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ABSTRACT

The charging characteristics of ionographic latent images
are discussed in terms of saturation characteristics of ionographic
chambers. Latent images are essentially foil electrets with surface
charge densities proportional to the x-ray transmission through the
object. A hyperbolic expression is developed which accurately des-
cribes the full saturation curve for x-rays and cobalt-60 gamma rays
of parallel-plate ionization chambers filled with air, or with high
atomic number gases at elevated pressures. Foil electrets with sur-
face charge densities of up to 10  ° C/cm? and ionographic latent
images are formed by blocking the collecting electrode of the chamber
with a polymer. The hyperbolic expression is utilized to derive an
accurate representation of the charging and discharging dynamics of
the latent image. The theory of linear systems is used to derive the
electric field and potential inside the electret chamber, and the
solutions are equal to those obtained from Gauss' law at the surface
of the electret, and to those obtained from a dipole layer model at
large distances from the surface. An analog radiographic image sub-
traction technique based on the charging characteristics of ionogra-
phic latent images, formed either with a solid photoconductor or with

a gas as the radiation sensitive medium, is described.



RESUME

La formation de 1'image latente ionographique est traitée
en termes de phénomé&ne de saturation des chambres ionographiques.
L'image latente est constituée par la densité de charge a la surface
d'électrets minces. La densité@ de charge est reliée d la transmission
des rayons X par l'objet &tudié. Une expression de forme hyperbolique
décrit enti@rement la courbe de saturation des chambres d'ionisation
3 électrodes paralléles, irradiées par rayons X ou par photons de
cobalt-60. Elles peuvent &tre emplies d'air, ou de gaz de numéro ato-
mique &levé 3 haute pression. Des électrets minces, de densité de
charge atteignant le microcoulomb par centimétre carré, sont réalisés
en interceptant sur un polymére les charges attir&es par une des
électrodes. L'expression hyperbolique permet une représentation fidéle
de la charge et de la décharge de 1'électret. La théorie des systémes
linéaires fournit le champ et le potentiel & l'intérieur de la chambre
d'ionisation 3 électret. Les mémes résultats sont obtenus soit par
1'application de la loi de Gauss a la surface de 1'électret, soit par
le calcul 3 grande distance d'un feuillet dipolaire. On décrit aussi
une technique de soustraction analogique basé@e sur les caract@ristiques
de charge et de décharge des images latentes ionographiques. Le milieu

sensible peut &tre un gaz ou un photoconducteur solide.
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ORIGINAL CONTRIBUTION

A new analytical hyperbolic expression is presented to describe
the full saturation curve of parallel-plate ionization chambers filled
with air or with high atomic number gases at elevated pressures. In con-
trast to the presently known expressions, which hold only for the region
near saturation, this expression is in excellent agreement with measure-
ments in the whole collection efficiency range from O to 1 for continuous
x-ray sources and cobalt-60 gamma rays. It is shown that all parameters
of the saturation curve expression and thus the saturation curve itself,
can be calculated from one single measurement of ionization current at a
given electric field and air gap thickness.

Isothermal charge deposition on polymers to form stable foil
electrets by using an apparatus resembling parallel-plate ionization
chambers is reported. Charge carriers produced by irradiation of thé
sensitive air volume drift in the externally applied electric field and
get trapped on the polymer surface to form electrets with maximum charge
densities close to 10 %C/cm® Charge density as a function of applied
.Voltage follows the form typical of a Schottky or Poole-Frenkel process.

By using the hyperbolic dependence of the ionization chamber
current density on effective electric field, the time dependence of the
polarization and depolarization current densiﬁies, the effective electric
field in the electret chamber, and the electret surface charge densities
are presented for the radiation-induced foil electret and an excellent
agreement is obtained with the measured electret data. Both the satura-
tion current density and the extrapolated electric field parémeter comr

sist of a component which is linear with air gap thickness and is



produced by primary photon interactions in the chamber sensitive volume,
and another component, which exhibits an exponential saturation and is
attributed to photoelectrons backscattered from the polarizing electrode

into the chamber sensitive volume.

The theory of linear systems is used to derive the electric
field and potential in distance space in the electret chamber. On the
axis, the solutions for the electret surface are equal to those obtained
from Gauss' law, and at large distance from the surface to those obtained
from a dipole layer model of the electret.

The charging characteristics of ionographic latent images,
which are essentially foil electrets with surface charge densities modula-
ted by the x-ray transmission through the object, are discussed in terms
of saturation characteristics of ionographic chambers. Sensitivity of the
ionographic chamber can be increased tenfold by changing the low atomic
number polarizing electrode to lead. The minimum applied electric field
needed for an optimized charge collection in the ionographic chamber is
presented in terms of both the electret characteristics polarization time
and the electret relaxation time. It is shown that exposures above an
optimum one will degrade the image and for high enough exposures, eventual-
ly result in a uniform foil electret charged to its maximum theoretical
value.

