known energy, for which the 
elastic and inelastic scattering cross sections of the 
atoms consisting of the plastics are known. 

It was decided to produce monoenergetic neutrons 
using the IBIS machine at A.E.R.E. Harwell. Neu-
trons from 0.2 MeV to 17- MeV were produced using 
D - D , D - T , P - T and P - L i reactions. The fluence of 
these neutrons was measured with a B F 3 long counter 
calibrated on a 2 5 2 C f neutron source. Neutrons were 
incident normally on the surface of the films and 10 
films were irradiated at one time. 

The irradiated sides on all films were marked so as 
to compare the number of tracks on front and back 
surfaces. It was decided to have neutron fluence of 
about 10 9 n / cm 2 , so as to have convenient track den-
sity for counting purposes. 
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3. Chemical etching 

After irradiation with neutrons, the films were 
etched in potassium or sodium hydroxide aqueous 
solutions at 19°C or 60°C for different times. 

As control, the same plastic sample but unirradi-
ated was treated with the same etching agents under 
the same etching conditions, and some background 
tracks were detected. Therefore, in order to estimate 
the real number of tracks caused by the fast neutron 
irradiation, it was necessary to subtract the number 
of background tracks from the total number of tracks 
per unit area detected in the irradiated plastics. 

4. Track observation and counting 

The microscope used for most of the present work 
was a Reichert (Model MEF2) with oil immersed 
(140X or 15OX) or dry (15X, 50X or 70X) objectives 
together with X8 or XI2.5 oculars. The microscope 
stage and fine focus controls are equipped with dials 
so that the stage area can be scanned with precision. 
One eye-piece is equipped with a squared grid. The 
length of a side of the square was calibrated with a 
stage micrometer. 

The microscope stage position is defined so that 
the same frame will not be counted more than once. 
At every frame position tracks in the field of view 
bounded by the square are counted from the top line 
of the square to the bottom. If the tracks cross left or 
top line they are not counted, whether they begin or 
end within the square. If they cross the right or bot-
tom line they are counted, so that a proper statistical 
estimate of the track density can be obtained without 
deciding which is the beginning or end of the track. 
When the counting in one field is completed, the 
stage is moved so that a track or spot crossing the 
boundary is moved to the opposite boundary and the 
counting process is repeated. When counting all the 
tracks on the recorder, care is taken to move from 
one scanning path to another by displacing the scan-
ning path one field of view after a given path is com-
pleted. 

5. Results 
5.1. Prolonged etching effects 

The quantitive relation between the etching time 
and the number of tracks is shown in figs. 1 and 2. It 

Etching Condition: 6N KDH 
: 60°C 

30 45 
Etching time (mins.) 

Fig. 1. Track density as a function of etching time. 

was observed that the tracks grow in size and number 
with etching time and still remain detectable during 
the early period of etching. But beyond certain limits 
in etching times which depended on the etching con-
dition, the background surface became so roughened 
as to make it difficult to avoid counting loss, which 
accounts for the bowing of the curves towards the 

E = 17 MeV 

Etching Conditions: 6N KDH 

: 60°C 

Etching time (mins.) 

Fig. 2. Track density as a function of etching time. 
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3) The etching along a track having a low dip angle 
and damage that increases downwards reveals track 
partway along their lengths. 

The use of fixed etching conditions and time (/) is 
essential, so that the thickness K Br of removed mate-
rial is standardized. Otherwise, the total number of 
tracks will increase monotonically. 

The thickness of the plastic surface removed by 
etching was also measured. The results are plotted 
against etching time in fig. 3. The figure reveals a 
linear relation between dissolved thickness and etch-
ing time. 

5.2. The efficiency curve 
The efficiency curve {EnV^ri) for CA80-15 at a par-

ticular etching condition (6N KOH at 60°C for 45 
min) is shown in fig. 4. It can be seen that the sensi-
tivity of CA80-15 increases steeply with neutron 
energy till ~ 3 MeV after this increase is not too 
sharp. This can be explained as follows. 

As the detector is thicker than the ranges of the 
maximum energy recoil protons (head-on collisions) 
till ~ 3 MeV; therefore the efficiency of the detector 
increases steeply with neturon energy until the elastic 
scattering cross section begins to drop significantly 
[2]. However, a thin detector has a somewhat differ-
ent energy response. When the range of the maximum 
energy recoil protons equals the detector thickness 
the response begins to round off. Detectors of this 

Neutron Energy (MeV) 

Fig. 4. Sensitivity as a function of neutron energy. 
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Fig. 3. Bulk etching rate. 

end. The roughening of the background surface 
started quite early when aqueous solution of 25% 
KOH was used at 60°C. 

Longer etches reveal more tracks for three major 
reasons [ 1 ]: 

1) Very small features which were not originally 
perceptible are enlarged. 

2) New tracks that began and ended beneath the 
original surface are encountered as material is 
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E = 17 MeV 
Etching Condition: 6N KOH 

: 60°C 

E = 17 MeV 
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Fig. 5. Track density as a function of gamma dose. 

type are useful in that they sample lower neutron 
energies better, in comparison to higher energies, than 
do the thick detector types. 

The fact that only a fraction of tracks are detected 
under the microscope means that the reproducibility 
of measurement of track densities is quite dependent 
on nuclear track detector sensitivity and on etching 
variables, time, temperature and solution strength. 

It is difficult to estimate the number of visible 
tracks due to each type of neutron interaction sepa-
rately, since many recoils will give rise to tracks simi-
lar to a-particles [3] . 

6. The effects of high gamma doses 

I 
ro 
h i.o 

Etching Condition: 6N KOH 

: 60°C 

12 16 

Gairma Dose (M Rads) 

Fig. 6. Track density as a function of gamma dose for differ-
ent etching times. 

dose D for these films. The track density starts 
decreasing at about 6 MRad, this is due to an increase 
in the bulk etching rate VB. 

Fig. 6 shows tracks/cm 2 as a function of gamma 
dose D. These films were etched for different times at 
different gamma doses. The etching time was 
decreased for high gamma doses because of an 
increase in VB. 

The results suggest that cellulose nitrate can be 
used successfully for selective detection of fast neu-
trons in high gamma backgrounds but one has to 
select the proper etching conditions. 

Hie effects of high gamma doses on the repro-
ducibility, efficiency etc., must be investigated before 
using them for selective detection of fast neutrons in. 
mixed radiation fields. 

Some of the neutron irradiated films were exposed 
to different gamma doses (1—24 MRad) from a 6 0 C o 
source. 

Fig. 5 shows tracks/cm 2 as a function of gamma 
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