
6.5. ESTIMATION OF THE SMALLEST DETAIL DISCERNIBLE IN TRACK-ETCH AUTO-
RADIOGRAPH, R. Ilic, M. Naj&er, A. Podgornik (Ljubljana, Yugoslavia) 

An analytical model of the recording process in neutron in
duced autoradiography (NIA) utilizing solid state nuclear track 
detectors (SSNTD-s) is presented. The model is based on analysis 
of the inhomogenity of the image caused by statistical fluctua
tion in the number of tracks forming the image. With this model 
one can estimate the smallest detail discernible in an autoradio-
graph as a function of the confidence factor, the neutron exposu
re, the response of the SSNTD to neutrons for the element of in
terest and the bulk material the concentration of the element, 
the natural background, the track size and the unsharpness of 
the image. 

Illustrations of the effect of track density and neutron 
exposure on detection of boron in metals and uranium in uranium 
ore for the NIA facility at the TRIGA Mark II reactor in Ljublja
na and for LR 115 SSNTDs are given. 
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1. INTRODUCTION 

It is known that the smallest detail discernible in a radio
graph is determined by .inhomogeneities of the image caused by sta
tistical fluctuation in the number of detected particles forming 
the image. The influence of statistics on image formation was ex
plained for a long time and adapted to different conditions in X, 
Y and most recently neutron radiography /!/, but not yet in auto
radiography utilizing solid state nuclear track detectors (SSNTDs). 
For example, it is known that to produce a recognizable macro ima
ge as few as 101* registrations cm"2 are sufficient. However, to 
discern details with dimensions down to a micron, say of a metal
lurgical sample, a high quality radiograph composed of some 10 9 

registration cm - 2 are required. 

The increasing use of SSNTDs in autoradiography of elements 
emitting heavy nuclear charged particles requires, particularly 
in high-resolution techniques, an improved understanding of the 
influence of statistic on the formation of the image. An analyti
cal investigation of this question should yield indications of 
how the discernment of the detail in track-etch autoradiographs 
can be improved. 

The aim of the present work is to develop an analytical 
model of the recording process in neutron induced autoradiography 
(NIA) utilizing SSNTDs, based on analysis of the inhomogeneity 
of the image caused by statistical fluctuation in the number 
of track forming the image. The model presented is intended 
to facilitate either the design of NIA equipment or the evalu-
tion of the autoradiographic results. Illustrations of the 
effect of track density of 10B(n,a) reaction products 
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on the detection of boron in aluminium and iron, as well as of 
235U(n,f) reaction products on the detection of uranium minerals 
in uranium ore for the NIA facility at the TRIGA Mark II reactor 
in Ljubljana using LR 115 SSNTD are presented. 

2. ESTIMATION OF THE SMALLEST DETAIL DISCERNIBLE 

Consider Fig. 1, which diagramatically represents the image 
formation of a detail, say an inclusion embedded in a bulk mate
rial. The inclusion contains an element which upon neutron irradi
ation emits charged particles. To illustrate this example a boron 
autoradiograph of chrome-manganese steel which contains about 
20 ppm of boron is given in Fig. 2. The light areas correspond to 
a boron rich inclusion. Assume that the inclusion, Fig. 1, is cylin
drical with an area S and thickness v, which is greather than the 
range of the reaction products, i.e. charged particles. Further 
we assume here that the range of reaction products is the same in 
the inclusion and the bulk material. The signal, or the average 
track density p0(cm~2) in the area of SSNTD which does not belong 
to the image of the inclusion is given by 

p 0 = K *t + p„ (1) 
o n 

where KQ is the response of the detector to neutrons for the bulk 
material (tracks n - 1 ) , *t is the neutron exposure (cm-2) and p n 

is natural background (tracks cm" 2). It should be mentioned that 
KQ is determined by the neutron induced background due to the re
actions (n,n ), (n,p), (n,a) and (n,f) in elements, having high 
cross sections, which may be present in the specimen or the SSNTD 
itself. Natural background is mainly determined by imperfections 
in the SSNTDs which appear as tracks after etching. 