The feasibility of radiographic image subtraction based on elec-
trostatic imaging techniques is demonstrated. Latent image charging at
one polarity corresponding to the production of the primary image, and

latent image discharging with the opposite chamber polarity, are used to

create the final image representing the region of interest.
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1.1 GENERAL INTRODUCTION

There have been attempts, in recent years, to replace photo-
graphic imaging techniques in radiography by electrostatic imaging
methods. The two most promising methods of electrostatic imaging applied
to radiography are xeroradiography and gas ionography. In these methods,
x-ray photons transmitted through the object produce charge carriers in
a radiation sensitive medium that drift in an electric field and are
trapped on a blocking electrode. These charge carriers form a charged
latent image which can be rendered visible by electrostatic powder.

We present, in this thesis, our investigations of the transport
of charge carriers and of the electret properties of the charged latent
image produced in gas ionography. We studied charge transport by deter-—
mining an expression describing the full saturation curve of parallel-
plate ionization chambers filled either with air or with high atomic
number gases at elevated pressures. In contrast to presently known
expressions, which hold only in a limited region near saturation, our
expression is in excellent agreement with measurements in the entire
collection efficiency range from 0 to 1 for x-ray photans with effective
energies from 20 keV to 150 keV and for cobalt-60 gamma rays. We des-
cribe a new electret production technique based on radiation induced
ionization of air and utilize the saturation curve expression in conjunc—
tion with Gauss' law to accurately represent our measured data of the
charging and discharging dynamics of this radiation induced foil electret.
We also present a more accurate calculation of the electric field and
potential at any point inside the electret chamber by using the theory

of linear optical systems to solve the Laplace's equation.



The ionographic latent image, which is essentially a foil
electret with a surface charge density proportional to the x-ray photons
transmitted through the object, is described in terms of the charging
characteristics of the radiation induced foil electret. The sensitivity
of gas ionography can be increased by an order of magnitude by changing
the low atomic number polarizing electrode to lead. The minimum applied
electric field needed for an optimized charge collection in the iono-
graphic chamber is also discussed.

We apply the charging and discharging characteristics of iono-
graphic latent images to present an analog radiographic image subtraction
technique. Either a solid photoconductor or a gascan be used as radia-
tion sensitive medium to achieve subtraction. At the moment, radiogra-
phic subtraction by computers is an extremely important technique in
radiological diagnosis, and we present our analog electrostatic subtrac-~
tion technique as a possible inexpensive alternative to the commercially

available and expensive computer techniques.

1.2 THESIS ORGANIZATION

Chapter 2 gives a thorough review of the physics of radiogra-
phic imaging. In this review, we discuss photographic film because it is
the most popular radiographic imaging technique. Electrostatic radiogra-
phic imaging, which includes xeroradiography and gas ionography, is also
discussed in detail; this discussion represents the general introduction
to our investigations of charge transport phenomena in electrostatic radio~
graphy. Radiographic subtraction techniques are briefly discussed at the

end of the Chapter 2 so that one can appreciate the relevance of the



electrostatic radiographic subtraction techniques discussed in the final
chapters of the thesis. In Chapter 3, we discuss the experimental appa-
ratus and procedures that were used in our studies. The remaining chap-
ters, which discuss the results of ouf own investigations, essentially

represent various studies that were published,'”® have been accepted for

=698 759910

publication, or have been submitted recently for publication.
Chapter 4 presents our analytical expression to describe the
full saturation curve of parallel-plate ionization chambers.} In Chapter
5, we use the saturation curve expression A) to introduce a method for
production of stable foil electrets by ionizing radiation in air,”? 4{) to
describe the charging and discharging dynamics of this foil electret,®
and A4{{) to thoroughly discuss its characteristics.”’® 1In Chapter 6, the
theory of linear optical systems is used to solve the Laplace's equation
so that the electric field and potential at any point inside the electret
producing chamber is known.® Certain characteristics of ionographic

7

latent images’ are then discussed in Chapter 7 in terms of the radiation

induced foil electret presented in previous chapters. In the two follow-

® we study the feasibility of an analog radiographic image

ing chapters,
subtraction based on the charging and discharging properties of the iono—
graphic latent image discussed in Chapter 7. We present two techniques:
one, given in Chapter 8,% uses a gas as the radiation sensitive medium,
and the other, given in Chapter 9,° uses a photoconductor. The final

chapter gives a summary of our work and some suggestions for future

research in the field presented here.
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2.1 INTRODUCTION

In this chapter we introduce, as background information, those
areas of physics of radiological imaging that are related to the electro-
static radiographic studies discussed in the thesis. 1In general, the
final visible imagé is produced from the x-ray image through an inter-
mediate step referred to as the latent image. The spatial distribution
of x-ray photons transmitted through the object in a plane perpendicular
to the emerging x-ray beam forms the x-ray image and may be expressed
in terms of variations in photon fluence, energy fluence or exposure.

