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INTRODUCTION 
The Bureau of Radiation and Medical devices has provided 

neutron dosimetry services for Canadian industrial and research 
applications since the late 1960's. The programme used a nuclear 
emulsion film, Kodak NTA, as the personal dosimeter. Despite its 
two principle shortcomings, that of a relatively high energy 
threshold, approximately 700 keV, and highly labour intensive 
analysis technique, there was little else conveniently available 
for use. For quite a number of years we pursued, as did many 
laboratories, the possibilities of developing an albedo dosimeter 
based on paired thermoluminescent elements in some form of 
cadmium and plastic encapsulation. Some promise has been shown 
by this method and several major laboratories have designed and 
are currently using albedo dosimeters. At the first symposium on 
Personnel Radiation Dosimetry held in Knoxville in 1984, Dale 
Hankins of the Lawrence Livermore Laboratories, in his 
paper entitled, Improvements in the Etching of CR-39 For Large 
Scale Neutron Dosimetry, reported on his laboratories work with 
the polycarbonate, CR-39. Using this paper as a start and 
following up on similar work by W.G. Cross at the Chalk River 
Nuclear Laboratories, we have developed a replacement dosimeter. 
This paper will describe the principle features of the system 
introduced into routine use in Canada in October 1987. 

SYSTEM DESCRIPTION 
1) CR-39 Element Description 

The CR-39 elements are cut from 50 cm x 65 cm sheets of the 
plastic which were purchased from American Acrylics and Plastics 
Inc. (1) When the sheets are received from the supplier, they 
are then sent out to be laser cut into 20 mm x 20 mm pieces. (2) 
One initial problem that needed to be addressed, was the 
labelling of the individual elements. It was proposed to use a 
bar code label attached to each element for identification 
purposes, but after trying numerous labels, adhesives, and 
surface protecting layers, this idea was discarded. None of the 
labels tried would stand up to the harsh processing conditions 
required for developing the damage tracks. It was then decided 
to develop a technique at the laser cutting stage to laser scribe 
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the elements on the back face so that they could be read from the 
front. 

Once the elements have been numbered, they are then wrapped 
in heat shrink plastic tubing to provide a polyethylene layer 
which acts as a proton radiator for the energy spectrum which we 
are interested in covering. To make the scribed element I.D. 
number more visible, a piece of ordinary bond paper is placed in 
between the back of the CR-39 element and the heat shrink 
plastic. 
2) Etch Chambers 

We have designed our own etch chambers. They hold 36 CR-39 
elements and are intended to allow etching of both faces of the 
CR-39 at the same time. The chambers are made of Lucite, with 
both halves serving as liquid electrodes. The chambers are very 
easy to assemble. Instead of "0" r ings being used to form the 
seal, we have used rubber grommets which provide a larger surface 
area to maintain the integrity of both sides of a sealed cell. 
The opening in the grommet allows an area of 1.3 cm2 to be 
etched. The power supply originally used for etching was one 
built by A.E.C.L. (Model AEP 5366). We were able to test 
different etching procedures at two fixed frequencies, 60 and 
2000 Hz, and variable voltages. Once the protocol which we were 
to use had bnen established, it became necessary to investigate 
power supplies of greater capacitance. The A.E.C.L. power supply 
could only simultaneously drive two of our cells in the 2000 Hz 
mode. As it was necessary for us to use a minimum of 4 cells per 
day this would be unsatisfactory. We decided to use the 
programmable power supply made by Homann-Bell (Model CR1200B) 
which we calculated could supply the necessary amperage to 10 of 
our cells. As a result we realize substantial savings of costs 
and the time required to set up on a daily basis. It is very 
simple to operate and program the etching procedures, using the 
HP-41CX programmable calculator, which acts as the controller. 

The only difficulties in using our cells is the pressure 
plate must be torqued down to an even pressure to ensure constant 
pressure over all the CR-39 elements. This is to prevent 
distortion, and a "blistering" effect on the surface of the CR-39 
elements, which gives rise to an abnormally high background 
count. 
3) Etching Procedure 

The protocol used has three stages, the parameters of which 
are listed in Table 1. These settings were chosen to give a flat 
response curve over the energy range in which we were interested. 
The preliminary work was done in conjunction with a group at 
A.E.C.L. (3) as they had already established a working protocol 
which was appropriate for our objectives. Also, the chosen 
protocol closely resembles that which is reported by Dale 
Hankins, et al(4). As there had been quite a bit of development 
work done by these two laboratories using this technique, it was 
a simple matter to repeat the preliminary work to gain 
familiarity with it and thus, decrease our own development time. 
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It should be noted that in the original protocol, times for 
the first and second stages were respectively S5 hour and 15 
minutes longer than those shown in Table 1. It was found through 
tests that decreasing the times by the above values made no 
difference to the background count nor to the sensitivity. Also 
in the development stage, an overnight humidity bath was used to 
eliminate any effect brought on by humidity differences during 
exposures. But again, as no discernible humidity effect was 
evident in the energy range of interest, this step was dropped. 
Through discussions with scientists at A.E.C.L., they concurred 
with our findings, and indicated that they had found similar 
results at lower energies. They were quick to point out that 
humidity does have an effect at energies higher than 5 MeV. 

