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ABSTRACT 

The ratio of the track-etch rate to the bulk-etch rate for hydrogen, carbon and oxygen 
ions was studied for the CR-39 detector with addition of dioctylphthalate. The response was 
reconstructed from etch-pit growth curves obtained by the multi-step etching technique. A 
theoretical analysis of the correctness of the method due to the "missing track segment" is 
assessed and utilisation of the results obtained for the calibration of fast neutron dosimetry is 
discussed. 

 

1 INTRODUCTION 

A Solid State Nuclear Track Detector (SSNTD) employs chemical etching to reveal the 
damage done within a solid material by passage of a charged particle. The tracks on the 
detector surface are usually examined with an optical microscope or with the help of an 
automatic track analysis system. One of the important applications of SSNTDs is neutron 
dosimetry [1,2,3]. For this purpose, converters made from fissile or hydrogen-rich materials 
are used to enhance neutron detection sensitivity, although nuclear recoil within the track 
detector itself often suffices.  

The fast neutron response of track detectors can be determined experimentally, but it is 
favourable to gain insight into the track formation by neutron-induced charged particles 
taking into account the bulk etch rate and the track etch rate varying along the particle 
trajectories. By knowing these rates the etched-track size and shape due to known charged 
particles can be determined and the possibility is given for the prediction of the visibility of 
tracks under the microscope. This is the basis for all response simulations, which can 
drastically reduce the number of the experimental measurements needed.  

Various techniques are employed for the measurements of the variation of the track 
etch-rate (the response) along the trajectories of ions in track detectors and a few studies for 
different CR-39 based materials have been performed [4].  
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One of the major drawbacks of SSNTDs is the strong variability of their sensitivity. 
Calibration should be performed with beams of known ions or with known neutron flux and 
spectrum. In one of the most promising techniques, the particle response function can be 
reconstructed from the etch-pit radius measured as a function of the bulk-etch [5, 6] using the 
multi-step etching technique. 

In the present paper the experimental determination of the track-etch rates for the 
hydrogen, carbon and oxygen ions (ingredients of the detector) in a new type of CR-39 with 
the addition of dioctylphthalate (DOP) [7] are presented. A calculation of the feasibility of the 
reproduction of the track-etch rate with the multi-step etching technique is carried out. The 
given results are part of the calibration study of CR-39 detector for neutron dosimetry 
purposes. 

 

2 RESPONSE FROM PIT RADIUS GROWTH CURVE 

The ratio of the track-etch rate, vt, to the bulk etch-rate, vb, is of fundamental interest for 
understanding the track formation process in SSNTDs. In the simplest way, the track etch-rate 
ratio, v = vt/vb, is determined from the track radius, r, of perpendicularly incident particles, 
measured after the etching on the detector surface using the relationship [8] 

 

v =
h + r
h - r

2 2
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where h is the removed detector layer thickness. This formula is valid only when the etch-pit 
can be described by a cone, which means that vt has to be time-independent. However, 
because the track-etch rate is correlated with the energy loss of the charged particles, a 
distinct variation of vt along the trajectory has to be expected. The variable etch-rate can be, 
however, reconstructed from the inclination of the etch-pit wall.  

The shape of an etched-track can be explained using the well-known track formation 
model based on the Huygens and Fermat principles of elementary waves [8]. As can be seen 
from figure 1 and is explained in literature [6, 9] the inclination of any part of the etch-pit 
wall is correlated with v in the centre of the revelation sphere [10] in the way 
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where φ is the angle of the etch-pit wall to the vertical. 

With the measurements of the track radii in consecutive etching steps it is only possible 
to get the information of the etch-pit wall inclination at the current intersection of the track 
with the detector surface. The relation between v and the corresponding particle residual 
range, R, is expressed by the known formula [9] 
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where β is the growth rate of r (β = dr/dh). 
 

 
 

Figure 1: Through the evolution of the etchant in the detector with the preferable direction 
along the particle track the etched track is formed. Removed detector layer thickness and etch-

pit radius are denoted by h and r. The radius of the revelation sphere, originating from the 
point (0, ξi) on the particle trajectory and intersecting the plane of the detector surface in the 

point (ri, γ) is denoted by li. The angles of the vertical to the etch-pit wall and to the 
connecting line between the origin of a revelation sphere and the detector surface plane are 

denoted by φ and α. 
 

There are however limitations to the reconstruction of the etch-rate ratio with the help 
of the above formulae. As has been found out [9], not necessarily every segment of the track 
can be linked with a value of v. In the literature [9] the problem, known as the “missing track 
segment” is treated only empirically so we will briefly give some calculational fundamentals 
for the explanation. 