In rnadioghaphy, the x-ray image is first converted by ioni-
zations and excitations into a latent image. If a photographic film is
used the latent image consists of silver atoms distributed in proportion
to the x-ray image. These atoms will initiate the transformation of the
silver bromide crystals, on which they reside, into metallic silver during
the development process to produce a visible image of the distribution.
The latent image in electrostatic radiography, on the other hand, consists
of electrostatic charges distributed according to the x~ray image and is
subsequently rendered visible by charged powder (toner) or charged liquids.
In fLucnroscopy, the x-ray image is converted directly into a visible one
by a fluorescent screen or an image intensifier-TV camera system.

The conversion of the x-ray image into an optimized visible
image with a minimal exposure to the object is the subject of considerable
radiological physics research. Numerous texts describing the radiological

image formation and its characteristics are available.!™?
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The discussion of radiologic imaging characteristics pre-~
sented in this chapter for both the photographic film, which is the
most widely used imaging technique in radiology, and for the electro-
static radiography, will serve as an introduction to studies of charge
transport in electrostatic radiography described in subsequent chapters.
Modern digital subtraction fluoroscopy systems are introduced at the end
of this chapter so that a comparison can be made with the analog electro-
static subtraction technique discussed in final chapters.

Imaging characteristics are usually described by three para-
meters: sensitivity, quantum detection efficiency and resolution.
Sensitiviy, sometimes referred to as speed, is defined as the reciprocal
of the exposure required to produce a given optical density (usually 1).
Quantum detection efficiency is the ratio of the number of x-ray photons
that interact with the radiation sensitive medium to the number of photons
forming the x-ray image.

Some of the most commonly used definitions for resolution
are : 4) the minimum distance between two points that can be distinguished
in the image, 4{) the number of line pairs per mm ({£p/mm) or cycles per
mm in the image of the bar pattern that can just be resolved, A{{) the
full width at half maximum, in units of distance, of the response to a
point or line x-ray source, or {v) the Modulation Transfer Function (MTF)

as defined from the theory of linear systems.

2,2 FILM AND SCREEN-FILM COMBINATION

2.2.1 QUANTUM DETECTION EFFICIENCY

Photographic films consist of a plastic base which is coated

with an emulsion made up of silver halide crystals suspended in gelatin.



Dixon and Ekstrand® give an excellent account of x-ray film characteris-
tics by presenting a model of a photographic emulsion which illustrates
the relationship between fundamental physical processes, emulsion para-
meters and film characteristics.

The emulsion is extremely sensitive to visible light? but
absorbs only a fraction of the incident x-ray energy. Since the quan-
tum detection efficiency of the emulsion is only v 27, film is usually
used in conjunction with x-ray intensifying screens, consisting of a
high atomic number phosphor, which emits visible or near-visible light
when irradiated by x-rays. This process provides about 1000 visible
or near-visible photons per x-ray photon absorbed.

In general, a double emulsion film (the thickness of each
emulsion is about 10 um) is sandwiched between two screens and housed
in a light tight cassette which maintains firm contact between film
and screens. In some cases the back screen may be of increased thick-
ness to compensate for the reduction of the x-ray intensity incident
on it. The x-ray photons are absorbed in the phosphor layer primarily
by photoelectric interactions. The absorbed energy is transferred to
secondary electrons which in turn deposit their energy by ionization
and excitation. About 57 to 207 of the absorbed energy is radiated
as visible or near—visible light which is almost totally absorbed in the

q8=10,11-1s

film emulsion. It is thus generally agree that the main

advantage of screens is their high quantum detection efficiency.

All phosphors used in screens are inorganic with most of them
requiring a small amount of an activator. A list of most commonly used
phosphors with some of their physical properties, taken from Arnold,®®

is given in Table 2.1 .



