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DE87 009579 INTRODUCTION 
Most exposures to radiation are measured using either film or TLD badges 

because they provide a reasonably accurate dose evaluation and are convenient 
to use in dosimetry systeas Involving large miabers of users. Other aethods 
being used for dose measurement include pocket Ionization chaabers, personal 
alara dosimeters, radiophotolualnescenoe (glass dosiaeters), and thermo-
stiaulated electron emission (TSEE). 

A large part of this presentation, however, will be a description of 
CR-39 plastic as a personnel neutron dosimeter. Recent research at LLNL and 
elsewhere has resulted in the development of a dosimetry system that is 
superior to any personnel neutron dosimeter previously available. The DOE aay 
be requiring all of its facilities to use a CR-39 personnel neutron doslaetry 
system, and I anticipate that this doslaetry system will also be used 
extensively elsewhere. Therefore, you should be aware of the recent changes 
and improvements that have been made in CR-39 personnel neutron dosimetry. I 
will describe the features of the dosimetry system and the new etching 
procedures and techniques In detail. Most of the research I will be 
discussing was done at the LLNL and has been supported as a part of the DOE 
Neutron Dosimetry Upgrade Program. 

POCKET IONIZATION CHAMBERS 
Pocket ionization chambers or pencil dosimeters have been used 

extensively for many years (At69), and they will undoubtedly be used for many 
more years. They are air-filled condenser chambers designed to be sensitive 
to a desired type of radiation. The chaabers may be of direct reading or 
indirect reading type. The direct reading type is most popular and contains a 
small microscope and reticle that views a aoveable quartz fiber. The indirect 
type requires a separate reader to determine the dose. Both chambers consist 
of a capacitor and an ionization chamber. The ionization chamber and the 
capacitor are connected, and both are discharged by the ionization of the air 
In the chamber when exposed to radiation. This causes a decrease In the 
charge that is proportional to the exposure or approximates the tissue dose. 
Usually the chaabers are charged and evaluated each tlae they are used. The 
self- reading chaabers have the added advantage that the wearer can read the 
dosiaeter to determine the amount of exposure he has received at any time. 

Gaaaa and x-ray chaabers are the most frequently used type of chamber. 
The low energy cut off of the gaaaa and x-ray chaabers aade by different 
manufactures may vary, and if low energy x-rays are present, a chamber must be 
selected that has an appropriate energy dependence. Other chambers are 
available for measuring the dose from thermal neutrons, fast neutrons, gaaaa 
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and x-rays, and In some cases beta particles. The thermal neutron chambers 
are not used extensively because, In most cases, the thermal neutron component 
of the dose is small. The fast neutron dosimeters have a tissue equivalent 
liner with the scale reading In rads. This chamber also responds to the gamma 
ray dose and must therefore be "paired" with a chamber that is insensitive to 
neutrons. Both chambers must have the same sensitivity to gamma rays. The 
difference In the reading? of these chambers is determined and the neutron 
component converted to rems, usually by applying a QF value of ten. 
Unfortunately, the neutron chambers are not very sensitive to neutrons, and 
the chambers have not been used extensively. Chambers designed to measure 
beta particles have been built, but to be sensitive to low-energy betas, these 
chambers must have thin walls. The walls of the chambers are therefore weak 
and subject to damage by crushing, puncturing, or bending, and these beta 
chambers also have not been used extensively. 

The self-reading pocket or pencil chambers are usually worn in radiation 
areas as a secondary dosimeter to enable the wearer to determine at any time 
the dose he has received. The dose range of the pocket chambers vary, and so 
care must be taken in the selection of a chamber that will cover the expected 
range. If the chamber is exposed beyond its range, the reading will be 
lost. Frequently, two chambers with different ranges will be issued if the 
expected exposure can not be predicted accurately. The chambers are 
sensitive to shock, such as dropping, and this can also cause the reading to 
be lost. Leakage of insulators sometimes occurs, resulting in a steady 
increase in the reading of the chamber. If the chambers have different 
sensitivities, individual calibration factors for each chamber are determined 
and must be applied to the dosimeter readings. 

Recently, automatic readers have become available to use with these 
dosimeters. These readers usually display the reading of the self-reading 
chambers on a video terminal. The reading can be determined either visually 
or electronically. Bar coding is used to identify the wearer of the 
dosimeter. If desired, these readers can be connected directly to the 
computer that stores the exposure records. This eliminates potential errors 
associated with manually reading and recording the dosimeter reading. 

