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ABSTRACT 

Track-etch imaging is investigated as a recording method for . 

neutron radiographic purposes. A theoretical model is formulated and 

evaluated together with experimental data which is analyzed in an attempt 

to explore the possibility of maximizing optical contrast. A central 

converter system with Lithium-6 as the converter and cellulose-nitrate 

as the recorders is used. It is found that the maximum contrast is 

achieved by using a clear cellulose-nitrate recorder at least 10 µm 

thick and a Lithiurn-6 converter of approximately 140 µm thickness. 
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CHAPTER 1 

INTRODUCTION 

Neutron radiography has become an important method for the non­

destructive examination of material products. The increasing use of 

neutron radiography has been ai'ded by the rapid development of nuclear 

reactors which ensure the necessary neutron source and by the need of 

a supplement for the already well established x-ray and gamma-ray 

techniques for non-destructive material testing. 

Track-etch imaging has become a widely used method for charged 

particle-track registration in a number of fields such as nuclear physics, 

astrophysics, geophysics, and biophysics. (l-5) Since only charged 

particles are recorded, neutrons cannot produce tracks directly and a 

converter has to be located adjacent to the sensitive film. Usually 

Boron-10 or Lithium-6 are used which prod_uce alpha-particles and tri­

tons when reacting with neutrons. (G) The major advantages of the 

track-etch method are: 

(i) 	 no interfering electromagnetic radiation can be 

recorded; 

(ii) 	 track-etch image processing and viewing can be 

done immediately after exposure; 

(iii) 	 in a mixed radiation field, the lack of sensitivity 

to x and gamma radiation, and beta particles presents 

an advantage when only heavy charged particles are to be 

1 
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recorded;(S) 

(iv) extremely high spatial resolution can be obtained.{?) 

The major disadvantage is that the image often possesses a low contrast~ 

This experimental and theoretical . study was undertaken in an 

attempt to improve the contrast and clarify previous theoretical treat­

ments(G) of the same problem. Special consideration was given to the 

type of recording film to be used and both exposure times and converter 

thicknesses were varied. 



CHAPTER 2 

SYSTEM DESCRIPTION 

The track-etch system studied was the central converter 

arrangement as illustrated in Fig. 1 • . This arrangement was used since 

it was found to be the most efficient. (S} Pure Lithium-6, in its 

metallic form was used as a converter. Strips of lithium were obtained 

by cold rolling. Their dimensions were about 2 mm in width and varied 

from 30 µm to 200 µm in thickness. These lithium strips were sand­

wiched between two cellulose-nitrate recording films. The central 

converter system was then enclosed between two aluminum plates which 

were fastened tightly together to ensure close contact. This arrange­

ment is shown in Fig. 2. The sensitive film used was Kodak experimental 

film LR 115, which consisted of an 8 µm layer of cellulose-nitrate 

dyed red on a 100 µm backing of clear polyester base. The etching was 

done in a sodium hydroxide solution in which the concentration was 10% 

by weight at a temperature of 60°C. The developing time was about 60 

minutes during which time about 2.6 µm of the cellulose-nitrate layer 

was removed at undamaged film regions.(7) The damaged regions, or the 

particle tracks, which are caused by ionization damage .as the particles 

are slowed down, etch out fourteen times faster and thus produce 

visible etch-craters with diameters between 1 µm and 7 µm. (l ,7) A 

submerged neutron beam facility installed in the pool of the McMaster 

3 
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University Nuclear Reactor (5MWt) was used as the neutron source. The 

neutron flux at the image plane was of the order of 3 x 107 n/cm-2sec-1. 



CHAPTER ·3 


SYSTEMS THEORY 

3.1 Introduction 

It is not difficult to calculate the volume of etched-away 

track damage produced by charged particles, such as an alpha-particle 

or triton, in cellulose-nitrate recording film. A model can be con- · 

structed for the optical density of a central converter recording arrange­

ment if it is assumed that the etched-out track volume is proportional 

to the optical density. Experimental evidence shows that two effects ­

further discussed under experimental results - have to be considered 

when track volume and optical density relationships are determined. 

l. 	Each track-volume acts as a scattering centre, produced 

by the rough track-walls. Considering transmission 

optical densities, it is therefore, possible to conclude 

that the optical density is directly proportional to the 

track-volume. 

2. 	 For coloured recording film, any volume etched away will 

increase the light transmission, since potential absorbtive 

medium is removed. This means that the optical density is 

inversely proportional to the -track volume. 