10

Table 2.1 - Physical Properties of Some Inorganic Phosphors

PHOSPHOR Z  K-edge Energy  DENSITY n LIGHT EMISSION SPECTRUM
(keV) g/ce z RANGE (nm)
Calcium Tungstate 74 69.5 6.06 3.5 340-540
Gadolinium Oxysulfide 64 50.2 7.34 15 400-650
Lanthanum Oxysulfide 57 38.9 12 480-650
Yttrium Oxysulfide 39 17.0 18 370-630
Lanthanum Oxybromide 57 38.9 ’ 6.30 13 360-620
Barium Strontium Sulfate 56 37.4 4,00 6 330-430
Barium Fluorochloride 56 37.4 4,70 13 350-450
Zinc Cadium Sulfide 30/48 26.7/9.6 4.43 18 450-650
Cesium Iodide 55/53 36/33.2 4.50 10 White
Barfium Lead Sulfate 82 37.4 4.50 ’ ~ 300-500

Z = Atomic number of the heavy element or elements, K-Edge = K Absorption edge energy of the heavy
elements, N = Conversion efficiency (emitted light energy to absorbed x-ray energy as a percent).
Light emission spectrum = gives the range of wavelengths of 1light photons emitted.

Table 2.1 Physical Properties of Some Inorganic Phosphors.'?®
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2.2,2 SCREEN-FILM COMBINATION

Manufacturers modify screen parameters to achieve an op-
timum screen for a given application. Optimum sensitivity is achieved
by matching the spectral response of the film to the light emission
spectrum of the screen. Several investigators have studied the sensi-
tivity of the newer screen-film combinations.l® 2!

In Table 2.2, adapted from Taylor et al.,'? we compare the
relative sensitivities of various screen—-film combinations. The values
in the table correspond to the exposure in mR at the screen—-film posi-
tion (taken with 75 kVp x~rays) needed to produce an optical density
of 1.0 on the film. The table refers to hi-contrast and latitude
films. Hi-contrast films are manufactured specifically to produce
sharper (or higher contrast) images, and latitude films are manufac-
tured to achieve a larger latitude or range of exposures over which the
film will respond (i.e., a larger range of optical demsity). It must
be noted that there is very little variation of speed with variations

of kVp in the range from 75 kVp to 90 kVp.'® It is only below 70 kVp

and above 120 kVp that changes in kVp produce significant changes in speed.

2.2.3 RESOLUTION OF SCREEN~FILM COMBINATION

Of the many definitions given for resolution the one utili-
zing the Modulation Transfer Function (MIF) is the most complete. The

MTF is the calculated response function of an assumed linear imaging
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TABLE 2.2 Comparison of Relative Speeds for Various Screen-Film Combinations. The values represent the

exposure (mR) needed to achieve 1.0 density. (C= Hi~Contrast, L= Latitude)

Films DUPONT CRONEX AGFA-GEVAERT GAF KODAK
Screens
C L CL C C(RPL) C(HR4) C(SR2) C(XR) C(XRP)
DUPONT
r Hi~-Plus 0.50 0.47 0.54 1.00 0.43 0.93 0.41 0.25 0.50
Cao., J Par 1.00 0.93 1.00 2.14 0.93 2.00 0.87 0.54 1.07
Sp 0.71 0.66 0.71 1.24 0.62 0.32 0.58 0.35 1.71
Detail 3.72 3.48 3.72 7.48 3.48 6.96 3.04 1.86 3.76
BaPbS0, Hi Speed 0.71 0.66 0.71 1.42 0.62 1.32 0.58 0.35 0.71
BaF:C1 Quanta II 0.25 0.23 0.27 0.50 0.22 0.47 0.30 0.13 0.25
La0:Br Quanta III 0.13 0.12 0.14 0.25 0.11 0.23 0.10 0.07 0.13
KODAK X-OMAT
BaPb SO, Fine 4.30 4.00 4.60 8.56 3.72 8.00 3.48 2.15 4.30
BaPb SO, Regular 0.58 0.54 0.58 1.16 0.62 1.07 0.47 0.26 0.58
GAF
Calwo TA-3 1.00 0.93 1.00 2.14 0.93 2.00 0.87 0.54 1.07
Calo, r-3 0.47 0.43 0.50 0.93 0.41 0.38 0.23 0.47
Calwo SF-3 0.35 0.34 0.36 0.76 0.31 0.29 0.35 0.31

Al
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system to a sinusoidal pattern. In radiology, the transmitted spatial
.
x-ray distribution can be resolved into a series of sinusoidal compo-
nents of varying spatial frequencies and amplitudes. It is therefore
possible, by knowing the MTF of a system, to predict the system's
response to any complex input signal.
If we consider a one dimensional sinusoidal input radiation

signal A, (x) of amplitude A and frequency v, represented by:22
in

A, (xX) = A + (AA) cos 21w, (2.1)
in
the input exposure contrast is defined as:

AAJA = (A X A

na )/(Amax+A . ). (2.2)

min min

If the output signal is represented by:

A (0 = CA +CAMMMCos[2mx - (W], (2.3)
where C is a proportionality constant, and ¢(V)/2mv is
the linear phase displacement between the input and output signals,
the output exposure contrast now becomes equal to M(V) AA/A, where
M(V), the Modulation Transfer Factor, is the ratio of the output ex-—
posure contrast to the input exposure contrast for a given frequency V.
A plot of M(V) gives the Modulation Transfer Function.
However, since sinusoidal test patterns are difficult to build

in radiology, square patterns giving square wave input signals are nor-

mally used. The relation of the square wave response S(V) to M(V) is
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. 2
given by:2322"%

S(V) = 4/m {M(V) - M(3V)/3 + M(5V)/5-M(7V)/7 ...},
and
M(V) = /4 { S(V) +8(3v)/3~S(5V)/5 + S(7v)/7...}. (2.4)

The preferred method for MIF calculation, however, is the
determination of the sinusoidal response to the response of an infi-
nitely narrow line signal. This is reasonable because any one dimen-—
sional sinusoidal test pattern can be represented by an infinite number
of line elements. The response to a beam of x—rays passing through an
infinitely narrow slit is referred to as the Line Spread Function

[LSF (x)]. We can then express the MIF as:
MTF(V) = OV OF(v] / /Uiolﬂ*loj , 2.5)

where * above indicates the complex conjugate and the one-
dimensional Optical Transfer Function 0(v) is the Fourier transform of
the LSF(x):2%226

(oo

0v) = [ LSF(r) e ZMV* gy 2.6)
Thus, the MIF (V) is itself the absolute value of the Fourier

transform of the LSF(X) normalized to 1 at V= 0. The two dimensional

MTF(VX,vy) can be similarly evaluated by using the response to an x-ray
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0 beam passing through a pin~hole. The two dimensional response function
that results is called the Point Spread Function PSF(X,Yy).
Numerous investigators have measured the modulation transfer

18527-30

function for various screen -film combinations, and one has

fitted some of the experimental data with an empirical equation of the

form®?:

MTF(V) = 0.5 erfc[o £n (v/vo)] R (2.7)

where \g is the frequency at which the MIF is 0.5, and o is
an adjustable parameter when the MIF curve is plotted on a logarithmic-
probability graph paper.

In Fig. 2.1, we present some Modulation Transfer Functions
for various screen-film combinations taken frém Arnold et al.?® As
expected, the response decreases for increasing spatial frequencies.

Speed and resolution of screen—-film combinations are inversely
related. A mathematical relationship derived by Rao and Fatouros®?
predicts that the product of the equivalent pass band Ne and the square

root of the speed is constant for a given phosphor material and a given

film. Ne is expressed as:

= 2 =
N =2 £m|MTF(vx)| dv, =2 fm|MTF(vy)|2 dv (2.8)

’

6 Y
where the two dimensional MTF is separable into its X and y

components and |MIF|? signifies the average of the squares of the MIF's

of individual layers over the whole screen. This relationship is shown

0 in Fig. 2.2 for various screen-film combinations.
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2.3 ELECTROSTATIC RADIOGRAPHY

2.3.1 BACKGROUND

Electrostatic radiography is an adaptation of the electro-

33

photographic process to diagnostic radiology. One of the electrostatic

84235 thas gained widespread use

radiography techniques, xeroradiography,
in mammography®® and is commercially available from the Xerox Corporation.
Although the imaging properties of the xeroradiographic technique have

“6  this technique has not yet replaced screen-

been studied in depth,3”"
film combinations in general radiography mainly because of its relatively
low sensitivity.

New electrostatic techniques which achieve a high sensitivity
have been suggested for possible use in general radiography. One of them
is a technique which employs a high atomic number gas as the radiation sensi-
tive medium at elevated pressures to generate free charge carriers through

x-ray photon absorption and is referred to as Electron Radiography*’™"*°

50—53

or gas ionography. This concept originated from a technique suggested

much earlier, where the photoelectrons emitted from the electrodes by the
radiation generated charge carriers in air.%%?%?
To improve the sensitivity of ionography an electrostatic

system employing a high atomic number liquid has been built.®"

Recently,
a solid state technique other than xeroradiography, relying mainly on
high purity solid state absorbers has been studied.>%’%°®

The production of the latent image in electrostatic systems

proceeds as follows: A4) the object of interest is exposed to x-ray

photons, A{) free charge carriers, proportional to the photon energy
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fluence transmitted through the object, are produced in the absorbing
medium (e.g., gas, liquid or solid), {{{) these free charge carriers drift
in an effective electric field and are collected on a blocking electrode
thereby forming a latent image with a surface charge distribution
according to the x-ray fluence transmitted through the object; Av) the
latent image is developed by powder aerosols or liquid colloids,®’

and v) the visible image is fixed with heat or chemical means.