CHIRPBRS AMD POCKET ALARM METERS 
The chirper is not a dosimeter since it cannot be used to measure the 

dose an individual receives. It is discussed here because it led to the later 
development of pocket alarm meters. The chirper is a small, battery-powered 
radiation detection instrument that gives a audible alarm (chirp, beep, or 
squawk) occurring at a rate proportional to the dose rate. Usually the 
detector is a peanut CM tube, and therefore the instruments are only sensitive 
to gamma and x-rays having energies above about 100 keV. Unlike the pocket 
dosimeters discussed above, the chirper alerts the wearer to changes in the 
dose rate and gives him an approximate indication of the dose rate. They are 
especially useful in areas where high radiation fields may be suddenly or 
unexpectedly encountered. Their disadvantages are that some wearers become 
annoyed with the constant chirping and that the chirping may not be heard in 
an area where the noise level is too high. Sometimes the latter problem can 
be solved by placing the chirper in the shirt pocket or by using a chirper 



with a louder or adjustable sound level. Inside some reactors, however, the 
noise level is too high to make them useful. Many types of chirpers have been 
designed, with most being worn on the individuals belt. 

As electronic technology has improved over the years, more sophisticated 
dosimeters have been developed that not only provide an audible alarm but can 
also display the dose rate and record the dose the Individual receives. Some 
of these units (alarm dosimeters) will give an acoustic alarm and an optical 
indication when the dose exceeds a preset dose level. One company makes a 
dosimeter with a small radio transmitter that allows the dose rate and doae to 
be monitored remotely. Unlike the pocket dosimeters, the dose range of some 
of these units is variable and can be selected by the user. One company 
provides a unit with two GM probes having different sensitivities to cover a 
larger dose rate range. Another company uses a silicon semiconductor to 
provide larger dose range and to permit operation at lower voltages. 

The alarm dosimeters are battery operated and have a limited useful life 
without recharging. They are only useful for gamma and x-rays. Some of these 
dosimeters can be read by a reader that puts the information on the 
individual's dose directly into the computer used for dose records. 

RADIOPHOTOLUHINESCENCE (GLASS) DOSIMETERS 
When certain types of glass are irradiated, absorption bands in the near 

ultraviolet region are produced. When the glass is illuminated with 
ultraviolet light, a visible luminescence is produced. A detector sensitive 
to light at this wavelength is used to quantitatively measure the light being 
emitted. Considerable research has been done to develop dosimeter systems 
using glass rods or blocks as personnel dosimeters (Be73). 

The main advantages of glass dosimeters are the reliability of individual 
dose readings and the permanence of the radiation effect, which permits an 
unlimited number of remeasureaents or interim measurements during dose 
integration. A glass dosimeter is assigned to a person who continues to use 
the same dosimeter throughout his or her employment or until his or her dose 
reaches a high level. This requires that the dosimeter be read at night or 
during the workday, creating some handling and logistical problems. Glass 
dosimeters do not have the supralinearlty in dose response that Is found with 
TLDs at high doses. 

Glass dosimeters have a number of disadvantages which la why they are not 
being used extensively today. The light output from the glass is not 
proportional to the tissue dose because the glasses used are made of high Z 
material. This requires the use of energy-compensating shields to make the 
dosimeters response proportional to the tissue dose. Automation of the 
dosimeter system is not possible because the energy compensating shields 
interfere and because it Is necessary to carefully clean each piece of glass 
before each reading. The glass has to be carefully positioned in the reader 
to obtain good accuracy, particularly in the low-dose range. Identification 
of each glass must be assured, which usually means that the dosimeter must be 
reloaded into the badge immediately after reading. The first glass rods that 
were used were subject to serious temperature dependent fading, and although 
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improved glasses were developed, this problem was never completely solved. 
Finally, they are arfected by extremely high humidity, which forms a sticky 
layer on the glass that must be removed before they are read, although this is 
not too important for most applications. 

Radiophotoluminescent dosimetry is not being used in personnel dosimeters 
In the United States. The only glass dosimeters you are likely to encounter 
will be in some of the older critioallty accident dosimeters that were placed 
in service several years ago. Glass dosimeters are still being used routinely 
in Germany and possibly elsewhere. 