Thus we have two effects competing with each other and any actual 

recording will exhibit a combination of both cases. Under certain 

7 
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circumstances, the second case can be suppressed so that its effect 

can be reduced. This is done by ensuring that tracks do-not etch 

right through the recording layer thus preventing the recorder from 

saturating. In addition, the recording material should be clear and 

colourless. Under these conditions, the theory is very useful and 

practical. The second effect will only be visible as a higher order 

perturbation and will become important only in recorder saturation 

cases when scattering centres overlap considerably and thus forms a 

uniform background density which is basically independent of the 

converter thickness. Obviously any colouration of the recording 

material will amplify the second effect producing an optical density 

which, apart from an initial density build up, will be a function of 

the number of tracks penetrating the recorder completely. 

In the following derivation, the central converter system is 

split into two cases: 

1. the front recorder system, 

2. the back recorder system. 

Each system is treated separately in the above order. 

3.2 Physical Modelling and Mathematical Derivation 

To find the track-volume as recorded by a recording film, 

one first has to obtain an expression for the charged particle 

flux contribution from the converter as a function of the location 

of the flux producing element in the converter~ At this stage 

we assume -a thermal, uniform neutron _beam \;'/hich ensures a uni­

form iharged particle flux in all directions from the particTers 
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origin. The particle flux as a function of its location of origin in 

the converter is thu~ given by F(r}, where:(6) 

F(r) a E ~(r)1W (3. la)a 

or 

F(r) =CE <J>(r)ti.V (3. lb)
a. 

Here C is a constant of proportionality, E is the macroscopic absorp­
a. 

tion cross-sect1on, 11V is the volume element at location {r) under 

consideration and <j>(r} is the incident neutron flux, given by 

(3. 2) 

where [rcose] is ~ the distance from the converter surface to the 

volume element Pv as illustrated in Fig. 3. 

The volume element at Pv is given by Eq. (3.3} using spherical 

coordinates: 

11V = 11r x r11e x rsine11<1> (3.3) 

For the analysis, consider all charged particles passing through area 

11A11 at r = 0, Fig. 3, which is part of the converter-recorder interface 

plane. These particles will *form tracks of length Rr,e in the recorder. 

Let ~ be the cross sectional area of the track, then the volume of the 

track, VTR' is given by 
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Fig. 3: Schematic illustration showing neutron interactions in the converter and track formation 
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(3.4) 

To obtain the total contribution of track-volumes caused by 

particles passing through 11 Au, the entire converter volume has to be 

considered as a potential contributor. Expressed in integral form, the · 

optical density, D , * is thus given by combining Eq. (3.1) to Eq. (3.4): 

The weighting function c1(r,e) is necessary since volume elements 

with different r and a values, defining locations of Py, contribute to 

a flux of different magnitude. This is due to the source-recorder dis­

tance, r, which introduces the inverse square law of flux intensities. 

There is also an angular dependence since sources at Py 11see11 the area 

1tA 11 at different angles of incidence. From these considerations, the 

weighting function may be written as 

c1(r ,a) = 2
1 case (3.6) 
r 

Combining Eq. (3.5) and Eq. (3.6) we obtain 

o* = J f f R* ~Ccj> r exp[- r rcose]sinecosedrdedcj> (3.7)r, 8 o a a · 
r a cj> 

which after integrating over from 0 to 2~ givescJ> 
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o* =ff 2•CR;,e<"•00exp[- •arcose]sinecosedrde (3.8) 

r e . 

At this point all constants, which can be taken out of the integral, 

are set equal to one. This can be done since the optical density, 0, · 

can be normalized to fit actual experimental data. All constants are 

thus taken care of. The parameter ~ is assumed to be a constant. There­

fore by letting 

D* 
D = C~L: ~ 	 21T 

a o 

we obtain 

D = f f R;,8exp[-rarcose]sinecosedrde (3.10) 

r e 

Before any further integration can be done, an exact expression 

for R* has to be determined. Two cases have to be considered:(ll)8r, 

Case I: the etchable track is completely imbedded in the 

recorder, and 

Case II: 	 the particle has already attained the threshold 

energy in the converter, thus making it possible 

for the etchable track to start right at the con-

verter~recorder interface. 

Figure 4 illustrates both cases. 

First Case I is considered and is broken up into two subcases: 



13 


Case I(a): 	 the track is not etched out completely due to 

a Tack of etch-time, and 

Case I(b): 	 the track is completely etched out and etching 

continues after the track etch is completed, 

Fig. 5. 

Again Case I(a) is considered first. 

Let the etch velocity of the damaged track region be v0 and 

assume v0 to be constant. Also let the normal etch velocity of the un­

damaged region be VN" Then the effective track length is defined by: · 

*laRr,s = track length etched - normal background etching 

during the same time as previous term , (3. lla) 

that is 

(3.llb) 

where t 3 is the etch time left at the beginning of the track-etch and 

the parameter r 3, Fig. 4, is given by: 

(3.12) 

By combining 	 Eq. (3. llb) and Eq. (3.12) we obtain 

R*la = Vr -	 - 1-r (3. 13) 
r,8 3 COSS 3 

where the substitution 
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(3.14) 

has been made. 

