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ABSTRACT

An electret radiation dosimeter for long—term personnel monitoring is
described. The design of this prototype (2 modified parallel—plate ionization
chamber) and the associated isothermal electret charging technique are presented.
In the charging process, an external voltage causes ions created in air by the passage
of radiation to move towards, and become trapped on, a dielectric (e g., Mylar,
Teflon) that covers the measuring electrode, forming an electret. Once the external
voltage is removed, the field across the sensitive volume is produced by the electret
charge, such that during subsequent irradiation, ions opposite in sign to those on the
electret surface are attracted to the electret thus depleting the charge layer in an
amount proportional to the exposure. Further irradiation releases the remaining
charge on the electret which is measured with an electrometer. This technique
allows the electret to be charged, used in the field, and discharged wn situ, without
dismantling the dosimeter as is required with other electret dosimeters relying on
corona charging or other forming methods. Calibration, energy dependence,
exposure range, and guard-ring effects of the dosimeter are discussed. This electret
dosimeter may prove to be a viable alternative to film dosimeters and TLDs, and is

inherently superior because the measuring medium is air.




RESUME

Un dosimétre personnel électrostatique 4 port prolongé est présenté. La
réalisation d’un prototype (une chambre d’ionisation & électrodes paralléles
modifiée) ainsi que la technique isothermale de chargement a employer y sont
décrites. Lorsqu’on charge ce dosimétre, un voltage extérieur permet au diélectrique
recouvrant I’électrode (électret) de capturer les charges ioniques créees dans la
couche d’air du dosimétre par le passage de rayonnements ionisants. Lorsqu’on
retire le voltage de chargement, le champ électrique utilisé par le volume sersible
d’air est produit par la charge déposée sur 1’électret; toute irradiation subséquente
produira une diminution de la charge de I’électret car ce dernier attire les charges
ioniques de signe opposé. La charge ainsi annulée est donc directement
proportionelle & I’exposition. La charge restante est mesurée sous irradiation a
'aide d’un électrométre. Il est donc possible de charger, d'utiliser et de décharger le
dosimétre sur place, sans le démonter, contrairement aux dosimétres électrostatiques
dont la charge électrique de 1’électret est produite par un effet de couronne ou toute
autre technique. La technique de calibration, les effets de 'anneau de garde sur le
dosimétre et I'étendue adéquate des expositions y sont démontrés. Ce decsimetre
pourrait éventuellement remplacer les dosimétres utilisant un film ou un cristal
thermoluminescent puisque le dosimétre proposé est intrinséquement supérieur car il

utilise un volume d’air pour la mesure.
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ORIGINAL CONTRIBUTION

The suitability of a new electret charging and read—out technique for use in
electret dosimetry is examined. An electret dosimeter was constructed to take full
advantage of this technique which allows the charging of the dosimeter,
measuremert of the initial charge state, use in the field, determination of the final
charge state, and the clearing of any remaining signal without requiring the
dismantling of the dosimeter, as is required with other electret dosimeters.

Various properties of the dosimeter are detailed. The exposure range is
shown to be appropriate for personnel dosimetry. Capabilities of the electrometer
read—out technique, with charge measurement accuracies of fractions of a
picocoulomb, allow minimum detectable exposures in the low milliroentgen range.
Parameters affecting the upper limit to the exposure range, extending to hundreds
of roentgen for certain dosimeter configurations, are discussed as well as the energy
dependence of the dosimeter with its relation to the electrode spacing.

Electrode edge-effects are shown to have a drastic response on the
dosimeter’s response for certain configurations. Although these effects have
generally been neglected, due to the natuie of the dosimeter’s response to
irradiation, and to limits on its physical size, it is shown that they cannot be
disregarded. Nonlinearities previously ascribed to a loss of saturation conditions
may be related to this phenomenon. An analytic method of minimizing errors due

to these nonlinearitics is presented.
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CHAPTER 1
INTRODUCTION

11  GENERAL INTRODUCTION

The ideal personnel dosimeter has yet to be developed. The thermo-
luminescent dosimeter currently in popular use is indeed a step beyond the film
dosimeter used in the past. However it is not the ideal personnel dosimeter.
Electret dosimeters are gradually overcoming developmental problems and may
prove to be the personnel dosimeter of choice in the future. This work details a
new, simpler method of charging and reading out electret dosimeters. Also
discussed are alternate explanations of some phenomena which were previously
attributed to the loss of saturation conditions. Results suggest that these
phenomena may instead be related to the spatially dependent depletion of the

electret charge layer when irradiated.

1.2  THESIS ORGANIZATION

Chapter 2 briefly describes some of the currently available personnel
dosimeters. The field of electret dosimetry is then introduced with a definition and
description of an electret and methods by which they are formed. An introductory
description of the proposed electret dosimeter follows, with a summary of its
differences from others proposed in the past. A list of references is provided at the
end of each chapter.

In Chapter 3, the construction of the electret dosimeter, the radiation sources
used, and the experimental set—up are detailed.

Chapter 4 describes the operation of the electret dosimeter beginning with a
full explanation, both descriptive and analytic, of the isotherinal charging technique

used to form the electret and the manner in which the dosimeter is discharged by
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irradiation, detailing the need for saturation conditions to exist in the regular
operation of the dosimeter. The charge/discharge curve is presented and the
calibration procedure, with the associated calibration factor, outlined. The effect of
various parameters on the sensitivity of the dosimeter is then discussed followed by
a full analysis of the exposure range limits, both maximum and minimum. This
leads to a discussion of possible problems with the charging technique associated
with radiation—induced conductivity in the polymer and other problems encountered
with virgin Teflon polymers. A discussion of the differences between voltage and
charge read—out closes the chapter.

Chapter 5 deals with a problem often neglected but unavoidable with the
electret dosimeter due to its small size — electrode edge effects. The purpose of the
guard—ring is outlined and a study is presented which outlines the drastic effect of a
decrease in size of the guard—ring on the response of the dosimeter to irradiation.
An analytic method by which to minimize the errors associated with this effect is
then presented. Upon deciding on the maximum overall size of the dosimeter, a
study is then presented which determines the ideal dosimeter corfiguration that
maximizes sensitivity while minimizing electrode edge effects. This leads to a
method by which spatial charge density information can be derived resulting in a
full explanation of the reasons for the various seemingly anomalous results observed.

Chapter 6 details the energy dependence of the dosimeter, and methods to
minimize this dependence at low, intermediate and high energies.

Chapter 7 summarizes some of the important findings and provides

suggestions for future work on the electret dosimeter.
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CHAPTER 2
PERSONNEL DOSIMETRY

2.1 INTRODUCTION

A perscnnel dosimeter is a special type of integrating dosimeter. There are
many different kinds of personnel dosimeters, but all must have certain common
features. A personnel dosimeter must be lightweight and of fairly small size so that
it is easily worn on the body and does not interfere with everyday activities. It
must be physically and electrically rugged! to endure considerable shock and
vibration while still performing reliably. Environmental effects on the dosimeter —
including different levels of, and rates of change of, humidity, temperature, and
pressure — must be minimal since the dosimeter is expected to operate reliably in a

variety of environmental ccnditions.

22 DIFFERENT PERSONNEL DOSIMETERS

Thermoluminescent dosimeters? rely on the radiation—induced lifting of
electrons and hcles into traps and their subsequent release by the application of heat
resulting in the emission of light with the amount of light being the measuring
signal. Advantages of this type of dosimetry include a very wide useful dose range,
reusability, and the capability of computer—automated read—out. Disadvantages
include lack of uniformity among TLDs requiring individual calibration, fading of
the signal, light sensitivity leading to either fading of signal or increase of signal,
and reader instability.

Film badges?, or photographic dosimeters, rely on the change in optical
density of the developed photographic film produced by irradiation.  The
disadvantages of this type of dosimetry are numerous including the requirement of

careful control of the wet—chemical development process, a large energy dependence,
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and the problem of solarization, where the optical density begins to decrease at large

doses leading to ambiguity as to the determination of dose.

Chemical dosimeters¢ (e.g., Fricke dosimeters) rely on the determination of a
quantitative chemical change in an irradiated medium, be it gaseous, liquid or solid.
The minimum sensitivity of such dosimeters is too high for personnel dosimetry.
There are also problems with storage stability and temperature dependence.

Condenser—type ionization chambersS are very similar in concept to electret
dosimeters except conductors are used as the charge storage medium whereas
polymers are used in electret dosimeters. This results in a self~discharge rate of a
few percent per week®, making them unsuitable for long—term personnel monitoring.
Another drawback is that condenser chambers are susceptible to errors due to

physical mishandling -~ an undesirable feature for a personnel dosimeter.

23 ELECTRET DOSIMETRY

2.3.1 Electrets

All electret dosimeters rely on the use of an electret. An electret is a piece of
dielectric material exhibiting a quasi—permanent electrical charge’. This charge
could be a polarization due to an alignment of dipoles or actual charge carriers
which are physically trapped in the material. "Quasi—permanent" indicates that
the charge remains in the electret for long periods of time. The term "electret" was
coined by Heaviside® in 1885 and was used in analogy with the magnet, indicating
that the electret is the electrostatic equivalent of a magnet. Heaviside reserved the
word "electret" solely for materials with a permanent dipole polarization thus
keeping the analogy with the magnet strict. The term was eventually used for
materials containing both dipolar and monopolar charges.

Thus the main property of an electret is its ability to retain electrical charge

for extended periods of time and it is this property that is exploited in its use as a
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charge storage medium in the electret dosimeter, and in many other applications.
With the proper choice of electret material and electret forming method, charge

decay time constants of 200 years® have been recorded at room temperature.

2.3.2 Formation of Electrets

There are a variety of methods available to form electrets. Electrets
exhibiting a space charge are gene:ally formed!® by deposition of charge carriers
through discharge processes, panicle beams, contact electrification or other
methods. Alternatively, charge carriers can be generated in the material by light,
radiation, or heat, with the separation of these charges facilitated by the application
of an electric field across the electret material. Dipolar electrets are generally
charged through the locking in of a dipole orientaticn by applying an electric field to
a material at an elevated temperature followed by a decicase in the temperature
with the field still applied.