TSEE DOSIMETERS 

Exo-electron emission la the effect of structure- dependent emission of 
low-energy electrons, which occurs from surfaces of many insulating solids at 
temperatures well below those at which thermionic emission takes place. This 
emission of electrons can be caused by several processes; the only important 
one fo.* dosimetry applications is thermal heating —hence the name 
thermostimulated electron emission (TSEE). Considerable research was done to 
develop TSEE dosimeters around 1970 (Be73). Special counters were designed, 
and a large number of possible materials were studied, including the materials 
used as TLD dosimeters. It was hoped that TSEE would be an active competitor 
with TLDs as a personnel dosimeter. Unfortunately, many of the problems In 
the TSEE technology could not be solved as easily as those for TLDs. A major 
difficulty was that a TSEE material with good reproducibility could not be 
mass produced. Problems encountered included fading, lack of linearity with 
dose, energy dependence that was not tissue equivalent, and since, TSEE is a 
surface phenomenon, erratic readings are caused by moisture and dirt. 

Some of the materials that have been studied are very sensitive and would 
be especially useful in environmental programs where very small doses must be 
measured. Another potential application of this type of dosimeter was in beta 
dosimetry. TSEE is a surface phenomenon and therefore is ideal for the 
measurement of beta particles. The fast neutron response (recoil protons) of 
TSEE was investigated and found to be too low for personnel dosimetry 
application. 

TSEE dosimeters were produced to a limited extent in Germany, France and 
the USSR. Nothing that would indicate that TSEE will become a competitor with 
TLDs has been reported resently in the literature. Apparently only the French 
are continuing to do research on TSEE technology at this time. With the 
renewed Interest in beta dosimetry that exists today, there may be additional 
development work on TSEE In the near future. 

PERSOHHEL MEuTROW DOSIMETRY. USIMC CR-39 PLASTIC 
Introduction 

CR-39 plastic is a thermally set plastic made from monomen allyl diglycol 
carbonate. Unlike other plastics it has the unique feature that when etched 
with a caustic It responds to recoil protons. When a CR-39 dosimeter is 
exposed to neutrons, the neutrons produce recoil protons by interactions with 
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either the plastic badge holder, a polyethylene protective layer that is used 
over the CR-39, or in the CR-39 Itself. These p-otons damaged the CR-39 
plastic by breaking chemical bonds along the path of the proton. When etched 
with a KOH or NaOH solution, these damaged areas etch more rapidly than the 
surface of the foil. This results in a small hole or track in the foil which 
follows the path of the proton. The process is similar to that occurring with 
polycarbonate plastics. Polycarbonates do not respond to recoil protons and 
therefore are only sensitive to recoil carbon and oxygen atoms. This limits 
the sensitivity of polycarbonates to neutrons having energies above about 
1.5 MeV. 

The discovery that CR-39 plastic could be used to detect recoil protons 
immediately led to it being considered as a personnel neutron dosimeter. 
Studies were made at a number of U.S. and foreign laboratories. The first 
studies used chemical etching procedures and the results were evaluated using 
a microscope. One dosimetry supplier in the U.S. offers a chemically etched 
CR-39 dosimetry service. To obtain larger track sizes, electrochemical 
etching procedures were developed. In electrochemical etching an AC high 
voltage Is applied across the foil during etching to enhance the etching 
process. The larger tracks that are produced can be counted using an 
automated reader such as the colony counters used in biological studies. 

There were a number of technical problems that needed to be resolved 
before electrochemically etched CR-39 could be used as a personnel 
dosimeter. Because it recognized the potential or CR-39 as a personnel 
dosimeter the DOE provided research funding. The goal of this research has 
been the development of a dosimetry system that uses electrochemical etching, 
semiautomatic reading, and an improved energy dependence that approximates the 
dose equivalent response more closely than other dosimetry techniques. Also 
desired was a dosimetry system that could be used in facilities issuing large 
numbers of badges to personnel. The electrochemical etching procedures, 
etching chambers, and evaluation procedures used previously were highly labor 
intensive and limited the number of dosimeters that could be issued. These 
difficulties have been largely overcome and in this lecture I will discuss the 
dosimetry system that was developed. 