2.,3.,2 PROPERTIES OF ELECTROSTATIC LATENT IMAGE

2.3.2.1 Gas Ionography

The sensitivity of gas ionography, using xenon or freon at
elevated pressures, most nearly approximates that of screen—-film systems
and depends on chamber design, as well as onmethods of image development.
The charge collection efficiency, defined as the charge collected to charge
produced in the radiation sensitive medium, has been studied for a wide
range of applied voltages, pressures, chamber geometries and gas mix-
tures. %’ 59

A considerable increase in sensitivity can be achieved by
adding special molecular gases to the freon or xenon used in high-pressure
gas ionography. This technique gives images of unity optical density with
as little as 10 or 100 uR exposures, but the image sharpness (i.e., reso-
lution) and noise characteristics are adversely affected. There are, never-
theless, clinical situations such as pediatric studies, where lower re-

solution would be accepted to obtain higher sensitivity. The loss of reso-

lution with amplification results from this technique being a pure electron
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collection process accompanied by a large lateral particle diffusion,
and from an increase in quantum noise due to low exposures. A one-
hundred-fold increase in sensitivity will reduce the standard gas iono-
graphic resolution of 15 £p/mm to 1.4 Ep/mm?o

It was observed that the image unsharpness (i.e., lack of
resolution) in gas ionography is mainly due to the mobility of free elec-
trons which is much larger than that of free ions. The Xonics Corporation
has improved the resolution of their XERG system by using gaseous electron
scavengers to collect negative charge in the form of ionms.

The x-ray absorption efficiency in the gas is a function of
beam quality, electrode separation, gas composition, as well as of pres-—
sure, and is considerably reduced by some of the absorbed energy emer-
ging as fluorescent radiation.52

Because of the geometric lateral shift of x-ray path when
photons ﬁravel the distance from tube focus to collecting surface, there
will be a significant blur near the edge of the radiograph if the collec-
ting electrode surface is flat. Some investigators have solved this

49952

problem by curving the electrode surface appropriately, while others

have deliberately distorted the collecting field of a planar electrode

system.37

The design and manufacture of a practical gas ionography
system involves considerable engineering difficulties. Because of the
mechanical strength needed to withstand gas pressures of up ton~n103® kPa
(V10 atmospheres) the window material must be very strong and at the
same time transparent to x-rays. The commercial XERG system achieves
great stfength in a thin assembly with minimum photon attenuation by the

use of a new resin reinforced graphite. The imaging gas must be recycled
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after x-ray exposure and the chamber properly flushed.

The latent image is formed on the blocking electrode consis-—
ting of a plastic insulator with conductive backing. The final image is
obtained after the blocking electrode is put through the development and

fixation processes.

2.3.2.2 Liquid electrostatic system (liquid ionography)

In principle, ions can be collected from any high resistivity
(10'°® Ohm-cm) 1liquid containing a high atomic number component. The two
most commonly used liquids for ionography are: carbon tetrachloride (CCLy)
and tetra-methyl-tin [SW(CH3)y]. This system resembles the gas iono-
graphic unit, but operates at ordinary atmospheric pressure and employs
an electrolytic purification chamber. The high density of the liquid
leads to a significant increase of x-ray absorption éfficiency, which
should result in higher sensitivity. However, there is a tendency for
charge recombination in liquids, resulting in a considerable dependence
of collected charge on the applied electric field. Because of this, the
sensitivity of the liquid chamber is only about 507 of that of an optimal
gas ionographic chamber. The resolution of a liquid chamber was found to
be similar to that of a gas chamber.

A sealed system for liquid ionography capable of producing a
copy of the charged image with a varying degree of edge enhancement and
sensitivity has been suggested.®*®®? Engineering difficulties have pre-

vented further practical development of this technique.