The method by which a radioelectret is formed is different from the electret
formation method to be discussed in Section 4.2.2 in that the charge carriers are
generated in the polymer material itself with the separation of these charge carriers
facilitated by an electric field applied across the thickness of the electret. The doses
and electric fields required to form such radiocelectrets are very larget! — 30 krad with

%co gamma rays and polarizing fields of 35 kV em ™

2.3.3 Basic Methodology

The basic methodology involved in the use of all electret dosimeters is the
same:

1. A charge, @ is deposited on the polymer surface. This is

accomplished in the electret—forming process.




2. The dosimeter is then used in the field with g being depleted by an
amount, ¢, due to exposure to radiation.

3. The remaining charge, ¢ Iz on the polymer surface is then determined
either directly or indirectly through voltage meas<rements.

4. ¢, is then calculated (qz =17 - qf) and is proportional to the

exposure received by the dosimeter.

The proposed electret dosimeter is different from other electret dosimeters in

both steps 1 and 3.

2.3.4 Other Electret Dosimeters

The first attempt at using an electret to conduct dose measurements was
made by Marvin!? using a carnauba wax electret. Problems of low sensitivity and the
instability of the charge signal, both related to the electret material, resulted in
limited practical applications. Fabel and Henisch!3 suggested the use of fluorocarbon
polymer electrets, with excellent charge storage properties, for dosimetry. Many
electret dosimeters were subsequently proposed by Perlman and Unger!4, Bauser and
Ronge®, Pretzsch et al!$, and others. All are similar in that they can be classified as
modified parallel-plate or cylindrical ionization chambers, the major modification
being the covering of the collecting electrode with a dielectric material — typically a
polymer such as Teflon or Mylar — which serves as the electret.

Most electret dosimeters rely on the corona charging process to form the
electret. This requires the dismantling of the dosimeter, removal of the polymer,
charging of the electret, measurement of the potential above the electret surface to
determine the initial charge state, reinsertion of the formed electret into the

dosimeter, and reassembly of the dosimeter. In the discharge mode, all electret




dosimeters operate identically with the degree of neutralization of the electret
charge layer being proportional to the exposure. For most electret dosimeters, the
final charge state is determined by measurement of the potential above the electret
surface. This is advantageous in that it is a non—destructive measuring technique
but it does require the dismantling of the dosimeter to allow access to the electret

surface.

2.3.5 The Proposed Electret Dosimeter

The proposed electret dosimeter is similar to others in that it is a modified
parallel-plate ionization chamber and thus relies on the neutralization of the charge
layer on the electret which covers the collecting electrode as the measuring signal.
It is different from others in the manner in which charge is deposited on the electret
surface and in the method of acquiring information as to the state of this charge
layer.

The electret, or dosimeter, charging technique utilized in the proposed
electret dosimeter allows, under ideal conditions, the simultaneous performance of
three stages: the formation of the electret, the measurement of the electret’s surface
charge density, and the verification of the dosimeter’s calibration factor Under
non—ideal conditions, to be described in section 4.4, these latter two factors can be
determined in the discharging process as well as the measurement of the final
surface charge density as the electret is being cleared of all remaining signal. All
stages in the regular use of the dosimeter — the charging of the dosimeter, the
measurement of the initial charge state, the use in the field, the determination of
the final charge state, and the clearing of any remaining signal — are performed w
situ and do not involve the disassembly of the dosimeter. In other electret

dosimeters, these are all separate steps requiring the dismantling of the dosimeter.
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CHAPTER 3
MATERIALS AND METHODS

3.1 CONSTRUCTION OF THE DOSIMETER

The proposed electret dosimeter is essentially a modified parallel-plate
ionization chamber. It consists of two circular electrodes each glued to a flat disk,
with a spacer ring keeping a fixed distance between the two disks (see Fig. 3.1).
The whole assembly is held together with three nylon screws.

The collecting electrode consists of a circular piece of a'uminized polymer
(Teflon or Mylar) the aluminum side of which has been etcted to electrically
insulate the guard from the collector. Several different pclymcrs were tested — 110
pm Mylar, 76 um Teflon!, and 25 um Teflon2. Collecting electrode radii of 5 to 19
mm and guard—ring widths of 0 to 19 mm were studied with the sum of the collector
radius and guard width never exceeding .i mm. The polanzing electrode has a
diameter of 38 mm or 48 mm and consists of a 10 ym aluminum foil.

These electrodes are glued with epoxy to the disk—shaped electrode backing
materials.  Several different electrode backing materials of 51 mm diameter
including 0.8 mm thick bakelite!, 1.5 mm fiberglass? and 0.75 mm fiberglass were
used. The fiberglass boards were originally copper clad circuit boards whose copper
had been removed with ferric chloride. Three holes drilled in each disk allow the
screws to pass through. These holes are positioned 1.5 mm from the edge of the disk
so that the spacer ring is flush with the edge of the disks. The screws thus serve a
dual purpose of keeping the spacer rings in position and keeping the two disks and
the spacer ring squeezed together. Nylon rather than metal screws are used to
prevent the emission of photoelectrons from the screws during irradiation.

Phenolic spacer! rings of inner diameter 48 mm and outer diameter 51 mm

give a fixed elect-ode spacing — or air—gap — rangiug Lo ¥ mm to 10 mm.
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(a)
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Figure 3.1 (a) Schematic diagram of the electret dosimeter; (b) an expanded

panhandle design of the electrodes.
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Standard coaxial cable — type RG 58/U — connects the collecting electrode to the
picoammeter and high voltage cable — type RG 59/U — connects the polarizing

electrode to the voltage supply.

3.2 ELECTRICAL CONTACTS

The electrical contacts connecting the external voltage supply to the
polarizing electrode, the picoammeter to the collecting electrode, and the
guard-ring to ground consist of a tiny female 60 gauge pin glued with epoxy to the
electrode—backing material, and the corresponding male 60 gauge pin soldered to
the wire leading either to ground, the external voltage, or the picoammeter. A short
length of wire is pushed through a small hole drilled into the electrode—backing
material at the edge of the disk. One end of this wire is soldered to the female pin
and the other end pushed through the other side of the disk. This end is filed so
that the end resembles a mushroom, the head of which is flush with the surface of
the disk (see Fig. 3.1(b)). This surface comes into contact with the aluminum
electrode itself when the dosimeter is assembled providing the electrical connection
from the electrode through the short length of wire, through the female pin, the
male pin, and the wire, {o the appropriate end—point. This wire is positioned
directly under the spacer ring such that the pressure applied between the spacer ring
and the electrode backing material provides a solid pressure contact between the
head of the wire at the surface of the disk and the electrode itself which extends

under the spacer ring.

3.3 ELECTRODE DETAILS
It is necessary to have a small section of each electrode extend under the
spacer ring to enable the electrical pressure—contact to be made. This is

accomplished by giving the electrodes a type of "panhandle" design (see Fig. 3.1(c))
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where a small {ab-like extension is added to the circular electrode. This tab then
extends under the spacer ring to provide the electrical contact. The presence of this
tab causes the area of the collecting electrode to be slightly greater than the product
of # and the square of the radius of the collecting electrode. The five different
collector radii used were 5, 10, 12.5, 15, and 19 mm with corresponding areas of
0.98, 3.32, 5.00, 7.60, and 12.00 cm>.

The collecting electrode presents a problem since it is surrounded by the
guard ring. In order to make the electrical cornection, ap electrical path is provided
across the guard ring to give the central collecting electrode access to the outer edge
of the disk where the electrical contact can be made (see Fig. 3.1(c)). Note that
any etches made to the aluminized polymer are only made to the thin layer of
aluminum and not to the polymer itself. If the polymer is accidentally punctured in
etching the aluminum, the polymer must be discarded since no part of the collecting
electrode can be exposed — not even the very edge for this provides a path for ions
to be continually collected.

In a subsequent design, the aluminized polymer and the aluminum polarizing
electrode extend completely under the spacer ring around their whole circumference.
For accuracy in terms of determining the area of the collecting electrode, the
panhandle—designed collecting electrode can be avoided by substituting the
electrical pressure contact at the edge of the electrode with a contact made at the
center of the electrode. The wire that passes through the fiberglass disk is moved to
the center of the di~k and electrical contact is maintained with conductive epoxy*.
With this design, the panhandle design is not nceded thus allowing the collecting
electrode to have a perfectly circular shape.

A problem encountered occasionally is an electrical connection between the
collecting electrode and the guard ring. Erroneous current readings will register

when this occurs since the picoammeter is measuring the current across its two

13
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connected leads. Care must be taken to ensure that no conductive substance bridges

the collector/guard etch in the aluminum.

3.4 RADIATION SOURCES

Several different radiation sources were used to irradiate the dosimeter. A
General Electric Maximar 100 superficial therapy unit was used as an X—ray source.
It has an exposure rate of 38 mR s mA™? at 90 kVp, 50 cm from the target with
the mA ranging from 0 to 6 mA and kVp ranging from 30 to 100 kVp. The half
value layer at this kVp was 1.5 mm Al corresponding to an effective beam energy of
26 keV. This source was housed in a 1.5 m x 1.5 m x 1.5 m lead—lined wooden box.
A Hewlett Packard Faxitron X-ray source with an exposure rate of 36.7 mR s~
mA~! at 90 kVp (variable from 10 — 110 kVp), 3 mA fixed, 46 cm from the source
was also used. Another source used was a Philips RT250 orthovoltage therapy unit
with 4 kVp stations: 100 kVp (HVL of 0.32 mm Cu), 150 kVp (HVL of 0.62 mm
Cu), 200 kVp (HVL of 1.3 mm Cu), and 250 kVp (HVL of 2.3 mm Cu). The 250
kVn station was additionally filtered to produce a beam with a HVL of 2.75 mm Cu.
An Atomic Energy of Canada Limited Eldorado 6 Cobalt unit was also used. It had
a dose rate of 126.4 cGy min~" at a depth of 0.5 c¢cm in water, 60 cm from the
source, with a 10 x 10 cm? field.