Etch Chambers 
Before CR-39 foils could be used in large scale dosimetry programs, it 

was necessary to develop etch chambers that could simultaneously 
electrochemically etch a number of foils. Etch chambers that can handle 8 or 
24 foils simultaneously have been built from a design by Hoaann (Ha85a). The 
luaite chambers have the added feature of having only one liquid electrode, 
with the second electrode bJing aluminum foil or plate. The chambers are 
convenient to handle, and several chambers can be processed at the same time 
with a single power supply. These chambers were designed to be used in an 
oven at elevated temperatures. A drawing of the 8-cell chamber is shown in 
Fig. 1. These chambers are very reliable and have been used repeatedly with 
success for more than a year. 
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Etching Procedure 
The etch chambers are placed overnight in a oven maintained at 60<IC. The 

following morning, 60°C KOH Is added to the chamber, and the first etch step 
is started. We use a power supply manufactured by Homann-Bell that Is capable 
of providing power to four of the 2t-cell etoh chambers (Ho85). The power 
supply Is programmed with a HP-MlCX calculator to provide selected voltages, 
frequencies, and times. The second step, which we call blow-up, is very 
Important because it increases the size of the tracks that exist at the end of 
the first etch step, making them much larger and more uniform in size. This 
greatly Improves the precision that can be attained with the track reader 
(Biotran automated colony counter) (Gr83) because the tracks are large in 
comparison to imperfections, dirt, scratches, etc. often present on the CR-39 
foils. The background from the foils is reduced by Increasing the track-size 
threshold on the reader, which allows us to discriminate against most of these 
small imperfections. The precision of the Biotran results is usually within 
±1J for repeated readings of the same foil. The post etch is discussed in the 
following section. Table 1 shows the etching parameters that are presently 
being used. 

Effect of Various Etching Parameters 
We studied the effect that changes In the various etching parameters have 

on the results obtained. We found that small changes in frequency and high 
voltage have little effect on the track density. Oven temperature and etching 
time are important, however, and must be carefully controlled. For example, 
we found that at 60°C the effect of temperature variations on track density is 
about 8J for each degree centigrade, and the track density is a linear 
function of the the total etching tine for etching times up to 5 hours. 

The track density is affected by variations in the foil thickness, with a 
1 mil (0.001 inch) change in foil thickness (normally 25 mils) causing a It 
change in the track density. Thicker foils have fewer tracks and thinner 
foils more. Before we changed our etching procedure to place the cells in the 
oven overnight prior to etching, the correction for foil thickness was closer 
to 3t per mil of foil thickness, and a correction factor had to be applied to 
the results obtained. Now, no correction is required because most of the 
sheets of CR-39 received recently from American Acrylics have thickness 
variations of less than 2 mils from the specified thickness of 25 mils. 

The track density is also affected by KOH normality, but if 6.5N is used, 
small changes (up to 0.25N) have no effect on the results obtained. 

If the time used in the first etch step is changed from the 5 hours 
specified in Table 1, a change must also be made in the second stage, or blow
up. For example, if the first step is reduced to 2 hours, the blow-up must be 
increased to 45 minutes. We use a 15 minute post etch that makes the tracks 
rounder and therefore less ragged-. This has no effect on the evaluation of 
the track density but allows some flexibility in time at which the etch 
chambers must be removed from the oven and is especially helpful if a number 
of chambers are being etched simultaneously. At 30 minutes, however, the 
track quality begins to change, and therefore the foils should be removed from 
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the etch chamber within 25 minutes after the completion of the etch cycle. 
The selection of 5 hours for the first etch cycle was made to provide an 
etching procedure that would be compatible with the normal 8-hour workday. 
Etching times longer than 5 hours require that the blow-up time be reduced to 
a point at which good quality tracks are not obtained, and if etch times 
shorter than 2 hours are used, the same problem occurs. Therefore, we 
recommend the time of the first etching step be between 2 and 5 hours, with 
the blow-up time being adjusted to give good track quality. 

Energy Dependence. 
The energy dependence of CR-39 foils when electrochemically etched at 

high frequency (2 kHz) and room temperature is shown in Fig. 2 (Gr80). The 
response of the CR-39 foils changes greatly with neutron energy, and 
consequently • dose measurement can be greatly in error if the neutron 
energies are different than the energies used for calibration. Chemical 
etching at room temperature gives an energy dependence very similar to that 
obtained with high-frequency electrochemical etching. The desired energy 
dependence is a flat response for all neutron energies. Tommasino found that 
a relatively flat energy dependence can be obtained if the etching process is 
performed in an oven operating at 60*C and the frequency of the high voltage 
is 50 Hz (To81). The energy response that we obtain with electrochemical 
etching using 60 Hz and a temperature of 60*C, is shown in Fig. 3. This 
curve, was drawn from results obtained using the Van de Graaff accelerator at 
the Los Alamos National Laboratory, and shows an energy dependence that is 
essentially flat from about 80 keV to 4.0 HeV. The response to neutrons in the 
13 to 16 MeV range is not shown in Fig. 3 but is lower than the flat portion 
by a factor of about 3 (Ha85). The CR-39 does not respond to neutrons from 
thermal energies below about 50 keV. 