If the concentration of the element i in the inclusion is 
C^ (ppm), the average track density p (cm"2) in the image of the 
inclusion is given by 

p = #t(K0 + K ± C i) + p n (2) 
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from which the diameter of the smallest discernible inclusion R 
in an autoradiograph can be quickly estimated. Eq. (4) is valid 
when the track density is linear with neutron exposure. However, 
at high track densities there is a high probability of overlapping 
of tracks. From the track density forming the image one can calcu
late the dependence of Ko and K. on neutron exposure. It was shown 
that the theory of geometrical probability allows one to estimate 
track densities when dealing with an extensive overlapping of 
tracks. The track densities can be estimated either from the ex
pected values of the area covered by all tracks or from the number 
of isolated clusters 111. The characterics of the two counting me
thods and their applicability when dealing with automatic determi
nation of high track densities are discussed in detail 111. By 
observation of well-exposed autoradiographs we found that it is 
easy to recognize a single track in a sluster of tracks. An exam
ple is given in Fig. 3 where neutron induced background tracks in 
LR 115 SSNTD are presented. Therefore, the first method was used 
for the estimation of the response of detectors to neutrons at 
high track densities. It is shown in the Appendix that Eq. (4) may 
be modified as: 

K A-exp(-#tKodo2?0 d.2 

R2 1 — = -i_ (R+U) (5) 
l-exp(-4tKiCidr £) dQ; 

where do is the average diameter of background tracks and d. is 
the average diameter of tracks induced by reaction products of the 
element of interest. It should be pointed out that when dealing 
with high track densities the overlapping of tracks will cause 
limitation of the above formula. 

3. APPLICATIONS AND DISCUSSION 

In order to illustrate the effect of image unsharpness, con
centration of the element, track size and the background on the 
smallest discernible detail, an example as applied to the deter
mination of boron in iron is shown in Fig. 4. The parameter values 
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used were chosen in accordance with experimental results obtained 
at the NIA facility at the TRIGA Mark II reactor in Ljubljana using 
LR 115 SSNTD as described elsewhere III. The size of detail discer
nible in an autoradiograph decreases with increase in track densi
ty up to a critical value p where it begins to increase. This 
phenomenon can be explained as following. Within the limits of non
linear response the track density of the . background increase 
quicker than the effective track density in the image of the inclu
sion due to overlapping of tracks. This effect worsens the signal-
-to-noise ratio and hence the ability to discern image detail. 
By graphical derivation of the transcendent function (Eq. 5) it 
was found that the smallest detail discernible is achieved when 
~ 70 % of the image is covered by tracks. 

It is clearly demonstrated in Fig. 4a that detail smaller 
than the unsharpness can be observed if the neutron exposure is 
high enough to reach an adequate track density. The higher the 
image unsharpness, the smaller is the detail discernible in an 
autoradiograph. Figure 4b shows the variation of discernment when 
the concentration of the element is changed. Thus, the higher the 
concentration of the element the smaller the detail that may be 
recognized because the signal-to-noise ratio is improved. Figure 
4c shows how the detail that can be discerned changes as the 
track size is varied. The improvement is obtained by reducing 
the track size if an appropriate track density is chosen. Observe 
that, in the range of linear response, the discernment is indepen
dent of the track size. Figure 4d shows the variation of the 
smallest detail discernible when the response of the detector to 
neutrons is changed. The decrease of neutron induced background 
increases the recognizition of the detail, because it leads to an 
increase in signal-to-noise ratio. 

A further illustration of the model is presented in Fig. 5, 
where the relationship between neutron exposure and the minimum 
discernible boron rich particles of different intermetallic pha
ses in an aluminium matrix are shown. The values of the parameters 
employed in the calculation were taken form our previous work M/. 
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From these results one can conclude that the technique has a limit 
of detection of about 10~ 1 5 g of boron rich particles. 

Figure 6 shows the relation between neutron exposure and the 
minimum discernible particle size of primary uranium minerals; 
pitchblende and uranite xU0 2 yU0 3(x/y=l), embedded in a matrix of 
silicate minerals. The parameter values used in the calculation 
where chosen in accordance with our previous work /5/. Thus, it 
may be concluded that particles of uranium rich minerals as small 
as 1 urn can be discernible if appropriate neutron exposure is cho
sen. 

4. CONCLUSIONS 

A simplified model of the formation of the image on SSNTDs in 
NIA has been presented. An expression from which the minimum di
scernible detail can be quickly estimated, as a function of the 
main parameters in NIA, is derived. It is hoped that the model 
presented here will help as a basis to the design of NIA facili
ties and in the development of new SSNTDs suitable for auto
radiographic work, as well as in the evaluation of autoradiogra
phic results. The approximate model may be applied by the user 
to evaluate the balance of the smallest detail discernible and 
exposure time. However, experimental data, taken under well-cha
racterized circumstances are necessary to determine how well the 
simple model represents reality and to indicate how the model 
should be modified. 
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APPENDIX 

As mentioned in the text, the dependence of track density on 
neutron exposure is not linear. This deviation from expected li
near behaviour is due to the high probability of overlapping of 
tracks at high neutron exposure. Effective track density of the 
reaction products p^ f is here defined as the quotient of the 
expectioned area covered by tracks A and the average area of one 
track, i.e. one has 

A 
pief = P 2 ; pi Ao > J > 1 ( A 1 ) 

where A 0 is the observed area. Assuming that the track shapes 
are circular with a constant radius, the expection value for the 
area covered by tracks may be defined as the sum of the probabi
lity of any point within AQ being covered by at least one track 
and of area AQ, /2/, i.e. 