The exposure rate was measured at low energies (on the Maximar 100 and
the Faxitron) with a Keithley Digital Dosimeter Model 35055 and a 15 cc
parallel-plate ion chamber; and at intermediate energies (on the orthovoltage unit)
with a Farmer Dosimeter Reader Mcdel 2570 and a 0.6 cc cylindrical Farmer
chamber. The Cobalt unit’s calibration factor was used. It had been measured with

a 0.6 cc cylindrical Farmer chamber at a depth of 0.5 ¢m in phantom.
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The mean effective energy of the radiation beam was determined by

measuring the half—value layer and calculating the mass attenuation coefficient

using the relations,

p = (In2)/HVL (3.1)

The photon energy corresponding to this mass attenuation coefficient for the
attenuating material used would then be determined from tables of x vs. photon

energy.

3.5 MEASUREMENTS

The experimental set—up involved placing the electret dosimeter under the
radiation source and connecting the three wires to the dosimeter — the polarizing
electrode to the external voltage supply (a Keithley 245 high voltage supply (0 —
2000 V)), the collecting electrode to the picoammeter (a Keithley 35617
programmable electrometer), and the guard—ring to ground. Daia acquisition was
performed with an IBM compatible personal computer through an IEEE—488
interface with the picoammeter. To charge the electret, the external voltage supply
would be switched on and the dosimeter irradiated. The computer acquired the
current reading from the picoammeter once every 0.323 seconds for as many points

as were needed until the charging process was complete. Signal analysis was then

performed on the computer.
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is as follows:

4.2

CHAPTER 4
THE ELECTRET DOSIMETER

INTRODUCTION

The basic methodology specific to the use of the proposed electret dosimeter

1.

A charge, g, is deposited on the polymer surface.  This is
accomplished in the dosimeter—charging process by applying a
potential across the electrodes and irradiating the dosimeter (to be
discussed in section 4.2.2).

The dosimeter is then used in the field with g being depleted by an
amount, ¢ 2 due to exposure to radiation.

The remaining charge, ¢ Iz on the polymer surface is then determined
directly by discharging the dosimeter through irradiation and
measuring the remaining charge as it is being neutralized (section
4.2.3).

q, is then calculated (q:B =q - qf) and related to the exposure
received by the dosimeter through the calibration factor which is

valid for a given exposure range.

DOSIMETER CHARGING/DISCHARGING BY RADIATION-INDUCED
AIR-IONIZATION

4.21

Introduction

The dosimeter charging/discharging method used here was first described

by Fallone and Podgorsak! It relies on the use of indirectly ionizing radiation — X

or v radiation — to create charge carriers in air, and the use of a potential difference

between the electret and an opposing electrode to collect these charge carriers on the
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electret’s surface. This iumethod is thus very similar to the corona charging
technique where a large potential difference between the electret and a point—shaped
electrode, resulting in an inhomogeneous electric field, produces a discharge in air;
hence the creation of the charge carriers, and the collection of the charge carriers

due to the applied potential.

422 Dosimeter Charging

Consider a collecting electrode covered with a dielectric material and a
polarizing electrode separated by a distance a (see inset to Fig. 4.1(a) under
"Charging"). With the collecting electrode held at ground, a voltage applied
to the polarizing electrode creates an electric field, Ea’ in the volume between
the electrodes. X or 4 radiation passing through this volume results in the
production of charge carriers due the ionizing nature of the radiation. These charge
carriers drift toward the electrodes under the influence of the field E, with
those moving towards the collector becoming trapped on the insulating dielectric
material (in this case a polymer) that covers this electrode. The charge
gathering on the polymer surface induces a flow of compensation charge onto
the collector from ground through an electrometer which is used to measure
this signal. If the voltage on the polarizing electrode is high enough, the
chamber vill be in saturation — a negligible amount of recombination of charge
carriers will occur — and a saturation current Is o Will flow (as indicated in
Fig. 4.1(a)). This would be exactly the same current one would measure with a
standard parallel-plate ionization chamber of the same dimensions. However, with
the polymer covering the collecting electrode, this current does not persist, as it
would in an ionization chamber. As the charge layer on the polymer surface builds
up, the field produced by the charge layer, E , begins to cancel the field due to the

voltage on the polarizing electrode until the cancellation is large enough to bring the
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Figure 4.1 (a) Schematic showing the measured current in saturation and out of
saturation for both the charging of the dosimeter and the
discharging; (b) diagram of the electrode/polymer/air/electrode

interface.
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chamber out of saturation. At this time the measured current drops exponentially.
When the field produced by the electret charge layer exactly cancels the field
produced by the voltage on the polarizing electrode (E g = E a)’ there will be no
more net movement of charge carriers and the measured current will be zero. At
this point, the dosimeter is fully charged — the electret is formed.

This technique allows great control over the electret forming process. The
polarity of the applied potential determines the sign of the charge carriers collected
on the electret surface ~ a positive potential on the polarizing electrode results in
the collection of positive charge carriers on the electret surface and a negative
potential results in negative charge carriers being collected. The amount of charge
deposited on the electret surface is directly related to the value of the potential

difference.

The relationship between the voltage measured at the electret surface and
the surface charge density can be obtained for the specific geometry in question from
the general equations given by Sessler3. Consider a charge layer of charge density o
at z = 0 with a dielectric extending to z = p, where p is the thickness of the
dielectric (of dielectric constant e p)’ and an electrode at = p. Another electrode is
situated at z = —a , where a is the thickness of the air—gap (of dielectric constant
€ a) between the surface of the dielectric and the opposite electrode (see Fig. 4.1(b)).
The permittivity of free space is demoted by e o Gauss’ law for the electric
displacement applied to the z = 0 interface gives,

-, B +¢ Ep = dfe, (4.1)

p

From Kirchoff’s second law,

Vot al, +pE, = 0 (4.2)
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Equation 4.1 is solved for Ep and substituted into equation 4.2 to obtain,

E (o, + p/ep) = _Vo/‘a_p”/‘o‘p‘a (4.3)

The potential at the dielectric surface (z = 0) due to o with Vo = 0 is,

V=—E = g (4.4)
o ele,/p + €,/a)
which for a » p becomes,
V= ap/eoep (4.5)

This is the basic equation relating the potential at the electret surface to the

charge density on the electret.

The dosimeter charging process was described theoretically by Fallone and
Podgorsak3 using the laws of Gauss and Kirchoff and a hyperbolic expression for the
saturation curve. At the start of the charging process, no charge is present on the
dielectric surface hence the electric field in the sensitive volume is due solely to the

exteinal voltage V o Solving equation 4.3 for E A with ¢ =0,

E(0) = —Vofp/(pea+ ae (4.6)

P

At any time during the charging process, the effective electric field E eff in the
sensitive volume is the sum of the field due to the applied voltage and the field due

to the developing charging layer:
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(polt)le,) = Ve,

Eef(t) = Ea(O) -—Ea(t) = pe ¥ i, (4.7)
The saturation curve can be approximated by#4,
iliyqy = tanh(E/E") (48)

where jis the measured current density, js af is the saturation current density, E is
the applied electric field, and E' is the extrapolated electric field, the field at which
the collection efficiency would equal unity if the initial linear relationship between
the collection efficiency and E, exhibited at small fields, held for all electric fields.

Combining? equations 4.7 and 4.8 and solving for j,

A8 = jggpexpl(t, — O/ 7H{1 + expl2((t, ~ &)/} /2 (49)

where 7 is the electret relaxation time, and ¢ 0 is the electret cheracteristic
polarization time. 7 and ¢ o 31€ defined below,

r = BE*/ (4.10)

jsat
t, = 7ln sinh(E (0)/E"] (4.11)
where § = ¢ (pe, + aep) [pand E (0) is the initial applied electric field.

This theory predicts a charge—up current density which begins with a
constant saturation current density that remains for a time determined by the value
of the applied external voltage followed by a quick drop to a current density of zero,
as seen in Fig. 4.1(a). The main assumption in this theory is that the electric field

lines are uniform and parallel across the sensitive volume.
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4.2.3 Dosimeter Discharging

In the discharging process, the applied voltage is removed from the polarizing
electrode and the two electrodes are shorted. Now the electric field in the sensitive
volume is due solely to the charge layer on the electret. With irradiation, the
charge carriers produced in the sensitive volume that are of opposite sign to those
on the electret surface are attracted to this surface and begin to neutralize the
charge layer (see inset to Fig. 4.1(a) under "Discharging"). Agan a compensation
current is measured by the electrometer however the current flows in the opposite
direction to the charging current, thus the negative current in the diagram. Once
again saturation conditions exist, hence the saturation current, —/ sab’ flows until the
charge layer is depleted to a point where saturation conditions do not exist and the
current begins to drop. Finally the charge layer is fully depleted and the current
drops to zero since there is no electric field to cause the movement of charge
carriers. At this point the discharge process is complete.

In order to retain simplicity and accuracy in calibrating the electret
dosimeter, it is necessary for the the dosimeter to remain in saturation during use.

This condition is satisfied for surface charge densities greater than ¢ the

sat ’
minimum surface charge density needed to provide saturation conditions, and less
than Tnrop the surface charge density at which gas multiplication conditions set
in. While the chamber is in saturation, the exposure is linearly related to the
measured charge—density. Once out of saturation, the linearity no longer holds.
Hence, for each dosimeter configuration, there are limits on the maximum and
minimum surface charge densities necessary to provide saturat:on conditions.