Rearranging Eq. (3.13} we obtain: 

(3.15) 

Now Case I(b) is considered. Equation (3.lla) is still correct, 

and is expressed by: 
·, 

*lb 
Rr,e = Rr 

VN 
- t2 case (3.16) 

Here Rr is defined as the track length of the charged particle in the 

recorder and t 2 , the time needed for the track length, Rr' to be etched 

out, is g'iven by: 

R 
(3. 17)t2 -- vr . 

D 

Combining Eq. (3. 16) and Eq. (3.17) we obtain 

or 

(3. 18) 

Clearly, Case I(a) is applicable when 
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and hence Cases I(a) and I(b) can therefore be written as 

R*l = K*l [l l ] (3.19)r,e r,e - Vcose 

where 

*l = Vr3, if vr3 < Rr~,e ' 

and 

*l = R if Vr3 ~ Rr .Kr,e r 

Since negative track lengths are not defined, we set 

*l
Rr,e =0 , 

whenever Eq. (3.19} defines a negative effective track length. 

The only undefined variable is r3, Fig. 4, which is now evaluated. 

Etchable tracks are only obtained when the particle has reached energies 

below the threshold energy. The unetchable track sections in the con­

verter, r~, and in the recorder, r;, (see Fig. 4) are related by 

ro ro 
c r (3.20)w+ w= 1 
c r 

0where R = effective track length of the particle in the converter, c 
while the particle slows down from its initial energy to 

its threshold energy. 



17 


and 

R~ = effective track length of the particle in the recorder, 

while the particle slows down from its initial energy 

to its threshold energy. 

Solving Eq. (3.20} for r~ we obtain: 

ro 
ro = Ro[l - R~] (3.21)r r c 

Using Fig. 4, the following equation is obtained: 

= cose (3.22)' 

or 

(3.23) 

Making use of Eq. (3.23) and noting that r~ = r, Eq. (3.21) can be re­

written as: 

(3.24) 

We now consider Case II. The relationship between r1 and r2, 

the 11 etchable 11 track lengths in converter and recorder, as defined by 

Fig. 4, is given by 

(3.25) 
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Here R = effective track length of the particle below threshold energy c 

in the converter, 

and 

R = effective etchable track length of the particle in the r 

recorder. 

Solving Eq. (3.25) for r2, we obtain 

(3. 26) 

where r1 is given by 

= r - R~ • (3. 27)r 1 

Combining Eq. (3.26) and Eq. (3.27) we obtain 

(3.28) 

*2Similar to Case I, the etched track length, Rr,e is given by 

. (3.29) 

where 

(3.30) 

Using Eq. (3.30) and letting r2 = K;2, we can write Eq. (3.29) as 
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(3. 31) 

or 

*2 (3.32)Rr,e = 

*2 ' l *2
Here if Kr < 0 or [l - VcoseJ < 0, then Rr,e is set equal to zero. 

At this point, Eq. (3.10) can be reconsidered. The optical 

density in the front recorder case, as illustrated by Fig. 3, is now 

given by 

(3.33)
' 

where 

K*l ,2 >- 0 or zero , (3.34)·r,e "' 

and 

1 or zero • {3.35)[l - Vcose] ~ O 

When r - R~ > 0, then K;2 is used and when r - R~ < 0, then ~~e is 

used. These parameters are given by 

(3.19) 

r 3 = [Rro.. - l]R 0 cose + r3m , (3.24} 
c . r 

K;l = Rr if Vr3 ~ Rr , (3.19) 
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and 
*2 (r - R~}

K = R (1 - R ] • (3.32)
r r c 

In Fig. 5, Case I and Case II leading to density distributions D(I) 

and D(II) are illustrated (A Li-converter-T-producing system is con­

sidered). 

3.3 Analysis of the Theoretical Derivation 

To solve the integral (3.33), let us first consider Case II, 

since it is easily solved. Case II is defined as ha~ing an r-range 

0 0from r = R to r = R + R First the integral (3.33) is written as .c c · c· 

(3.36) . 