Table 1 
Pre-Etch 1st Stage 2nd Stage 

KOH Normality 6.0 
Voltage 0 
Frequency 0 
Time 1 hour 
Temperature 60°C 

6.0 
1100 
60 Hz 
4.5 hours 
60° C 

6.0 
1100 
2000 Hz 
45 min. 
6O0C 

The chemical pre-etch stage is done to decrease the 
background count of the CR-39 elements by removing any surface 
flaws which might contribute to the count. The first 
Electro-Chemical Etching (ECE) stage forms the damage tracks in 
the plastic, while the second stage, the "Blow-Up" stage, 
increases the size of the holes thus allowing an automated 
counting method to be used. 

The CR-39 elements are chemically pre-etched, and allowed to 
air dry before putting them into the cells and assembling the two 
halves. They are then placed into an oven and held at 6O0C 
overnight (minimum 16 hours). The next morning, the cells are 
filled with KOH and electrodes inserted into each side. The 
power supply is attached and the control unit set to run for the 
5 \ hour program. Once the cells have been disassembled, rinsed 
and dried, they are then reassembled with the dosimeters for the 
next day's etching and the sequence is repeated. 
4) Counting Apparatus 

During the development stage of the project, we were using a 
commercial colony counter for counting the number of damage 
tracks. We have since purchased an Image Analysis software 
package from Gade-Data (5). This system allows us to snap an 
image from the microscope, store a binary image in the memory 
buffer of the image analysis board, and count the number of 
damage tracks per field of view. The complete list of hardware 
and software which we are currently using is listed in Table 2. 
An approximate value for the setup as listed is $12,000 Canadian. 
This does not include the microscope, which we had previously 
purchased. 
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Table 2 

Computer Zenith Z-248 IBM AT compatible? 20 Megabyte 
Hard Drive; 360 K 5.25 Floppy Disk Drive; 
1.2 Megabyte 5.25 Floppy Disk Drive; Zenith ZVM 
1240 Monochrome Monitor; Intel 80287 Math 
Coprocessor 

Additional 
Hardware 

PCVISION-PLUS Framer Grabber (6) 
NEC Mulitsync RGB Monitor 

Software Gade-Data GIPS Image Analysis Program 
Ryan-McFarlan Fortran 

Microscope 
Camera COHU 4810 Solid-State CCD (7) 

Nikon Apophot 
Magnicauioa used: 2.5 x before Camera Optics 

The CR-39 elements are placed on the stage of the microscope 
and two areas of 3 mm x 4 mm are counted and the average taken to 
give the value for the element. Once, the counts have been taken, 
the plague ID and the counts are stored on diskette for 
processing and later reporting. 

Figure 1 shows the characteristics of the counting 
system versus manual counting. It should be noted that there is 
an upper limit to the linearity of the counting system, a point 
after which the number of tracks detected by the system 
saturates. In typical exposure ranges (0-20 mSv) the response of 
the system is linear. The system's error in counting the same 
field of view is less than 0.1%. Reproducibility of the system 
is, therefore, extremely good. 

The time required to count a single element depends on the 
number of damage tracks in the field of view, but a typical time 
is about 30 seconds to count 2 fields of view. 

Since we etch both sides of the plastic, and use such low 
magnification in reading the elements, the system sometimes sees 
one damage track where there is actually two, one on the top 
surface, and another directly underneath on the bottom surface. 
We have assumed that the number of overlapping tracks is constant 
from element to element, and as such have included these tracks 
as part of the response curve. This is the only weakness of the 
present system. 
BADGE CONFIGURATION 

One of the objectives when this project first started out 
was to use one holder for both the regular service Beta/Gamma TLD 
dosimeters and the new CR-39 dosimeter. See Figure 2. After 
several tests, it was determined that we could put the CR-39 
dosimeter behind our existing TLD dosimeter without any change in 
the response characteristics of the CR-39. 

99 



BACKGROUND PROBLEMS 

We found during the initial field testing of the CR-39 
dosimeter that there was a difference in background from group to 
group. Most of these differences are due to the storage 
techniques used at each location ie, the dosimeters could be 
stored directly outside the exposure room, thus receiving a dose 
over long periods of time. These dosimeters would all have 
positive responses, while as it turns out, nobody had actually 
used neutron sources over the monitoring period. 

Another variation in the background is due to the 
difference in the sheets of CR-39 received from the manufacturer. 
Each sheet is tested for a background count before being sent for 
cutting and numbering, and the sheets with similar backgrounds 
are used for dosimeters. 

There has been one other contribution to the background 
count of the CR-39, and that is exposure to ambient light(8). 
Dosimeters left in a lighted room for extended periods of time 
have an increased background count. 