The minimum charge density necessary to maintain saturation conditions

can be calculated with the aid of Mie’s5 equation which relates the applied voltage

across the chamber V' and the collection efficiency (f),
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V = 0828 Rl JF(T = fJ, forf>067 (4.12)

where [ sat is the current measured at saturation, and R is the ohmic resistance of

the ionized gas between the measuring electrodes at very weak strengths given bys,

32 (00/8)1/2

= 172
(AT )M 2, + 1)

(4.13)
sat)

a is the air—gap, A is the area of the collecting electrode, a 0 is the the volume
recombination coefficient, e is the electron charge, and By and t, are the mobilities
of positive and negative charge carriers, respectively.

For a collection efficiency of 99 %, Vis given by
V =828RI ,, forf=0.99 (4.14)

Substituting equation 4.5,

Ooqt = SRI, (4.15)
where { = 8.238 ¢ of /p This gives the minimum charge density o, , required to
maintain saturation conditions (99 % collection efficiency).

An upper limit on the charge density is necessary to keep the dosimeter out
of the gas multiplication region where the charge carriers gain enough energy in
their acceleration toward the electrode to create additional ionizations. At
atmospheric pressure, the minimum field strength E required for the onset of

prop

gas multiplication in air is estimated? at 10 kV/cm. Using equation 4.5, Upmp' the
maximum surface charge density on the electret before gas multiplication conditions

set in, is,
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Corop = propaeoep/p (4.16)

As long as saturation conditions exist (i.e. for Oy <O<0 ), the rate of

prop
charge generation in the whole sensitive volume, and hence the rate at which the

surface charge density on the electret is being depleted, is given by8,
Joqp = €RG (4.17)

where e is the charge of the electron, # is the number of ions produced in the
sensitive volume per unit time per unit volume, and a is the distance between the

electrodes. Converting ion production rate to exposure rate using the relation,

en = kX (4.18)

where & = 3.33 x 1072% ¢ em™® R™! (neglecting possible charge creation due to
photoemission -- to be discussed in section 4.3) and X is the exposure rate, the

saturation current density is,

= KkaX (4.19)

or equivalently,
o(X) = o,-KaX (4.20)
where o is the initial charge density of the electret. This linear relationship

between the reduction in the electret’s surface charge density and the exposure is

used as the measuring signal.
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In order to appreciate the necessity of the maintenance of saturation
conditions, it is instructive to determine the rate which the charge density is
decreased when the surface charge density on the electret is not sufficient to produce
saturation conditions.

If saturation conditions do not exist, the recombination of ions produced in
the sensitive volume causes the relationship between the reduction in surface charge
density and exposure to be nonlinear. This can be seen by considering the lifetime

of the ion to be n. The change in surface charge density per unit time? is,

do/dt = —enny (4.21)
where v is the group velocity of the ions of mobility u in an electric field E,

v = pE = po/e,) (4.22)

since £ = ofe 0 for an electret with an opposing parallel electrode. Substituting

equation 4.22 into 4.21,

dofdt = —(ennp/e))o (4.23)

Solving for o,

o(t) = o expl- (enu/e )ni] (4.24)
Substituting equation 4.18 into 4.24,

o(X) = o exp[{p/ej)nkX] (4.25)
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The reduction in surface charge density on the electret is thus exponential
with exposure under non—saturation conditions. This is due to the fact that in
order to be collected, the ions must be produced no further than a distance L from
the electret, where L = vn and L < a. Ions produced beyond this distance
recombine and do not contribute to the signal. As the charges on the electret
surface are neutralized by the collected charges, the electric field E produced by the
charge layer is decreased, causing the volume from which ions can be collected

before recombining to decrease, thus giving rise to the exponential relationship.

424  The Charge/Discharge Curve

The electret charge/discharse curve is the standard dataset acquired for each
different dosimeter configuration. With it one can deduce essential information
such as the saturation current for a given exposure rate, the maximum exposure to
which the dosimeter can be exposed before saturation conditions no longer exist, and
a wealth of other information which will be described in the next few sections. It is
therefore one of the basic diagnostic tools for analyzing the dosimeter’s performance.
Knowledge of the dosimeter’s response as it is being exposed to radiation is
indispensable since it allows verification of the electret’s charge density state as a
continuous function of time.

Normally dosimeter—charging would not be followed by dosimeter—
discharging. The standard progression of events would be: charging of the
dosimeter, exposure in the field, and finally discharging of the dosimeter. These last
two steps can be combined for dosimeter—analysis purposes. All dosimeter charging
was performed with a negative polarity on the applied voltage (see section 4.6.5).

A charge/discharge curve is shown in Fig. 4.2(a). The dosimeter
configuration used to acquire this curve was as follows: a collecting electrode radius

¢ of 15 mm, a guard-ring width g of 9 mm, a polarizing electrode radius of
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28



e

19 mm, an air—gap @ of 2 mm, and a charging voltage of <40 V (i.e. V,=40 V).
Irradiation of the dosimeter began before data acquisition started. At time ¢t = 0
seconds, an external voltage was applied to the polarizing electrode and a saturation
current density of —8.25 pA/cm2 began to flow through the picoammeter. This
current stayed constant until at ¢ = 105 sec, the net electric field (sum of the fields
due to the applied potential and the developing charge layer) decreased to the point
that it was not large enough to result in saturation conditions, and the current
began to decrease until at ¢ = 122 sec, the net electric field reached zero — without
an electric field there can be no net movement of charge carriers in the sensitive
volume, hence no current. After removing the external voltage and grounding the
polarizing electrode at ¢ = 324 sec a saturation current density of 8.25 pA/cm2
flowed until ¢{ = 429 sec when the current decreased to zero once the electret charge
layer was fully depleted.

From Fig. 4.2(a), it is evident that saturation conditions exist for almost the
entire discharge process. Apparently a very small charge density on the electret is
sufficient to retain saturation conditions. This can be verified using equation 4.14.
For the Mylar polymer used, €= 3.2 and p = 110 pm, with €, =885« 10712 ¢?
Nt m™? 5o that £ = 2.12 x 1075¢c2 N m™3 To calculate R, typical values for
some of the parameters are used10: a,= 1.95 x 10712 m* s_l, e= 1602107 C,
B =13 x 107 m? v s—l, poy = 1.8 1074 m? vl 571 4 for this collector is
7.602 x 10 m® and I, =627 pA for ¢ = 0.002 m giving a value for R of 4.61 x
10° Q. The product of £, R, and Isat is o

sal
maintain saturation for this dosimeter configuration, and is equal to 0.061 nC cm™

the charge density necessary to
2

or equivalently a voltage of 2.37 V. From the plot of charge versus exposure
(Fig. 4.2(b)), it is seen that this value corresponds well with the actual value of the

charge density at which saturation conditions were lost (at ¢ = 438 seconds).
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4.3 CALIBRATION

The magnitude of the charge removed from the electret per incident unit of
exposure is the basic calibration factor which must be determined. This factor &k
allows one to calculate the exposure knowing the difference in charge states on the
electret before and after the exposure. Ideally it would be calculated from equation
4.20 and would thus be equal to xa. This neglects any charge collected due to the
ionization of air by photoelectrons backscattered into the sensitive volume from the
material surrounding the sensitive volume. Thus the measured signal is due to two
components,

Jsgfl®) = Jgr(a) + i L, () (4.26)

where j, at(a) is the measured saturation current density, the linear function
jsz:r(a) is the saturation current density due to direct interactions of photons with
air given by equation 4.19, and jsgt (a) is the saturation current due to
photoelectrons backscattered from the polarizing electrode into the sensitive volume

described by the empirical relationship!,
jsgt(a) = VXl —exp(3afa )] (4.27)

where A7 is 1.33 x 1078 ¢ R! cm—z, v is the efficiency for production of

backscattered electrons for a material of atomic number Z and photon energy EV, a

is the air—gap and e, is the photoelectron range for incident photon energy E,
From equation 4.26, incorporating equations 4.19 and 4.27, the response of

the dosimeter to irradiation is thus,

g ® = Xlso + Au{1 - exp(30/a,)}] (4.28)
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The factor relating the saturation current density to the exposure rate, or

alternatively the surface charge density to the exposure, is,
k' = ke + Al - exp{3a/ar(EU)}] (4.29)

and the calibration factor k which relates the total charge on the electret to the

exposure is,

k= kA (4.30)

where A is the area of the collecting electrode. In practice this expression is
evaluated by measuring the electret dosimeter’s saturation current when exposed to
an exposure rate measured with a standard calibrated ion chamber whose
calibration factor is traceable to national standards:

k= Isat

_sat (4.31)
X

The dosimeter charge/discharge curve from Fig. 4.2(a) was obtained with an
exposure rate of 0.11 R 5™, For this dosimeter configuration, with a collector area
of 7.6 cm2, the calibration factor is 0.57 nC R™. Alternatively, £ can be
determined by evaluating the slope of the charge versus exposure plot (i.e. the
integral of the current curve shown in Fig. 4.2(b)). Note that the saturation current
for the charging process is the same as that for the discharging process thus the
calibration factor for this dosimeter configuration could be verified during the
charging process.

The linearity of k¥ with exposure rate was examined (Fig. 4.3) and found to

be excellent. This was expected since the dosimeter is of the basic ion chamber
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design. An exposure rate dependence will occur at very high exposure rates, as for
regular ionization chambers, where recombination effects might become significant.
This situation is not normally encountered in personnel dosimetry.

An example of the diagnostic use of the charge curve is seen in Fig. 4.4. It
can be seen that in the charging process, the measured current never decreased to
zero. This indicated that there was some portion of the collecting electrode that
was not covered with polymer, thus providing a path for the continual collection of

charge carriers — just as in a regular ion chamber.