The angular integral can be rearranged to give 

! 6 = J0
"exp{- Earcosa)sinacosada ­

et 


(3. 37) 


Letting 

(3. 38) 
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and making the substi~ution 

du .u = case , de= - sin6 , (3.39) 

we obtain 

(3.40) 

which is easily integrated to give 

(3.41) 

Since eu = arc cos ~ and therefore Uu - ~' the integral equation can be 

written as 

(3.42) 

Using Eq. (3.42), we reformulate Eq. (3.36) to give 

(3.43) 
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The lower angular lim_it, eJI,, depends on the value of r, Fig. 5, used 

in the integration. If r ~ L, where L is the converter thickness, then 

e = o or Ui = 1JI, 

If r > L then 

. L 
et = arc cos ~ or U = ­

JI, r 

where r also has to be within the limits of Case II. Equation (3.43), ' 

must therefore be split into two integrals, Fig. 5, whtch can be 

expressed as 

R0 +R 1 LI • 

c *c exp (c2 yl. exp (C2 -:-) L - l · l2Drr J Kr [ 2 + r ( - - - - ..,...)]dr + 
L C2 C2 r C2 V 

L *2 exp(C2 ~) expc2 1 1 
J K [ 2 + C (1 - -C - -V)]dr • (3.44) 

Ro r 2 2c2 
c 

0The second integral is zero when L < R or the limit L is replaced byc 
R~. This case is illustrated in Fig. Sb. Equation (3.44) can be 

written in the form 

0rr = 0rr
1 

+ 0rr 
2 
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such that 

(r - R~) exp(- E ~) 
DII - R ~I 2 2 a 


l C E r 

a 

exp(- E L) L l l 
+ - l: r a <r- + l: . r - v)Jdr . (3. 45) 

a. a. 

After expanding and collecting terms, we obtain 

r . 


Ju, l . l 

DII = exp(ar) r2 s, + exp(ar) r 52 


l 

rQ, I 

. 1 . . 

l l (3.46)+ 2 s3 + r s4 + s5dr ' 
r 

where 

0R R0 L R
s3 = [exp(- E L)] __.!: (- L - _l - _f_ - _c_) , 

a. E E R RE 
a. a. c c a. 
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Rr . 
S5 = - R Vr. _[exp(- r.aL)J • 


c a 


Integration of Eq. (3.45) is now possible by using Tables. (9) We note 

that in the case of jar! < 1, we can omit higher order terms. The 

optical density contribution can therefore be written 

a2 2 
· 1 r ul . 

Orr = s1[- exp(aru1} -r- + a(lnrul + arul + 4 ••• ) 

1 ul 


2 2 
1 a r R.l 

+ exp(ar.Q.1 ) ~ - a(lnril + ar.Q.1 + 4 •.. )] 
l 

(3.47) 

where the limits rul (upper (1)) and ril (lower (1)) are defined by 

Eq. (3. 44). 

Now the second integral, DI! , defined by Eq. (3.44} is solved. · 
2 

Using Eq. (3.32} and Eq. (3.38), the second integral may be written as 

(r - R0 ) E r 1 
R . c ][exp( - V } ~ 
c r. r 

a 

1 l l
+exp( - r.ar) _ r. r (l + Er - v)Jdr . (3.48) 

a a 
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After expanding and collecting terms, we obtain: 

r 2 · 
u 1 . 1 

011 = J e.xp(ar) ~s6 + e.xp(ar) - s7
2 r r 


r.!1,2 


+ exp(aVr) ~s8 + e.xp(aVr) ~ s9 

r 


+ exp(aVr) s10dr , (3.49) 

where 

Rr 1 . 1 Ro .Ro 

= -;--:-- ( - l + - + -- - ..£. + ...£_)
s9 

L V Rcz: R R V a a c c 

As before, we integrate and obtain 
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· 1 ar.(1.2 2 
+ exp(arR-2} - ~ a(lnr.(1,2 + ar.(1, 2 + (-2-} ••. )]

rR-2 

aru2 2 ar.(1.2 ­
+ s7I(lnru2 + aru2 + (-2-) •.• ) - (lnr.(1,2 + ar.(1,2 + (-2-) ••• )] 

aVru2 2 
( 2 ) 

(3.50) 

Again the limits ru2 (upper II)) and r.(1, 2 (lower II)) are defined by 

Eq. (3.44). In summary, the complete solution for Case II is given 

by 

(3. 51)DII = DII + DII ' 
l 2 

where DII is given by Eq. (3.47) and DII is given by Eq. (3.50). · 
l 2 
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Now Case I is reconsidered . Case I is defined as having a 

range from r ~ 0 to r = R~ as illustrated by Fig. 5. The number of 

different conditions for limits and constants make the integral (3.33) 

difficult to solve. The integral has to be changed into the form of 

a surrmation and then only a numerical solution is possible. The summa­

tion obtained is 

l e=arc cosv 
r=L l *1 [l
D1 = l 
·6.r r=o M e=o l).,e 

sinecose6.rM 

r=R0 e=arc cosl 
c v *l 

+ I t ~ eil 
. ' . L 

6.r r=L 6.e e=arc cos­r 

s i necose6.r6.e (3.52)' 

where 

and 

*lK = Rr,e r 

K;:e assumes- the value zero whenever <:e is negative. When L > R~, 

http:sinecose6.rM
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then the second summation is zero, and the upper limit of the first 

summation (r = L) becomes R~. 