Performance of the Dosimeter System 
Our dosimetry system is linear up to 150 mrem and can be corrected for 

doses up to 2 rem. The linearity is a function of the number of tracks/cm2 on 
the foil and can be extended to higher doses by reducing the etch time or 
changing some of the other etching parameters to produce fewer tracks, if 
this is done, the limit of sensitivity for low doses is increased. Our 
present CR-39 dosimeters and etching procedure results in a sensitivity of 
about 6 traoks/mrem. This gives us a lower limit of approximately 10 mrem for 
the dosimeter system (when 3 foils are used). The track density of foils 
exposed to 100 mrem has a standard deviation between 3 and 5K; this varies 
with the sheet of CR-39 material being used. The background track density 
also varies with each sheet but typically Is about 8 mrem for new sheets 
(standard deviation of about 30<). This background Increases with time, in 
part from the environmental neutron background. 

Several fading studies have been performed Indicating that fading is a 
function of storage conditions (Ha86). Fading is more rapid at elevated ' 
temperatures and for exposure to UV light. For normal wearing conditions, 
fading is not a problem and should not be more than about 2 to 3$ per month. 
Dosimeters that are changed only at 6-month intervals would require little 
correction for fading. 
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The directional response of the CR-39 foils Is shown In Fig. H. The 
sensitivity of the foils to neutrons drops rapidly for high angles of neutron 
Incidence. The resulting directional response Is poor and is the major 
disadvantage of the dosimeter. This response results from the recoil protons 
being predominantly directed forward and when the neutrons impinge on the 
badge at high angles the damaged area in the plastic is too flat to cause a 
track to develop. We apply a correction factor of 1.2 to our dosimeter 
results to partially compensate for the directional response. This factor 
assumes that all the neutrons have an angle of incidence to the worker of 
about 20 degrees. The dosimeter would overrespond by a maximum of 201 to 
neutrons impinging at angles less than 20 degrees but the error in the dose 
for neutrons impinging at the higher angles is reduced vhen this factor is 
applied. 

Dosimeter Application 
We have used CR-39 foils at the LLNL as our personnel neutron dosimeter 

for over a year. We modified our Panasonic TLD badge holder to accommodate 
three CR-39 foils. The foils are positioned behind the TLDs where they are 
not exposed to light. Only one of the three CR-39 foils is etched and 
evaluated initially. If the track density from this foil Indicates a positive 
exposure (about 6 mrem or greater), the other two foils are etched and 
evaluated. The average reading is then used to assign the dose. The decision 
to place three foils in each dosimeter was made when the quality of the CR-39 
material was poor and we occasionally had foils with very high background 
track densities. The newer foils do not have this problem, but we still use 
three foils to give us better statistics at the lower doses. 

The minimum cost to set up a dosimetry system similar to ours would be 
about $25,000. The major expense items are: an oven with a good temperature 
controller, a power supply, a Biotran or equivalent optical counting system, a 
microscope, etch chambers, and a refrigerator for storage of new foils. 
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table 1. Recoamended Etching Paranatars 

Etching Blow up Post Etoh 
High voltage 3000 volts 2700 volts 0 

Frequency 60 Ha 2.0 kHz 0 
Temperature 60»C* 60"C 60»C 
Tine 5 hours 23 mln b about 15 Bin 
KOH normality 6.5N 6.5N 6.5N 

* The etch chambers and KOH aust be left in the oven overnight (or weekend). 
b No adjustment for foil thickness is required if the foils are within 3 mil 
of 25 ails. 
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Figure 1. Drawing of th« 8-cell , Hoaann type etch chaabar. This chaaber 
atchas 8 CR-39 foils simultaneously and can be used In an oven at 60*C. Etch 
chaabers that will etch 21 fo i l s are also available. 
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Figure 2. Enerfy dependence of CR-39 fo i l s using a chealcal pre-etch followed 
by high-frequency electrochemical etching. 
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