44  SENSITIVITY

The sensitivity of the dosimeter — i.e. the factor k — can be altered by
varying the amount of charge collected per incident unit of exposure. This seems
artificial since the amount of charge produced per unit of exposure is fixed. The
unit of exposure is defined as the absolute value of the total charge, dQ, of the ions
of on2 sign produced in air when all of the electrons liberated by photons in a
volume element of air of mass, dm, are completely stopped in air!? with its special

unit, the roentgen, being defined as:

1R = 2.58 x 10~ C kg™ of air (4.32)

As is evident, the total charge produced per unit exposure is fixed for a given
mass of air. By increasing the mass of air from which ions are collected, the total
charge collected will be greater but the exposure remains the same. Effects of the
dosimeter wall on attenuation of the x—ray beam and photoelectrons backscattered
into the sensitive volume from the polarizing electrode can be accounted for by

calibrating the electret dosimeter with an absolute dosimeter, therefore the response
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of the electret dosimeter per unit absolute exposure can be varied. The calibration

factor relates the measured relative reading with the absolute exposure.

The response of the electret dosimeter can be altered by varying the size of
the sensitive volume, as seen in the equations defining the calibration factor (4.29
and 4.30). Altering the size of the air—gap or the radius of the collecting electrode
will affect the sensitivity since a larger sensitive volume results in a greater number
of charge carriers being collected and hence a larger calibration factor.

Fig. 4.5 shows a discharge curve for the same dosimeter as Fig. 4.2, except
the air--gap has been increased to 6 mm. The calibration factor is now 1.40 nC R~!
and the sensitivity is much greater. The saturation current density for the charging
process is seen to be different from that of the discharging process: sat for
charge-up is ~18.6 pA/cm2 and j , for discharging is 20.2 pA /cm2. The reason for
this, as well as the cause of the distortion of the charge—up curve, will be explained
in sections 4.5.2 and 5.4. For small air—gaps, it has been shown that the two
saturation currents are equal. Differences between the charge—up and the discharge
current curves arise when the size of the air—gap is increased above a certain level.
However, in use, the electret dosimeter is always in the discharge mode. It is thus
more important to analyze the characteristics of the discharge curve, rather than
those of the charge—up. Hence, any future reference to saturation currents or
calibration factors imply those of the discharge mode rather than the charge—up
mode unless explicitly stated otherwise.

Current cur: 2s were acquired for air—gaps ranging from 1.5 mm to 9.6 mm.
A plot of the calibration factor vs air—gap (Fig. 4.6) shows the increase in
sensitivity with increasing air—gaps. As can be seen from the graph, however, this

relationship is not a linear one: a doubling of the air—gap, and hence the sensitive
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Figure 4.5 A charge/discharge curve of current density versus time for the same

dosimeter as Fig. 4.2 except for the increased air—gap.
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volume, does not produce a doubling of the saturation current. The reason for this
is twofold: the first involves the contribution of the photoemission current due
mainly to photoelectrons emitted from the polarizing electrode, and the second is
related to the problems encountered at large air—gaps, to be discussed further in
section 5.2.

The exposure rate is calculated as follows,

Xoaie = Logil (M gir) (4.33)

where m air 18 the mass of air from which ions are collected and x is given by
equation 4.32. With an air—gap of 0.2 cm, a collector radius of 1.9 cm, and [sat of
104 pA, the calculated exposure rate exceeded the exposure rate measured with a
calibrated ion chamber (0.11 R s—l) by 34 % for a 90 kVp X-ray beam. This
difference arises mainly from the added contribution to the collected charge from
the photoemission current due to the polarizing electrode, as discussed in section
4.3, as well as problems assueiated with determining the mass of air from which ions
were collected — not always equal to the product of the physical size of the volume

between the electrodes and the deusity of air.

The number of photoelectrons backscattered into the sensitive volume is
dependent on the atomic number of the material comprising the polarizing electrode
or other material surrounding the sensitive volume Z ; and the energy of the incident
photon hv since the cross section per electron for the photoelectric effect is
proportionalt? to Z°*® for low Z materials and Z° for high Z materials, and to (hu)_a.
By increasing Z o the sensitivity can be increased dramatically, however a large
energy dependence is introduced. As will be discussed in section 6.2, it is preferable

to keep Z s close to the effective atomic number of air.
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By subtracting the portion of the signal due to photoemission, the linear
relationship between k and a which is due to the direct interaction of photons with
air results. This can be done using equation 4.27. With .= 1cm for the 90 kVp
beam used, the measured current density is expected to become linear at an air—gap
equal to this range since the current due to photoemission decreases exponentially
with increasing air—gap. The amount of charge collected per roentgen for the total
measured signal, the photoemission portion, and the charge collected due to direct
photon interactions with air is plotted in Fig. 4.6 showing the linear relationship
which results when the photoemission current is subtracted.

The contribution to the total signal due to photoemission should be much
reduced at higher photon energies due to the energy dependence of the cross section
for the photoelectric effect. A plot of k vs. a for a Cobalt—60 unit as the radiation
source is shown in Fig. 4.7. The linearity between the two factors is much better.
The difference between the calculated exposure rate (for a 0.2 cm air—gap , a 1.9 cm
radius collector and [, = 190 pA) and the measured exposure rate (0.272 R s7) is

much improved with a 0.7 % difference between the two values.

4.5 EXPOSURE RANGE

451 Maximum Exposure

The exposure range of the dosimeter is limited by the requirement that the
surface charge density of the electret be large enough to produce saturation
conditions. Thus the dosimeter can only undergo an exposure X oz before the
surface charge is depleted to the point where this minimum surface charge density 1s
reached. If the initial surface charge density o, were increased, this maximum
exposure is correspondingly increased since a larger exposure would now be needed
to deplete the increased surface charge. One method of increasing the initial surface

charge density is to increase the voltage applied to the polarizing electrode during
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the electret charge—up process. A larger surface charge density is reached at the
end of the formation process in order to counter this elevated applied voltage.

The surface charge density ¢ on the polymer surface is given by equation 4.5.

Rearranging,

o = v (4.34)

A =22 (4.35)

which gives the charge density per volt on the electret. Dividing A by k’, the

number of roentgen per volt is determined for that electret:

%,_ = ¢ (4.36)

where k' is given by equation 4.29. The exposure required to deplete the electret of

all charge X depl is thus,
Xdepl = ¢V, (4.37)

where V 0 is the voltage to which the dosimeter was initially charged.

This exposure would be sufficient to totally deplete the electret charge layer
and hence it is not the maximum useful exposure X maz "~ the maximum exposure
that the dosimeter can undergo while still remaining in saturation — mentioned

earlier. The maximum usefui exposure is less than the exposure required to fully
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deplete the charge layer and is simply the difference in charge densities between the
initial charge density o, and the minimum charge density required to maintain
saturation conditions, o sat’ divided by the reduction in charge density per unit

exposure,

X, = —t—p 28t (4.38)

where o sat is given by equation 4.15, and k“ is the factor relating charge density and
exposure (equation 4.29).

Thus increasing the voltage applied during charge—up increases the
maximum surface charge density which increases the exposure range of the
dosimeter. This voltage cannot be increased ad infinitum but is limited by the
voltage or surface charge density at which gas multiplication conditions set in
(equation 4.16) and also the dielectric strength of the material (e.g. for Mylar, above
a potential of 1000 V, the linearity between o and Vis lost!).

A plot of the saturation current density vs. time (Fig. 4.8) for the same
dosimeter configuration as for Fig. 4.2 except for the doubling of the applied voltage
during charge—up shows the increased amount of time, and hence exposure, needed
to charge and discharge the electret. The charge—up current density reached zero
after 120 sec and 240 sec for applied voltages of 40 V and 80 V respectively, with
the same times applying from the start of the discharge process. A doubling of the
voltage during charging resulted in a doubling of the exposure range of the
dosimeter.

A series of charge/discharge curves was acquired for a dosimeter with an
air-gap of 2 mm, a collecting electrode radius of 19 mm, a 110 um Mylar electret,

and an exposure rate of 0.11 R s—l, with the applied voltage ranging from 40 to
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1000 V. The discharge curves are shown in Fig. 4.9(a) plotted as the charge
removed per unit area collector versus exposure.

The discharge curve {or a charge—up voltage of 40 V is linear with exposure
up to an exposure of about 16 R . Ai this point there is still a small amount of
charge remaining on the electret which is not enough to produce saturation
conditions. After this small amount of charge is removed, all the charge deposited
on the electret has been depleted so that any further exposure will not increase the
total amount of charge removed from the electret. The discharge cuxve for a
charge—up voltage of 80 V follows that of the 40 V exactly but extends to a larger
exposure due to the larger initial surface charge density. The same occurs for
voltages up to 1000 V where the maximum exposure before loss of linearity is
approximately 280 R. A plot of this maximum exposure tefore loss of linearity
occurs is shown in Fig. 4.10.

The upper limit of the exposure range of the dosimeter is determined by
three parameters — V o & and p. The first is the voltage V oto which the electret is
originally charged, as discussed. The second parameter is the size of the air-gap. A
larger air—gap (which would affect k) results in more charge being depleted per
incident exposure so that a smaller exposure is needed to deplete the charge layer.

A set of discharge curves for air—gaps ranging from 2 to 8.5 mm is shown in
Fig. 4.9(b) with a plot of the charge removed per unit area of the collecting
electrode versus exposure. The increased amount of charge removed per unit
exposure is seen in the increased slope for increasing air—gaps. The trade—off
between sensitivity and the upper limit to the exposure range is evident.

The third parameter affecting the upper limit of the exposure range is the
thickness of the electret, p (which would affect A). As noted in equation 4.35, a
thinner electret results in a larger surface charge density per volt on the electret

which again necessitates a larger exposure to totally deplete the charge layer.
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The effect of this last parameter, the thickness of the electret, on the surface
charge density and hence the upper limit to the exposure range is explained in the
following example. An electret which is one tenth the thickness of another electret
will reach ten times the surface charge density of the other when both charged to
the same voltage. The reason for this can be seen by examining equation 4.2.