The total optical density for the front recorder case is there­

fore the sum of o1 and Du (Eq. (3.52) and Eq. (3.51) respectively or 

(3.53) 

The optical density of the back recorder system can be obtained 

by simply substituting - E for E in the front recorder system and by
a a 

including a normalization factor to give 

(3.54) 

This is basically a reversal of the incident neutron beam direction. 

The central converter system can now be written as the sum of the back 

and front recorder systems: 

(3.55) 

It should be noted, that for very small converter thicknesses 

(L < 10 µm), the upper limit of Case II is a function of the converter 

thickness and not a constant. This is caused by the critical angle 

limitations, Fig. 5. It is also assumed that all charged particles 

come to a stop inside the recorder so that the track etching is not force­

ended due to insufficient recorder thickness. 
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3.4 	 Application of the Theory to the Lithium-6 Converter, Triton and 

Alpha-Particle Recording, Central Converter System 

The recording film used consists of a cellulose-nitrate layer, 

of 8 µm thickness, supported by a 100 µm clear plastic base. The layer 

etched away, r3ril' is assumed to be 2.6 ~m. (?) The range of converter . 

thickness used is between 10 µm and 200 µm. The constants are taken 

from A.A. Harms, M.S. Moniz, (G) and are summarized in Table I. 

First the triton contribution is considered. The converter 

volumes contributing to the recorded triton tracks are illustrated in 

Fig. 5(a),(b). The two cases shown are: 

(a) 	The converter thickness, L, is 150 µm (the active triton 

contributing domains are cross-hatched}. 

(b) 	The converter thickness is 40 µm. 

For these cases, the limits for the angular and radial integra­

tions are clearly shown, Fig. 5. The calculations are done as outlined 

in the above theory (3.1-3.3) and it was assumed that the etching is 

in no case terminated by the supporting plastic film. The summation, 

Eq. (3.52) was done by dividing the angular (e) and radial (r) ranges 

into 200 partitions, or 

{3.56) 


and 

::: 	 7T 
b.8 	 400 . (3.57) 
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L 

-----critical cut-off angle, 0c 
1 I

29µm 

Fig. 5(a): 	 Track etch formation domains for a ~onverter thickness 
of 150 µm 
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lower limit for ··a 

cut-off angle,ec 
I t 

29JJm 

Fig. 5(b): 	 Track etch formation domains for a converter thickness 
of 40 µm 



32 


Using 400 partitions .changed the results by 1 ess than 2%. For Case II, 

it was found necessary to expand the integral solutions to third order 

(Power 11 211 ) for the a-terms and to the fifth order (Power 11 411 ) for the 

aV-terms, to produce an error of less than 2%. The required expansions 

are shown in Eq. (3.47) and Eq. (3.50). The results of Case I and Case 

II are summarized in Table II and Table III. 

At this point is is necessary to calculate the a-particle density 

contribution. The alpha-particles are already below thr~shold energy, (G) 

and therefore, only Case II has to be considered. Since the a-particle 

ranges are very short (Rc = 13 µm, Rr = 3.3 µm), the previously derived 

theory can be considerably simplified. It can be seen that the alpha­

particl es contribution does not change with the converter thickness 

after ·a converter thickness of 13 µmis reached. (Except for the stan­

dard exponential attenuation in the back recorder case, (Eq. (3.54)). 

Only the total alpha-particle contribution is therefore of practical 

importance. 

The optical density is given by Eq. (3.33), which, for alpha-

particles, can be written as 

r=l3 

o: = f J t 2[1 - V 1 
8]exp(- E rcose)sinecosededr , {3.58a)cos a 

r=o e 

where 

(3. 58b) 
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It is noted that 11 exp(- l: rcose) 11 is always approximately equal to 0.98 . a. 

with the actual range from 0.96 to 1.00. The exponential term is there­

fore considered to be constant, hence 

e=arc coslr=l3 V 
(3.59)D* = •98Rr J (l _ ~c) J (1 _ Vc~sa )sinacosadadr 

a. 


r=u e=o 


Letting u =case , and solving the angular integral, we obtain 

13 . 1 . l . 