2.3.2.3 Solid state radiography

Construction difficulties and relatively low sensitivities have

stopped further development of liquid and gas ionography. The limited
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success of gas and liquid ionographic techniques would suggest a study

of ionic solids as the x~-ray absorbing media in an ionographic device.
Studies of thermoluminescence and thermally activated currents, however,
showed that the charge carrier yield.produced during an x-ray irradiation

® This would then preclude the use of

of an ionic solid is extremely low.°®
ionic solids in ionographic devices. The recent advances in crystal
growing techniques, however, allowed a high degree of control over the
impurity concentrations in ionic solids and created a new interest in the
charge transport phenomena in ionic solids. It has been found that the
yield of charge carriers and their mobility during the irradiation is not
an intrinsic property of the solid but rather is strongly dependent on the

64-66  pyurther-

concentration of impurity and defect centers in the material.
more, it was observed that a decrease in impurity concentrations from 100
parts per million (ppm) to less than 10 ppm increased the radioconductivity

~16 -10
of the ionic solid by a factor of 10°, (from 10  Coulomb/cm?-mR to 10

Coulomb/cm®-mR), suggesting a possible use of this phenomenon in electro-
static radiography.>>’>®

The device used for solid state radiography resembles the gas
and liquid ionograﬁhic systems but is much simpler because no high gas
pressure or liquid containment is required. The absorbing medium is an
ionic solid, preferably with a high effective atomic number to increase
x-ray absorption. The material is juxtaposed with a plastic charge collec~
tion foil (Mylar) and this combination is inserted between two electrodes.
The radiation transmitted through the object produces free charge carriers
(i.e., electrons and holes) in the absorbing medium. These charge carriers

migrate in the applied electric field (v 1000 V/mm) until they are trapped

at the interface with the collecting foil (blocking electrode) thereby
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producing a latent image. The attempts using sapphire (A£,03) as the

absorbing medium were not successful,®®?%®

however, and further work
in this area was suspended.

Other investigators used photoconductors, Pb0 and CdS, as
the radiation sensitive medium, and concluded that exposures greater
than those used in pressurized gas ionography or screen-film combina-

tions are necessary to achieve similar image qualities.®7?%®

2.3.3 DEVELOPMENT OF THE LATENT IMAGE

In the solid state electrostatic systems mentionned above
the latent image is trapped at the interface between the absorber and
the blocking electrode. The simplest way to transfer charges to the
polymer of the blocking electrode is through a Paschen discharge by peeling
the polymer foil from the absorber (see Sec. 3.6). For gas and liquid ion-
ography , however, the free charge carriers forming the latent image actu-
ally reside on the polymer surface itself.

The charged polymer is then placed into a xerographic develop-
ment apparatus where an air nebulizer injects a cloud of electrostatically
charged powder particles which are separated by a high voltage grid of
appropriate polarity to produce either a positive or negative visible image.
The developed image can then be fixed by heat or by an exposure to trichlo-
roethylene fumes. A more detailed discussion of the development process

is given in Sec. 3.6.
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2.3.4 XERORADIOGRAPHY

2.3.4.1 Latent image formation

The radiographic technique of xeroradiography is based on the
dissipation of the surface charges on a photoconductive layer when irra-
diated with x-rays.®” The technique has had partial success for general
radiography and its wain use has been in mammography.®® We summarize in
the following paragraphs accounts given by Schaffert,70 Boag,3I+ and
Fatouros. !

The xeroradiographic plate consists of a photoconductive insula-

ting layer of amorphous selenium on a metal base. A corona-charging unit

is used to deposit a uniform density of positive (or of negative) charges

on the selenium surface. Corona-charging will be further discussed with
reference to electrets in Sec. 5.1.

The surface potential to which the plate is charged will depend
upon the thickness of the selenium laver, and commercial plates of 130 um
are charged up to 1000 V - 1600 V (40 nC/cm®- 70 nC/cm?). The selenium
layer is both mechanically vulnerable and extremely light sensitive. Follow—
ing the corona-charging, the selenium plate is exposed to the x-ray trans-
mitted through the object being imaged. The x-rays absorbed in the sele-
nium plate produce charge pairs which drift in the field produced by the
initial surface charge layer to ultimately dissipate the layer in amounts
proportional to the local incident radiation intensity. The residual vol-
tage U after an x-ray exposure R has been found experimentally to follow

an exponential relationship of the form.3%’%8

V= VOQ‘R/Ro ' (2.9)

where Vo is the initial voltage on the selenium plate before
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the exposure and Ro is a characteristic of a given plate related to

sensitivity and beam quality. The resultant latent image on the surface

of the selenium layer is rendered visible by depositing charged powder

onto the layer and subsequently, transfering the powdered pattern onto

a white paper. The plate is then cleaned and ready for further exposures.
In general, selenium plates are less sensitive than screen-—

films and the charge collection efficiency for xeroradiography is only 8%,

compared to 207 to 307 for liquid ionography, and up to 507% for gas iono-

graphy. HO-hh

2,3.5 EDGE ENHANCEMENT

The measurement of resolution in electrostatic radiography
is more complex than for screen-films. The problem originates from the
edge contrast capabilities of electrostatic development procedures. 1In
powder cloud development, for example, a powder line is drawn at boundaries
between two areas of slightly different charge densities thereby enhancing
the boundary. Edge enhancement arises from the fringing fields produced