Keeping V o & and Ea constant,
pE = K (4.39)

where K = —( V,+ & a.)' Decreasing p requires the increase of Ep which amounts
to an increase in o since the electric field Ep is created by the surface charge on the
electret.

The effect of p and € (the dielectric constant of the material) is seen in the
following experiment. A dosimeter with a 110 um thick Mylar electret and an
air—gap of 4 mm was charged to 80 V. Upon discharging, a total charge of 22.8 nC
was removed from the collecting electrode. Another dosimeter with a 25 ym thick
Teflon electret and the same air—gap was charged to the same voltage. A charge of
58.2 nC was removed from the collecting electrode during discharging. From
equation 4.35, the charge density per volt for the Mylar electret, Amyl’ is 0.026 nC
em™2 V! with € for Mylar equal to 3.2. For the Teflon electret, Meg = 0075 nC
em~ V'l, with € for Teflon equal to 2.1. The ratio of the charge on the Teflon
electret and the Mylar electret should be )‘tef/’\myl = 2.9. Experimentally, it was
found to be 58.2 nC/22.8 nC = 2.6. The difference between theorctical and

experimental values is due to the unequal areas of the collectors in the two electrets

and possible discrepancies in the measurement of the thicknesses of the electrets.
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45.2 Minimum Exposure

The lower limit of the useful exposure range — the minimum detectable
exposure — for the electret dosimeter is determined by the accuracy to which the
loss of surface charge of the electret due to irradiation is known. To determine this
value, the surface charge after exposure is subtracted from the surface charge before
exposure. Therefore, inaccuracies may result in the determination of both these
values such that the error in the measurement of the charge lost due to irradiation

) q is given by,

b, =6 + 6f2 (4.40)

where 51’ and 6 f are the errors involved in the determination of the initial and final

charge states, respectively. The minimum detectable exposure is then,
Xmin = 6q/lc (4.41)

where kis the calibration factor for the electret dosimeter.

The determination of the minimum detectable exposure is complicated by
two factors — a small leakage current due to the application of the external voltage
during charge—up, and a natural decay in the surface charge. These two factors
cause the measurement of the charge deposited on the electret during the charge—up
process to be consistently greater than the charge measured during the discharge
process with no irradiation occurring between the two processes.

The solution to the first problem is simplified by the fact that any current
due to the finite resistance of the material between the external voltage and the
collecting electrode does not result in the deposition of any charge on the electret

surface. During the discharge process, both electrodes are grounded — there is no
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external voltage. Therefore, the charge deposited on the electret can be determined
by measuring it as it is being removed. Any current measured is due to solely to
charge removed from the electret.

An experiment was performed in which an electret with a 2 mm air—gap was
charged up to 40 V and immediately discharged with the charge removed from the
electret being measured. This process was repeated eight times. Table 4.1 shows
the total charge removed for each discharge. The standard deviation §; for the
eight values is 0.008 nC. This would correspond to the fluctuation on the initial
deposited charge. The error involved in determining the final charge on the electret
is negligible compared to the error on the initial charge. The average standard
deviation § f for a single measurement is 6.5 x 107° nC, determined experimentally.
For a dosimeter with a calibration factor of 1.5 nC/R and an error in the charge
measurement of 0.008 nC, the minimum detectable exposure would be 5 mR.

The exposure range for a given dosimeter configuration can now be
summarized. For a 3.8 cm diameter collector, a 110 pym thick Mylar electret, an
estimate of the error in charge measurement of 0.01 nC, and a maximum charging
voltage of 1000 V, the exposure range limits are from low mR to hundreds of R,
depending on the air—gap used, as summarized in Table 4.2 (neglecting the effect of

various nonlinearities to be discussed further in Chapter 5).

46 NATURAL SURFACE CHARGE DECAY MECHANISMS

46.1 Introduction

In the development of the formalism describing the operation of the electret
dosimeter, the effect of the natural decay of the surface charge has so far been
neglected. Of course this cannot be neglected for large errors would result in
attributing a loss of charge solely to an exposure when some or all of this loss is due

to surface charge decay of the unirradiated electret. The stability of unirradiated
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Curve # Charge (nC) o (nC x 10_5)
1 4.731 10.33
2 4.735 3.69
3 4.715 8.25
4 4.734 3.89
5 4.722 10.23
6 4.736 5.11
7 4.738 9.07
8 4.747 3.98
Mean 4.727
Tn 0.008
g 6.5

Table 4.1

The charge removed and the standard deviation of each single
measurement for a dosimeter with a 110 yum Mylar electret, a 2 mm
air-gap, a 12.5 mm radius collecting electrode, and a charging
voltage of 40 V repeated 8 times with the mean charge removed

and the standard deviation of the 8 values from the mean and the

average standard deviation of each single measurement.
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Table 4.2

EXPOSURE RANGE

Air—Gap (mm) Range (R)
Min Max
1.0 0.020 600
2.0 0.010 300
4.0 0.006 150
6.0 0.004 100
8.5 0.003 80

Exposure range for an electret dosimeter with a 110 gm Mylar
electret, a 19 mm collector radius, an estimate of the minimum
detectable charge difference of 0.01 nC, and a maximum charging

voltage of 1000 V.
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electrets depends on a variety of factors including temperature, humidity, electret
material, and the method of formation of the electret. Due to its superior charge
retention characterisics, Teflon is the electret material of choice. Temperature
variations within the range normally encountered in regular daily living will not
affect the stability of charge on the Teflon electret since temperatures of 150° C to
200° C are required to release charges found in the deep traps in which the stable
charges are found (from thermally stimulated current release studiest4). The
excellent charge retention capabilities of Teflon under high humidity conditions has
been attributed to the hydrophobic behavior of this material!s. MacDonald18
performed charge retention studies on electrets charged with the method used here
and found that after an initial stabilization period of about 10 days in which the
potential above the electret surface dropped to 75 — 85 % of the initial value
(depending on electret material and other factors), the rate of decay slowed to 0.04
% of the initial charge per day for Teflon. The two mechanisms responsible for this

decay are radiation—induced conductivity and trap—modulated mobility.

4.6.2 Radiation—Induced Conductivity

Normally most dielectrics have a very low conductivity. It is this feature
which allows them to exhibit excellent charge retention capabilities. Exposing a
dielectric to ionizing radiation increases its conductivity. This is a natural
phenomenon due to the lifting of free electrons into the conduction band and free
holes into the valence band by the ijonizing radiation. This radiation—-induced
conductivity (RIC) is dose rate dependent as can be seen from the relation!? between

the steady—state RIC, g, and the dose rate, D,

g =g,(D/D), 05<a<1 (4.42)
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where D o 18 @ reference value taken as 1 rad/s and g , the conductivity at that value.

The radiation—induced current density I od 3CTOsS the polymer is,
jrad = gF (4.43)

where E'is the electric field across the thickness of the polymer.
Immediately after the cessation of the irradiation, the conductivity is

reduced to a fraction @ of its steady state value, followed by a continuous drop in

the conductivity!8 according to,
a8 = 0g(1 + ¢/7%)~ (4.44)

where 7* is a time constant which depends on ¢(0) and is typically smaller than 1

min. The delayed radiation—induced current density j ] 3CTOSS the polymer is,
Jgekt) = g(t)E(D) (4.45)

where E(t) is the time—dependent electric field across the thickness of the polymer.
Thus there is a delayed radiation—induced conductivity (DRIC) component giving
rise to a delayed radiation—induced current which continues for a very long time
after the termination of the irradiation. This phenomenon is partially responsible
for the observed decay of the surface charge after the charging of the dosimeter.
Values for Teflon!9 are a = 0.7, 9,=17x 1070 em™ , 0=1/3, and ™ =1s.
For a dose rate of 0.11 rad s_l, typical for the radiation source used, the

radiation—induced conductivity is g = 3.6 = 1077 07 em™

. With a voltage at the
electret surface of 1000 V across 25 um of Teflon, Irad = 14.4 pA em™2. This would
quickly drop to one third of this value at the termination of the irradiation —

jdel(o) = 4.8 pA em™2 — and would subsequently decay according to equation 4.44.
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This surface charge decay phenomenon can explain the relatively large
standard deviation of the repeated charge/discharge process discussed in the section
4.5.2.. Small variations in the time between charging and discharging lead to
variations in the amount of charge removed during the discharge process.

The decay of the surface charge density of an unirradiated electret can be
observed by measuring the current passing through the electrometer to ground,
without irradiation. A dosimeter was charged up to 1000 V after which the
irradiation was halted and the external voltage removed. A current of 15 pA was
measured and determined to be due to the natural decay of the surface charge. This
current was observed to decay to 0.5 pA after 21 hours (see Fig. 4.11).

This RIC and DRIC could complicate the determination of exposure to the
dosimeter in a high dose rate situation since there would be a reduction in the
charge on the electret due to the collection of ions and an additional reduction due
to the induced conductivity. However at lower dose rates, as those normally
encountered in personnel dose monitoring, the small increase in conductivity due to

irradiation has a minimal effect on the signal.

46.3 Trap—Modulated Mobility
Another effect responsible for surface charge decay in an electret is the
inherent mobility of charges in an electric field. The free mobility u o 18 the mobility

of electrons in the conduction band or holes in the valence band and is given by,

v=p,E (4.46)

where v is the velocity of charges with a free mobility by in an electric field E. A

typical value20 is 10 em? Vsl The vrap—modulated mobility u is the
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Figure 4.11
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Current density for ¢ = 19 mm as a function of time after the
charging of a dosimeter illustrating the current measured due to
the decay of surface charge of the unirradiated electret and the
decrease in the rate at which thus charge is decaying (110 um Mylar

electret initially charged to 1000 V).