To compensate for these problems, we have started issuing 
control dosimeters. The control is to be stored in the same 
location as the group's dosimeters, thus compensating for any 
erroneous exposures, any differences in handling, or difference 
in the original CR-39 sheet. All dose determinations are based 
on an individuals dosimeter compared to the control dosimeter. 
RESPONSE CHARACTERISTICS 

Angular Response 

As others have shown (9,10), there is a certain angular 
dependance of the response of the CR-39. Figure 3 shows the 
angular response of our badge configuration. Note that at angles 
of incidence less than 45 degrees from the surface of the 
dosimeter, the response of the dosimeters drops suddenly. 

We have taken 45 degrees as the angle above which there is 
no further response. Our sensitivity is determined then as the 
average of the response at the 90 and 45 degree exposures. 
Energy Response 

The CR-39 dosimeter was exposed to protons of varying 
energies to determine the energy response of the dosimeter. 
Figure 4 shows the results of these tests. 

The response curve of the dosimeter over the range we were 
interested in, 0.1 - 3.0 MeV, is fairly flat. 
Linearity 

Figure 5 shows the linear response of the CR-39 dosimeter 
when exposed to a Pu/Be source. These exposures were done for us 
by A.E.C.L. The response of the dosimeter is linear up to about 
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4.0 mSv after which the sensitivity drops off. A large 
contributing factor is the nonlinearity of the counting system 
above this exposure. Manual counting extends the linearity of 
the system to much higher exposures. For evaluation of high 
exposures, we use the image produced by a microfiche reader and 
count a predetermined area using a touch sensitive pen connected 
to a counter. 

The sensitivity of the CR-39 dosimeter is 6.75 Tracks/cm2/ 
10 (iSv. 

CR-39 DOSIMETER VS. KODAK NTA FILM. 
The following table outlines the differences between the 

CR-39 Dosimeter and the previously used Kodak NTA Film. 
Table 3 

Sensitivity 
Fading 
Energy Range 
Gamma Sensitivity 
Lower Limit 
Upper Limit 
Thermal Neutron 

Sensitivity 
Processing 
Reading 

CR-39 
6.75 Tracks/cm2 

/10 jiSv 
None 

0.1 - 3.0 MeV 
None 

0.20 mSv @95% 
confidence limit 
4.0 mSv (auto) 
10.0 mSv (manual) 

None 
Automatic 
Automatic 
(30 sec/element) 

NTA 
1.6l/mm2=10 p,Sv 
20% reduction at 

4 weeks 
0.7 - 14 MeV 
Very Sensitive 
0.20 mSv @50% 
confidence limit 
5•0 mSv (manual) 
Sensitive under 
filtered conditions 
Manual 
Manual 
(1+ min/element) 

FUTURE STUDIES 

Of current concern is the background variation from sheet to 
sheet of CR-39, and the background induced from external 
variables. The next stage of the development is to modify the 
etching technique to etch only the "low" background side of the 
plastic. Wanting to continue to use the same etching apparatus, 
it should be a simple matter to fill one side of the etching cell 
with water rather than KOH- This is going to take some time as 
new calibration curves are required, and characterization of the 
system must be fully investigated. 

Several other laboratories are investigating other sources 
of CR-39 plastic. One such supplier who has been supplying 
sheets of CR-39 with reported low backgrounds is Pershore 
Moldings, Pershore, England. The University of Bristol, also in 
the United Kingdom, is another. Both materials are to be 
investigated. 

Another area of interest, is the expansion of the energy 
range of the dosimeter by modifying the etching parameters to 
extend sensitivty to energies higher than 3.0 MeV. This could 
prove helpful in special applications. 
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Lastly, the CR-39 has been investigated as a thermal neutron 
detector. By placing a substance containing Boron compounds on 
the back side of the detector, a highly sensitive thermal 
neutron detector is possible. This technique may serve, as well, 
for confirmation of doses received from fast neutrons. 
DISCUSSION 

Having completed one year of use of the new dosimeter we 
feel confident of its suitability as the chosen replacement for 
the nuclear emulsion neutron dosimeter. For the most part, 
comments from the users have been favourable. As stated above 
there is a need to -itinue work improving the inherent 
background of the ...dcerial and system. Once these aspects are 
optimized we will have completed our initial assignment, having 
developed and implemented an efficient, reliable and easy to use 
personal neutron dosimeter. 
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FIGURE 1 

MANUAL COUNTING VERSUS AUTOMATIC COUNTING 
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FIGURE 2 
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FIGURE 3 
ANGULAR HESPONSE OF CR-39 DOSIMETER 

ANGLE OF INCIDENCE 
ERROR BARS ARE TOO SMALL FOR THE SCALE USED 

FIGURE 4 
ENERGY RESPONSE CURVE OF CR-39 DOSIMETER 

ENERGY (MeV) 
ALL EXPOSURES ARE AT 90 DEGREES INCIDENT TO THE DOSIMETER 



FIGURE 5 
DOSE RESPONSE CURVE OF CR-39 DOSIMETER 
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