A p = Ao 
f 1 

P i pi Ao 1 - (1 - A (A2) 

Inserting Eq. (A2) into Eq. (Al) and taking the observed area as 
unity, the effective track density is given by 

pi 1-CL-P.) 
pief = VT ( A 3 ) 

i 

The effective track density can be given as a funciton of neutron 
exposure *t and concentration C. if we introduce the effective 
response of the detector for the element of interest, K^ f. One 
has 

Pi „ = Ki _ C. *t (A4) 
1ef -"-ef l 

Substituting Eq. (A4) into Eq. (A3) we get 
*tC iK i 

1-(1-P.) 1 X 

K i e f = i ( A 5 > 
e r * t C. P . 

l l 
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The effective response of the detector to neutrons K 0 e f can be de
rived by a similar process 

*tK0 

K o ^ = ^ - v x ~ r 0 ' (A6) _ 1-U-Pn) 
•ef " •t P 0 

where P 0 is the average area of one background track. Since the 
typical area of a track amounts to 10"9 - 10~6 cm"2, and track 
density on the autoradiographic image to 10**-108 cm - 2, Eqs. (A5) 
and (A6) may be simplified by introducing a Poisson distribution 

(1-P)P 2L exp(-Pp) { P << 1 ( A 7 ) 

\ p >> 1 

It has been shown in the text, Eq. 5, that for recognition of a 
cylindrical inclusion of diameter R we must give: 

2 K /K^ 
R2 ^ £ (R+U) (A8) 

C. K. iH /it 
i i 

Simplification of Eqs. (A5) and (A6) by a Poisson distribution and 
substitution of them into Eq. (A8), yields 

K /l-exp(-*tK0d0
2J-) d. 2 

R2 >_ — — -±- (R+U) (A9) 
l-exp(-*tKiCidi

2J) d° 

where do i s t h e d i a m e t e r of t h e background t r a c k s and d. t h e d i a 
m e t e r of t h e r e a c t i o n p r o d u c t t r a c k s of t h e e l e m e n t of i n t e r e s t . 
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where K. is the response of the detector to neutrons for the ele
ments of interest (tracksn"1 ppm" 1). The parameter K. can be cal
culated if the composition of the material, the absolute neutron 
fluencejthe range of the reaction products and the critical angles 
for recording tracks are known. Also, it can be determined expe-
rimentaly by measurement of track density under known neutron ex
posure and concentration. 

Thus, the change in the track density Ap due to the presence 
of the element i in the inclusion is given by 

Ap = K i C «t (3) 

This change will be discerned with the desired reliability if the 
change in the number of tracks in the area S is greater than the 
standard deviation in the average number of tracks in all areas 
(S + AS). Hence for recognition 

| Ap S| >_ K c /p0(S+AS) • (3) 

where K is the confidence factor and S+AS is the effective image 
of the inclusion extended due to the unsharpness U. In this connec
tion we should mention that the unsharpness of the image is main
ly determined by the range of the reaction products, the size of 
the etched tracks and the separation between the specimen and the 
detector. However, to the best of our knowledge, neither theoreti
cal nor experimental data of the image unsharpness in NIA utili
zing SSNTDs are available. The value for the confidence factor 
varies with the application. In X-ray radiography it amounts to 
between 4 and 10. Since the formation of the track-etch image is 
different from that on radiographic film, further analysis is re
quired in order to establish an appropriate value. 

Substitution of Eqs. (1) and (2) into Eq. (3)and rearrange
ment leads to the following expression 

2K /ST 
R2 >_ — 2 Q ( R + u) ( 4 ) 

C. K. /ir /Tt l l 
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Fig. 1. Schematic representation of the formation of the image of a 
cylindrical inclusion on an SSNTD in NIA with unsharpness U. 
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Fig. 2. Boron autoradiograph of 
chrome-manganeze steel. 
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Fig. 3. Effect of high neutron exposure on 
background track density in LR US SSNTD. 
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Fe-matrix for varying a) image unsharpness, b) concentration of boron, 
c) track size and d) neutron induced background. 
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