J (1 ... ~)[ .. fVudu+~Jvdu]dr (3.60) 
0 c 1J,' 


or 

l3 
D * a. = .98R [~ - ~ + 1J J (1 - ~ )dr • (3.61) 

r 2V c 
0 

After solving the radial integral, Eq. (3.61) can be written as 

* l l 1 132 
D = .98R [::-:-2 - V + 2][13 - 2R ] (3.62) 

a. r 2V c 

where Rr' Rc' and V are given in Table I. Now a correction factor, 

taking the different crater diameters -0f alpha-particles versus tritons 

into account, is introduced in the form 

(3.63) 
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Hence the weighted optical density is given by 

D = o* ~a (3.64) 
a a ~T 

or 

2D =12(µm ) (3.65)
a 

Table IV gives this result in terms of different converter thick­

nesses for both front- and back-recorder systems. The combined results · 

of Tables II and IV, and Tables III and IV are shown in Fig. 6 and Fig. 7 

respectively. The central converter system densities are summarized in 

Table V and shown in Fig. 8. The previously obtained curve by A.A. Hanns, 

M.S. Moniz, (G) for a one-dimensional model, is also given for comparison. 

It can be seen that by including angular density contributions, the dis­

tribution is considerably changed. 
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Table I: Track-etch parameters used in the analysis. This data 

was extracted from Ref. 1 and Ref. 6. 

Parameter 


Ro 

c 

Re 


Ro 

c 


Rr 


Triton Range 
(µm) 

91 

' 107 

27 

6.7 

Alpha-particle Range 
{µm) 

0 

13 

O· 

3.3 

r = O. 0043 µm- l 
a 

v = 14 
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Table II: 	 Comparison between the integral of Case I front and back 
recorder triton optical density, as a function of the 
lithium converter thickness as obtained from theory. 

Lithium Front recorder density Back recorder density 
thickness · (arbitrary units) (arbitrary units)

(µm) 

10 1.4 1.4 


20 4.9 5.0 


30 9.0 9.2 


50 17.4 18.0 


75 27.5 28.8 


91 32.2 33.2 


100 32.2 31.9 


150 32.2 25.8 


180 32.2 23.0 


200 32.2 20.8 
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Table III: 	 Comparisqn between the integral of Case II front and back 
recorder triton optical densities, as a function of the 
lithium converter thickness as obtained from theory. 

Lithium · Front recorder density Back recorder density 
thickness (arbitrary units) (arbitrary units)

(µm) 

10 2.0 	 2.0 

20 4.0 	 4.0 

30 7.0 7.0 

50 20.0 21.0 

75 46.0 51.0 

91 67.0 76.0 

100 76.0 90.0 

150 l 05 . 0 113.0 

180 108.0 104.0 

200 109.0 96.0 
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Table IV: 	 Comparison between the integral of Case II front and back 
recorder alpha-particle optical densities, as .a function 
of the lithium converter thickness as obtained by theory. 

Lithium Front recorder density Back recorder density 
thickness (arbitrary units) (arbitrary units) 

(~m) 

13 ' 12 	 12 

20 12 	 11 

30 12 	 11 

50 12 	 10 

75 . 12 9 

91 12 8 

100 12 7 

150 12 6 

180 12 6 

200 12 5 
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Table V: 	 Al pha ...particl e and triton tota 1 optical density contributions, 
for front-; back-, and central converter systems as a functi'on 
of tf1e. 1 ithium converter thickness. · 

I 

Lithium Front recorder density Back recorder density Central converter density 
thickness (arbitrary units) (arbitrary units) . (arbitrary units) 

(µm) 

10 13 13 27 

20 21 20 41 

30 28 27 55 

50 49 49 98 

75 86 89 174 

91 111 117 228 

100 120 129 249 

150 149 145 294 

180 152 133 285 

200 153 122 275 
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CHAPTER 	 4 

EXPERIMENTAL 	 DATA ANALYSIS AND RESULTS 

4.1 	 Method Descriptions 

The track etch films were analyzed by the following methods. 

Method I: 	 Visual data from micrographs (magnification lOOOX} 

obtained from: 

(a) electron micrographs, and 

(b) photon micrographs. 

This method was used for track counting and track investigations 

for track ...size and shape and film transmission-reflection information. 

Method 	 II: Measured data of transmitted light using a spot 

densitometer by using 

(a) 11white 11 	 1ight.' 
0 

(b) green light (5600 A)~and 
0 

(c) red 	 light (6600 A filter}. 

h. d 	 h . 1 d . . b . d b th d f. . t. .(l 0}From t 	1s ata, t e opt1ca ens1ty is o ta1ne y e e 1n1 ion: . 

optical density (D) = log =---1-~­ (4. l)l 0 Transmission 

(all optical transmission data are normalized to 100% at points where no 

conversion occurred). 
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Before actual data are presented, these methods are discussed and then 

only relevant data will be given. 