 
2.1 Overlaying of revelation spheres 

As can be seen from figure 1 (and mentioned earlier), v in the point (0, ξ) can be 
deduced from the value of β in the point (r, γ) where the etch-pit wall intersects with the plane 
of the detector surface, at distance h below the original surface. It can however happen, that 
the revelation spheres, originating from two different points (0, ξ1) and (0, ξ2) would intersect 
with the detector surface in the same depth γ = h. In this case only the value of v, 
corresponding to the revelation sphere intersecting the detector surface in a circle with a 
bigger radius r, can be reproduced.  

The criterion for the reproducibility of v with the multi-step etching method can be 
stated as follows. v in the point (0, ξ1) will be revealed (through the point (r1, γ) at the 
intersection of the track wall with the detector surface) if there exist no point on the particle 
trajectory (0, ξ2) from which the corresponding revelation sphere intersects the detector 
surface in the point (r2, γ) with r2 > r1. 
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The denotations of the symbols in the following equations are shown in figure 1. The 
radius of the revelation spheres, originating from the points (0, ξ1) (in which the etch-rate is 
equal to v1) and (0, ξ2) (with an etch-rate of v2) are connected by  
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It is known [6] that the connecting line between the origin of a revelation sphere and the 
detector surface plane has an angle of )arccos( 1−= vα . Knowing this and the connection 

)sin(αlr = , the criterion r2 > r1 that the value of v(ξ1) will not be revealed due to the 
revelation sphere, originating from (0, ξ2), can be written as 
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It can be seen, that problems in the revelation of v1 can occur only if v2 > v1, what corresponds 
to an  increasing etch-rate ratio v with decreasing residual range R, which is indeed the case in 
most practical cases. Another conclusion of eq. (5) is that for a particle with given residual 
ratio in the point ξ1 the probability, that v1 will not be revealed decreases with increasing 
value of r. It is therefore favourable that the values of v corresponding to any value of R 
would be obtained by measuring etch-pits with small radius (small removed detector layer 
thickness) or consequently to survey only small residual range portions on the particle 
trajectory and to construct the whole curve v(R) afterwards. This makes need of irradiating the 
detectors with particles of diverse energies. The above conclusions are straight-forward and 
can be anticipated but with the eq. 5 the calculational background of the problem is for the 
first time presented in a formal way. 
 

3 EXPERIMENT 

The CR-39 detectors were exposed to perpendicularly incident protons, 12C and 16O ions 
at the Tandetron accelerator of the Jožef Stefan Institute. To achieve a satisfactory low ion 
fluence, an additional shutter was positioned into the beam line. The incident energies were 
0.6, 1.1, 1.6, 2.2and 3.2 MeV for protons and 1, 2, and 3 MeV for 12C and 16O ions. The 
fluence of the ions impinging on the detector was in the order of 105 – 3 x 105 ions/cm2.  

The study was performed for the calibration of CR-39 detectors with the addition of 
DOP produced by Intercast, Italy. The etch processing was carried out in 6.25 N NaOH, 
resulting in a bulk etch rate of vb = 1.6 µm/h. For measurements of track radii the etched 
detector sheets were examined with an automatic image analysis system TRACOS [11]. It 
was possible to measure the sizes of tracks on the digitized picture with a spatial resolution 
better than 0.12 µm. For each energy and kind of particles at least 500 particle tracks were 
examined. The etch-pit evolution was coursed on the top surface repeated etching and size 
measurements. In the case of C and O ions the etch-pits were fully over-etched at the end of 
this procedure. We obtained the growth curves of etch-pit radius as shown in figure 2. The 
growth curves were differentiated and the response was calculated as a function of the 
residual range according to the eq. (3). The correlation of the energy of the particle and the 
residual range was determined with the help of the SRIM 2000 programme [12]. The whole 
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growth curve was composed from the sections, corresponding to particles of different incident 
energies. The obtained values for the etch rate-ratio are shown in figure 3.  

With the procedure mentioned above we were able to obtain the data of v for the ions 
important in neutron dosimetry for energies up to 3.2 MeV. Further efforts should be spent to 
acquire also data for higher energy ions, especially protons, since they can take over the 
highest fraction of the incident neutron energy. An extension of the study to protons of 15 
MeV energy would be favourable for an application in fusion neutron fields.  

 
 

 
 

(a) 
 

 
 

(b) 
 

Figure 2: Etch-pit growth curves for diverse impact energies for (a) protons and (b) carbon 
and oxygen ions of different energies. 
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Figure 3: The calculated etch-rate ratio v for (a) protons and (b) carbon and oxygen ions. 
 

4 CONCLUSION 

Determination of the etch-rate ratios for protons, oxygen and carbon ions for CR-39 
detector with addition of DOP was performed. An analysis of the correctness of the multi-step 
etching method was performed and found, that it was favourable to construct the v(R) curve 
from portions on the particle trajectory. The values of v on each of the portions should be 
calculated from small values of track radii.  
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