55




JoE

#»2.‘

mobility of charges in the presence of traps. Deeper energy traps result in a
decreased value for p while shallow energy traps result in a value for 4 closer to the

free mobility, u o The current density due to charge mobility is,

where p is the sum of the free and trapped charge densities. In the presence of

shallow traps, the mobility?® is 10~ cm? V1 57,

The steady—state (i.e. deep
traps) trap modulated mobility for electrons in Teflon2! is 1077 cm® v 157! This
gives a current density due to the mobility of the charges for a typical charge
density of 25 nC em™ and a potential of 1000 V across a 25 um thick polymer of,
Imob = 1071 ¢ cm™ s, This value holds for steady—state conaitions. The
presence of many shallow traps causes this value to be time—dependent with an
initial value much greater than the value quoted due to the large trap—modulated
mobility of charges found in shallow traps. The number of deep volume traps is
limited to about 1.4 x 10 cm"3, therefore a 25 um thick Teflon film can store only
a projected charge density of 28 nC em™2 - equivalent to a surface voltage of 376 V —
for long periods of time22,

The steady—state trap modulated mobility for holes in Teflon?! is 107 cm?
vt s“"l, many orders of magnitude greater than that of electrons in Teflon. Thus,

for increased charge stability, Teflon electrets are always charged with negative

charge carriers.
46.4 Modification of Formalism

The formalism developed earlier in the chapter to describe the relation

between the surface charge density and the exposure must now be modified to
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account for the decay of the unirradiated electret. Incorporating equations 4.20 and
4.28,

o(X) = o.—X[ka + \v{l - exp(3a/a,)}] (4.48)

where! O the remaining surface charge density, is given by,
o.=0'(l—c,t) for tg<t<i/e, (4.49)
o' =yo, (4.50)

¥ is obtained by extrapolating the linear portion of the o versus ¢ plot to t = 0. ¢ d
is the stabilization period after which the linear surface charge decay ensues.
Equation 4.48 takes into account the surface charge decay of the unirradiated
electret, the decay of charge due to the collection of ions created by the direct
interaction of photons with air, and the decay of charge due to the collection of ions
created by the photoelectrons emitted from the material surrounding the sensitive
volume. Thus the charge lost due to decay, known a priom for a given time, is
subtracted from the charge lost due to the ionization of the air.

The maximum exposure which can be measured with the dosimeter involves

the modification of equation 4.38:

o(t=T) — ¢
I sat
Xmaz - K’ (4.51)
where
o (t=T) = o’(1-¢c,T) (4.52)
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and Tis the total time the dosimeter is in the field.
The minimum exposure is still given by equation 4.41, but the error in

charge measurement must now allow for errors due to natural charge decay,

_ 2 2
6, = J 62, + 6+ SipoqyT (4.53)
where 60, is related to the error in the determination of the level to which the
charge density decays before the linear decay ensues, 6§, is the error in determining
the final charge state, 6 decay is the error in determination of the rate of natural
decay, and T is the total time the dosimeter is the field. Studies are being

continued to determine the magnitude of these parameters.

47 PREPARATION OF TEFLON ELECTRETS

A discharge curve for a dosimeter with a fresh, virgin Teflon electret is
shown in Fig. 4.12(a). The saturation current density began at a constant value, as
predicted by theory, however, instead of dropping quickly to zero, the current
density decayed to twenty percent of its saturation value and then decayed at a
much slower rate to zero current density. This "tail" to the discharge curve has
serious implications. The task of determining the charge remaining on the electret
is much more difficult since the dosimeter must be irradiated for very long periods
of time — in this case, thousands of seconds instead of two hundred seconds if the
discharge dropped quickly to zero.

To attempt to determine the origin of this discharge-tail, a study was
undertaken in which the dosimeter was charged for a fixed time, 130 seconds, at a
range of voltages after which it was immediately discharged to determine the effect

on the tail. In Fig. 4.12(b), the end of the discharge curve is shown for each of the
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Figure 4.12 (a) A discharge curve for a virgin 75 um Teflon electret (c=19

mm, ¢ =2 mm, V, = -50V, 0.1 R s"l) showing the anomalous
"tail" at the end of the discharge; (b) a plot of current versus time
for the end of the discharge curve showing the effect of increasing

the charge—up voltage on the tail.
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charging voltages tested. The level to which the post—saturation current density
decayed increased with increasing charging voltage. Thereafter, the current density
decreased at approximately the same rate. It was postulated that a volume—charge
effect was responsible for this anomaly. Under irradiation, charge carriers are
created in the polymer as well as in the air above it. With the application of an
electric field, these charge carriers get separated leading to the space—charge
polarization of the electret (as in the radioelectret discussed in section 2.3.2). The
increased voltage during charging augmented this effect, possibly leading to the
increased space—charge polarization responsible for the observed tail.

Another experiment showed that heating the virgin Teflon eliminated the
tail. The end of a discharge curve for a virgin Teflon electret is shown in Fig. 4 13
(unheated). The electret was then heated to a temperature of 250°C at a rate of
3°C per minute and quickly cooled to room temperature by immersing the electret
in water. It was then charged and discharged. The end of the discharge curve is
again shown in Fig. 4.13 (heated). It is seen that the current density now decayed
quickly to zero as compared to the curve for the unheated Teflon. Simply heating
the Teflon eliminated the tail. Possibly the heating process altered the distribution
of charge—traps in the bulk of the Teflon resulting in a loss of traps necessary to

form the space—charge polarization.

48 DIFFERENCES BETWEEN VOLTAGE AND CHARGE READ-OUT
Electret dosimeters depending on the measurement of the voltage at the
electret’s surface differ from the proposed electret dosimeter in one important
aspect: the thickness of the electret affects the sensitivity of the dosimeter as well
as the range, whereas when measuring charge densities, the thickness of the electret
only influences the range of the dosimeter and not the sensitivity. Consider the

differential form of equation 4.5,
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AV = —aopfe (4.54)

o°p
With the sensitivity defined as the change in voltage for a given exposure,

aV/aX = -Aap/AXeoep (4.55)

Substituting equation 4.20,

aV/aX = —rap/e ¢ (4.56)

p

It is evident from equation 4.56 that an increase in parameter p, the
thickness of the electret, will increase the sensitivity as will an increase in the
air-gap whereas, by examining equation 4.20, the thickness of the electret has no
effect on the sensitivity when measuring the curface charge.

Another important difference between the two methods is the fact that the
variation of the area of the collecting electrode has no effect on the sensitivity in the
voltage mode since the change in voltage above the electret surface has no
dependence on the area of the electret. When measuring charge, the variation of the
area of the collecting electrode is effectively changing the sensitive volume from
which charge carriers are collected and measured thus the sensitivity is strongly

dependent on the area of the collecting electrode.
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CHAPTER 5
ELECTRODE EDGE EFFECTS

5.1 INTRODUCTION

The study of edge—effects in parallel plate ion chambers has been scarce.
Most theoretical analyses of parallel plate arrangements assume infinite area
electrodes or casually mention the possibility of discrepancies due to edge effects.
These edge effects are variations in the directiou and strength of the electric field
near the edge of parallel-plate electrodes due to the absence of electrode material
beyond the edge of the electrode. To minimize these effects, a guard—ring is used.
The guard—ring is a ring of electrode material which surrounds the collecting
electrode but is electrically distinct from it, the signal from which is not measured
but is shunted directly to ground. The purpose of the ring is to define the volume
from which ions are collected by relegating the fringe—field region at the edge of the
electrodss to the guard-ring so that the electric field lines over the collecting
electrode remain uniform and perpendicular to the surface of the electrode.
Guard-rings are used in parallel plate ionization chambers, however their purpose is
primarily to prevent leakage current from the polarizing electrode from being
measured!. Indeed, the theoretical development leading to the description of the
electret dosimeter charge/discharge curve assumes that the electric ficld lines across
the entire electret covering the collecting electrode are uniform and parallel — edge
effects were neglected.

These edge effects cannot, in fact, be neglected for they have a profound
effect on the response of the electret dosimeter to irradiation. Ideally, the guard

ring would extend to infinity, however the requirement that the dosimeter be
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physically compact restricts the width of this ring. This restriction leads to the
eventual collection of ions from the fringe—field region, the size of which increases as

the electret surface charge density decreases due to irradiation.

5.2 VARIATION OF THE GUARD-RING WIDTH

5.2.1 The guard—ting study

The discharge curve of charge vs exposure for an air—gap of 8.5 mm
(Fig. 4.9) seems to be agree well with the theory developed using the laws of Gauss
and Kircheff developed in section 4.2. The sensitivity is greater than configurations
with smaller air—gaps, seen in the greater slope as compared to the curves with the
smaller air—gaps, and the charge vs. exposure curve is linear up to the point where
the surface charge has been fully depleted. Closer examination of the charge vs.
exposure curve for the 8.5 mm air—gap reveals that this last statement is, in fact,
not true. The slope of the curve gradually decreases at higher exposures as can be
seen in Fig. 5.1(a) where the same curve is plotted with a straight line of slope equal
to the initial slope of the curve fitted to the data. This phenomenon is easier to
visualize with the corresponding current vs. time curve from which this charge vs.
exposure curve was derived (see Fig. 5.1(b)). The theory predicts a constant
saturation current followed by a quick drop to zero current. From the graph it is
seen that the saturation current is not constant, but is continuously decreasing.

It was postulated that the reason for this continually decreasing saturation
current is related to the size of the guard—ring. An experiment was performed to
further explore this effect. In this experiment, the radius of the coilecting electrode
was kept fixed at ¢ = 12.5 mm while the width of the guard—ring was varied for a
series of different air—gaps. The radius of the polarizing electrode was varied so

that it always equaled the sum of the radius of the collecting
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electrode and the width of the guard—ring. Thus the diameter of the polarizing
electrode and the diameter of the collecting electrode with its guard—ring were
always equal. A charge/discharge curve was acquired for each configuration with
five values of the guard—width g ranging from 1.0 to 10.0 mm, and five different
air—gaps a ranging from 1.5 to 10.0 mm for a total of twenty—five configuratior.s.