4.2 Discussion of the Measurement Techniques 

Through Method I, valuable information concerning the optical 

density of the films could be obtained. It was needed for both the design 

of the theoretical model and the interpretation of the data obtained by 

Method II. Counttng tracks proved to be a very unreliable method of 

density determinations. Due to the focussing of the microscope (trans­

mission), different hole populations were brought into focus with diff­

erent settings. The hole count was therefore influenced by the depth of 

the focal plane in the cellulose-nitrate layer. The use of the human 

eye to judge the depth of holes under these conditions can produce 

results with large errors. The counting results are therefore not 

given. 

Through Method II, reproducible optical density data was obtained. 

It was however, contrary to popular speculations, discovered that the 

highest optical densities were not obtained with the green filter but with 

the red filter. Since this study emphazises high contrast conditions, 

only the densities using the red filter are presented. Some data on 

the other methods will appear in the following discussions as they are 

needed. · 

4.3 	 Presentation of the Data 

The experimental data consists of two sets of films: 
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(I) The Roman numeral set, and 

(II) The Arabic numeral set . . 

Both sets are defined by Table VI. 

Typical results obtained by Method I are reproduced in Fig. 9a, 

9b, 9c, Fig. 10, and Fig. 11, where t..T is defined to be the exposure time. 
0 

The red light (6600 A) transmission data is summarized in Fig. 

12 and Fig. 13 for the Roman numeral set and Arabic numeral set respectively., . .... 

The aparture of the digital spot-densitometer used for these measurements 

had the dimensions 1.4 mm by 4.0 mm. 
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Table VI: The organization of the experimental data . . 

Type Code Etch date Exposure times, Lithium thickness, 
t.t (sec) L (inches) 

FIII BIII 10/4/75 10240 	 .00125,.002,.003, 
.004, .005 

FII BII 10/4/75 5120 	 II 


FI BI 10/4/75 2560 	 II 


F7 B7 30/11/75 10240 .002, .003, .004, 

.006, .008 


f 6 B6 30/11/75 5120 II 


f 5 BS 30/1/75 2560 II 


f 4 B4 30/1/75 1280 II 


F3 B3 30/1/75 640 II 


Where F denotes the front recorder contribution of the central converter 
system and B denotes the back recorder contribution. The Roman numeral 
set also differs from the Arabic numeral set in etching procedure. 
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a) Set FII: 

x = 1000, 

ti.T = 5120 sec, 

L = 31 µm. 

b) Set FI: 

x = 1000, 

ti.T = 2560 sec, 

L = 139 µm. 

c) Set BI: 
x = 1000, 

AT = 2560 sec, 

L = 31 µm. 

Fig. 9: Electron mi crographs of etch-pit profiles at 70° of 
incidence 
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Fig. 10: Transmission photo-micrograph of CN-recorder 

Set BI: 

x = 1000, 

6T = 2560 sec, 
L = 50 µm • 
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Fig. 11: Reflection photo-micrograph of CN~recorder 

Set BI: 
x = 1000, 

liT = 2560 sec, 
L = 31 µm. 
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Fig. 12: 	 Experimental transmission data of optical density versua Lithium-.6 converter thickness 
for the Roman numeral set, obtained by using red (6600 A) light 
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CHAPTER 5 

DISCUSSION OF THE RESULTS 

5. l Theoretical-Experimental Curve Pitting 

By comparing Fig. 6,7, and 8 (theoretical) with Fig. 12 and 13 

(experimental) it is clear that any curve-fitting cannot be done at 

this stage since the experimental distribution curve differs too much 

in shape from both theoretical curves, Fig. 8. Therefore only a non­

numerical analysis, aiming to bring experimental conditions closer to 

the theoretical case is possible. Only after these corrections, can a 

curve-parameter fitting be attempted. 

The basic difference between the experimental density distribution 

and the theoretical density distribution is that the experimental curves 

usually have zero slope or negative slope while the theoretical curve 

has a positive slope for the larger part of its range. To remedy this 

situation, the following problems have to be considered: 

(1) cellulose-nitrate film colouration, 

(2) saturation effects, and 

(3) cellulose-nitrate film thickness. 

5.2 Cellulose-Nitrate Film Colouration 

Previously it was speculated, that holes are created by etching, the 

use of a transparent red film and the viewing under green light would yield 
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the highest contrast. This however, is not true . .. The 11 F7 11 set, Table 

VI, produced average densities of 0.01 using green light, 0.08 using 
0 

white light, and 0.11 using red light. Clearly the red filter (6600 A) 

produces the highest density and therefore the highest contrast. To 

clarify this contradiction, photon and electron micrographs were made 

of the exposed films. Typical results are shown in Fig. 9, 10, and 11. · 

After careful investigations of those and other · micrographs, it was 

concluded that the walls of the etch-pits are very rugged and thus form 

good scatterers. Viewing the recordings under a transmission micro­

scope, (Fig. 10), it is noted that a small area of high transmission, 

with a diameter of about l µll1, which is interpreted as the flat bottom of 

the pit, is surrounded by a dark, circular area, with a diameter of 

about 7 µJTI which is interpreted as the steep, rugged pit wall. This 

dark area, due to light scattering, is the major density producing effect. 