Fig. 5.2 shows the general trends which were observed. Fig. 5.2(a) shows a
set of discharge curves in which the guard ring width was kept constant at g = 1.0
mm and the air—gap varied. In this configuration, the radius of the polarizing
electrode was 13.5 mm (the sum of g = 1.0 mm and ¢ = 12.5 mm). Witha= 1.5
mm, the saturation current is relatively constant until the end of the discharge
curve where the current quickly drops to zero. The curve for @ = 2.6 mm exhibits a
continuously declining saturation current with an average slope m_ , over the first
35 seconds of —0.3 pA/sec. As aisincreased, the slope continues to steepen until at
¢ =100 mm, m_ , = —7.2 pA/sec.

The reason for this declining saturation current whose rate of decline
increases with increasing air—gap is related to the varying size of the fringe~field
region at the edge of the electrodes. A guard—ring which is too small results in ions
being collected and measured from this fringe—field region, the size of which varies
as the surface charge density changes. With a small air—gap of 1.5 mm, the size of
this fringe—field region is small enough such that a 1.0 mm guard—ring is sufficient.
At larger air—gaps, there is a larger degree of fringing of the electric field lines at the
edge of the electrodes — the size of the fringe field region increases — such that the
1.0 mm guard-ring is no longer sufficient.

Fig. 5.2(b) shows a set of discharge curves in which the air—gap was kept
constant at a = 10.0 mm and the width of the guard—ring varied. Now the average
rate of decline decreases from a value of —6.3 pA/sec for ¢ = 2.5 mm to a value of

—0.3 pA/sec for g = 10 mm. Increasing the width of the guard—ring decreased the
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rate of decline of the saturation current due to the fact that a smaller portion of ions
from the fringe—field region were being collected and measured by the collecting
electrode. Thus a fairly large guard—ring is needed for this large air—gap.

A plot of the rate of decline of the saturation current m sqt VEISUS the width
of the guard—ring g for different air—gaps a is shown in Fig. 5.3. The general trend
is for the value of |m 5 atl to increase with decreasing g for all ¢ and with increasing
a for all g. A guard-ring width of 10 mm was sufficient to bring m sat close to zero
for all the air—gaps tested. For the smaller air—gaps, m sat did not deviate much
from zero in the whole range of guard-ring widths tested.

In an attempt to better quantify the width of guard—ring needed for a given
air-gap in order to bring the rate of decline of the saturation current close to zero,
the data shown in Fig. 5.3(a) was replotted as m_, vs. vg/a (Fig. 5.3(b)). From
the graph it is apparent that in order for m sat 10 be close to zero, the following

relation must hold,

Vi/a > 0.6 mm /2 (5.1)

for a 12.5 mm radius collecting electrode. Thus for an air—gap of 5 mm, the width

of the guard-ring should be g = (a x 0.6)2 =9 mm.

5.22  Calibration with Nonlinearities

The calibration factor for a specific dosimeter configuration is obtained by
determining the ratio of the saturation current and the known exposure rate. If the
response of the dosimeter to irradiation is continually changing with exposure —i.e.

the saturation current exhibits a continuous decline — it would seem taat the
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calibration factor cannot be determined. The usefulness of the second method of
determining the calibration factor is now apparent.

By analyzing the charge vs. exposure curve instead of the current vs. time
curve, it is possible to fit a straight line to the data and use the slope of this fitteu
line as the value for the calibration factor. It is obvious that a certain margin of
error will be introduced due to the imperfect fit of the data to the line, however
imposing certain limits on the useful exposure range can minimiz¢ these errors.

Consider the current curve for a = 10.0 mm, ¢ = 1.0 mm, ¢ = 12.5 mm given
in Fig. 5.2(a). The charge vs. exposure curve which results by multiplying the
abscissa by the exposure rate and integrating is shown in Fig. 5.4(a). A straight
line has been fitted to the data corresponding to the charge c rve that would result
if the saturation current was constant at its initial value. It seems that the fit is
perfect for the first roentgen of exposure. After this, the two curves diverge. Even
at 1 R, where the two curves appear to be coincident, the difference between the
two curves is 0.06 nC whick for a calibration factor here of 5.3 nC/R corresponds to
an error of 11 mR with the error increasing with exposure. A straight line with a
different slope might fit the data over a larger exposure range. Consider a slope of
4.7 nC/R. The largest error below 3 R, where the two curves cross, is 0.69 nC
giving an error of 130 mR.

It must be pointed out that this is exactly the methodology used for
determining the calibration factor and the exposure range over which this factor
applies in all electret dosimeters relying on the measurement of the potential above
the electret surface. The charged electret dosimeter is submitted to a series of
exposures with the reduced voltage being measured after each exposure. This data

is plotted on a graph of voltage vs. exposure and a straight line is fitted over a
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portion of this data, the slope of which gives the calibration factor in units of V/R.
Small errors introduced by a dosimeter which exhibits a continuous decline in
response when exposed are difficult to detect in this method.

A prediction of the errors introduced by this continuous variation in the
response of the dosimeter with exposure can be made more quantitative by making
one simplifying assumption: a constant slope of the saturation current m_ , is
assumed equal to the average slope over the initial portion of the current curve.

The current is given by,
It) = I,+m,,t (5.2)

where [ is the initial current, and the charge as a function of time is given by

t
«qt) = 1;(10+ m g f)dt (5.3)

qt) = It+m 22 (5.4)

sat
assuming ¢(0) = 0. Witht= X/ X and using X as the independent variable,
dX) = 1XIX+m (X/X)/2 (5.5)
The straight curve which is fitted to the data is given by,
qﬁt(x) = kX (5.6)
The difference ¢ di ffbetween the fitted straight line and the actual curve is
qdiff(x) = qﬁt(x)_ «X) (5.7)
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Qiff(X) = KX =L X|X—m_ (X/X)*/2 (5.8)

The exposure X o 3t which the difference between the two curves is zero is found by

setting the above expression to zero and solving for X to get,

X, = 2X°(k- 1/ X)/m,, (5.9)

The exposure at which the maximum difference between the two curves occurs X m

is found by differentiating ¢ ,. with respect to X, setting the result equal to
& daify

zero and solving for X:
. . 2

X, = (k=IJ30%m_, = X |2 (5.11)

The actual value of this maximum difference ¢ m 8 found by substituting X m into

equation 5.8,

. 2 .
0, = (k=1 J%%)2m (5.12)
The upper exposure at which this same difference in charge occurs is at X m2

X0 = (L+ (k=1 /00 m (5.13)

These equations can be used to determine the best fit to a particular charge versus
exposure curve, knowing the rate of decline of the saturation current and the

exposure range of interest.

75




, Wy

sy

For example, consider a discharge current curve with an initial saturation

current, [/ o of 300 pA for an exposure rate of 0.1 R s! and a continuous decline in

_ -1
sat = 20pAs .

shown in Fig. 5.4(b). The calibration factor using the initial saturation current is 3

the saturation current with m The charge vs. exposure curve is
nC R~ After 3R of exposure, the amount of charge depleted, from eyuation 5.5,
is 8.1 nC which would be attributed to an exposure of 2.7 R using the calibration
factor estimated from the initial saturation current, an error of 300 mR. This error
can be decreased to zero by shifting the slope of the fitted line. The necessary slope
can be determined from equation 5.9, substituting X =3 R and solving for k. In
this case, k = 2.70 nC R~} (shown in Fig. 5.4(b) as the fitted line). This factor
would introduce errors at lower exposures which can be estimated from equation
5.12, with the maximum error below 3 R of ¢, = —0.11 nC, corresponding to an
underestimate in the exposure of 41 mR, occurring at an exposure Xm of 1.5 R,
from equation 5.11. The same error would occur at an exposure X mo of 3.62 R, as
seen in Fig. 5.4(b). Alternatively, the ideal value of k can be determined for a
desired maximum error. For an error of no more than 0.03 nC or approximately 10
mR, the ideal calibration factor can be calculated by solving equation 5.12 to get
k= 2.89 nC R~ with the maximum exposure at which this error occurs given by

equation 5.13 and equal to 1.33 R.

5.3 VARIATION OF THE COLLECTOR RADIUS

5.3.1 The Collector Study

A personnel dosimeter must be capable of measuring exposures in the low
mR range since a large proportion of all personnel exposures are in this range. It
has been shown that the effect of increasing the air—gap is to increase the sensitivity

however the strict linearity between charge density and exposure is lost with these
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larger air—gaps. Another parameter that can be varied is the radius of the collector.
This increases the collecting electrode’s surface area thus increasing the sensitive
volume.

A study was performed in which the radius of the collecting electrode was
varied while the total radius of the collecting electrode and guard-ring stayed fixed
at 24 mm. The radius of the polarizing electrode was also constant at 19 mm. A
set of charge/discharge curves were acquired for four different collector radii — 5, 10,
15, and 19 mm — for four different air—gaps — 2, 4, 6, and 8.5 mm — at a range of
voltages for a total of 59 configurations.

A set of discharge curves for a fixed air—gap (¢ = 8.5 mm) and a fixed
charging voltage (Vo = 170 V) and the range of collector radii tested are shown in
Fig. 5.5(a). The saturation current increased with increasing ¢ due to the larger
sensitive volume. For ¢ = 5 mm, the saturation current was relatively constant.
However, at larger ¢, the saturation current was not constant but exhibited a
continuous decline, just as observed in the guard—ring study for small guard-ring
widths and larger air—gaps. Once again, the reason for this phenomenon 1s that
with larger collector radii, ions are being collected from the fringe—field region at
the edge of the electrodes. With the steady change in size of this region as the
surface charge density varies, the saturation current does not have a constant value
but continues to fall throughout the discharge process.

Another phenomenon becomes evident upon examination of the set of
discharge curves for various collector radii with ¢ = 6.0 mm and V = 400 \Y
(Fig. 5.5(b)). For ¢ < 15 mm, the saturation current increases throughout the
discharge process and peaks just before the final drop to zero. A possible

explanation of this curious occurrence will be given in section 5.4.
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