Even when a red filter is used, the effect of 11 hole lightening", 

as opposed to 11 scatter darkening 11 , becomes of considerable importance only 

when particle tracks with an angle of incidence around e = 0° are 

considered. For particle tracks that reach a considerable depth in 

the recorder, quite common under these conditions, the hole lightening 

actually seems to slightly reverse the scatter darkening. This explains 

why an actual dip in optical density is obtained between converter thicknesses 

of 75 µm and 140 µm, Fig. 12 and Fig. 13. In an attempt to find the loss 

in density produced by hole lightening the following estimations were 

made. The colouration of the film containing no etch pits produces an 

optical density of .06 (a .03 density correction due to reflection losses 
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0 

is included} under red (6000 A) 1ight. Using the microphotograph of 

"BI (30 µm) 11 , Table VI, it was found that about 20% of the total film 

volume was crater volume. Therefore, a density loss between .01 and 

.02 can be expected. The measured density was 0.09, Fig. 12. Using 

a colourless film, a measured density of 0.11 can be expected. A clear 

colourless film would therefore increase the optical density and 

eliminate an early flattening of the density versus converter thickness 

curve. Experimental results will therefore come closer to the 

theoretical results as shown in Fig. 6, 7, and 8. 

5.3 Saturation Effects 

Saturation effects, like hole lightening, also produces an early 

flattening of the transmission density distributions. Overlapping etch­

craters are not covered by the theory and therefore no curve fitting is 

possible in this region. Fig. 9a clearly shows that the Roman numeral 

set II, Table VI, is in the saturation region. Even Ro;man numeral set I 

shows some pit-overlapping, as can be seen in Fig. 9b, 9c, and Fig. 11. 

Fig. 10 shows the same effect but care has to be exercised not to confuse 

the actual pit border with the border of the low density, flat pit bottom. 

This error was made previously and produced the conclusion that Roman numeral 

sets II and III were not in the saturation region. The transmission 

densities given by Fig. 12 also show that sets II and III are in the 

saturation region. The same applies for the Arabic numeral set. For 

this set, etch conditions were slightly different and it appears that the 

sets 3, 4, 5, and possibly 6 are all in the linear density region, Fig. 13. 
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In conclusion, it can be mentioned that saturation effects are not only 

undesirabl~ for theoretical-experimental curve fitting but also the 

optical density versus exposure time ,efficiency is reduced. 

5.4 Cellulose~Nitrate Film Thickness 

Since an 8 µm thick cellulose nitrate layer is used and the 

maximum depth of an etch-pit is about 6.7 µm, forced termination of 

the crater etching due to the supporting clear plastic should be 

negligible. In fact,microphotographs show that only about 3% of the 

craters penetrate the active film layer completely. Errors similar to 

11 hole lightening" can occur since forced etch termination produces 

extra-large flat pit bottoms thus increasing the transmission of the 

film and reducing the density. To avoid any complications, the cellu­

lose nitrate film thickness should be increased to at least 10 µm. 

(A word of caution should be added here. Fig. 10 cannot be used to . 

determine which pits penetrate the active layer completely. In this 

reproduction, taken from a colour microphotography, the background 

and the scatter darkened regions were moved into the linear region of 

the D-H curve. (lO) The relatively bright pit bottoms are therefore 

due to overexposure. To find the number of completely penetrating etch 

tracks, considerable care has to be exercised so that the bright pit 

bottoms are both in focus and in the linear region of the D-H curve.) 
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CHAPTER 6 

CONCLUSIONS 

It can be concluded that to maximize contrast, a clear and 
.. . . 

colourless cellulose nitrate film, approximately 150 µm thick, such 

as Kodak-Pathe Type Ca-8015, should be used. Eastman Kodak Type 106­

01, possessing a 8 µm clear cellulose nitrate layer on a 100 µm thick 

i~active polyester base, can also be used but etch conditions have to 

be carefully controlled so as not to 11 over-etch 11 the film. Lithium 

converter thicknesses should be between 25 µm and 200 µm, and exposure 

times should be between 640 sec and 10240 sec. 

From theoretical considerations, it can be concluded that the 

alpha,..particle contribution is 8% of the total alpha-particle and triton 

contribution taken at a lithium thickness of 140 µm. A converter thick­

ness of 140 µm gave the maximum optical density or contrast when a 

central-converter system is used. The recorded alpha-particles and 

tritons could not be distinguished from each other, since the particles 

have overlapping energy ranges. 
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