72«75

near a charge discontiunity. These fields distort the trajectories

of the charged powder drifting in an externally applied field (V500 V/cm)

75 The main distortion

towards the latent image, as shown in Fig. 2.3.
occurs 10 um to 20 um above the charge pattern in a region about 100 um
wide, giving rise to a depletion region where no powder can be deposited.®?
The powder is falling uniformly to about 20 um above the charge pattern,
where it is swept to the right to be deposited just inside the charge dis-
continuity thus enhancing the edge in the pattern. A further discussion

of powder (toner) trajectories will be given in the section on experimental

procedures ( Sec. 3.6.3).
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The Modulation Transfer Function (MTF) method of measuring
the resolution is not very useful since the MIF does not represent the
absolute magnitude of the response (i.e., MIF's are normalized to unity
at zero frequency), and the function cannot be easily measured because of
the very low mean level density differences across the charge disconti-

nuity.’®

In photographic and optical imaging systems the response to a
discontinuity is studied by scanning an edge to produce an Edge Response
Function, differentiating it to obtain the Line Spread Function and final-
ly taking the Fourier transform to obtain the Modulation Transfer Func-
tion. In electrostatic imaging systems, however, resolution is studied

in absolute terms and is expressed as the Contrast Transfer Function

CIF (V) = Yy MIF(Vv), (2.11)

where V is the spatial frequency and 7y is the slope of
the D (optical density) versus £0g R (exposure) curve. Figure 2.4 shows
xeroradiographic CTF's measured using knife-edge low contrast exposures
at different mean density levels as indicated in the figure.’’ The
contrast (AD/D) in each case corresponds to a change of only 1 quantum/pm?
across the edge. In contrast to screen—films where 7y is a constant in
the normal range of operation, vy for xeroradiography (and ionography)
varies quite substaﬁtially. Although the zero frequency Y in Fig. 2.4
is less than 0.2 [MIF(v = 0) = 1], Y may be as high as 10 units at

Vv = 1 cycle/mm [MIF(v# 0)< 1].
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Figure 2.4 Contrast Transfer Function (CTF) for xeroradiography

for a series of low contrast exposures taken at dif-
ferent mean exposure levels. The different mean density

. . 7
levels are indicated on each curve.'’
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2.4 COMPARISON BETWEEN THE PHOTOGRAPHIC AND THE
ELECTROSTATIC RADIOGRAPHY

Some of the advantages of screen-films over direct exposure
films are 4) lower radiation dsse to patients, 4{) higher film contrast at
medium film density, and 4{{{) high speed which allows the use of shorter
exposure times, thereby minimizing blurring from motion. The disadvantages
of screen-film compared to direct exposure film include {) lower resolu-~
tion, 4{) higher noise, and 4{{) artifacts from the screens. Lower reso-
lution may not be a problem since motion blurring may be more significant.’®

A comparison of optical density against exposure is shown in Fig. 2.5(b)

68579 0

for type AA film and for type Min-R screeri-film,®° respectively.

It is difficult to compare physical factors, such as reso-

lution, contrast, and noise, for the xeroradiographic (or ionographic)

2

system with those for screen—film systems."” The advantages of xeroradio-

graphy (ionography) include 4) wide exposure latitude, {{) increased small-
area contrast (as a result of the inherent edge—enhancement effect), and

42981

ALL) visualization without a view box. The disadvantages include

4) low broad-area contrast, 4{) higher radiation dose, {{{) powder arti-
facts in the image, and 4v) mechanical failure for xeroradiography.®®
Figure 2.6 shows characteristic curves for a mammographic screen-film

7l The curves illustrate a much

combination and for xeroradiography.
wider latitude but lower broad-area contrast for the xeroradiographic
(or ionographic) systems. However, detail recognition in the electrostatic

systems is achieved through edge enchancement arising from the charge

gradients.
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Brodie and Gutcheck have made an interesting theoretical
estimate of the lowest exposure necessary to record the smallest feature

of interest.®?

An example of their results is shown in Fig. 2.7, where
the maximum exposure necessary for observing calcifications 150 um in
size with a probability of error of 1 in 10 is plotted as a function of
average beam energy. We see that very small phenomena are more easily
detected in xeroradiography. This is due to the edge enhancement proper-
ties of electrostatic development procedures.

In electrostatic radiography, ionography has been found to
be more sensitive than xeroradiography!® We show in Table 2.3"° the
overall sensitivity in units of optical density (D) per exposure (mR)
of xeroradiography and gas ionography for various x-ray beam qualities.

A good comparison between systems can be made in the radio-
logy clinics themselves. In Table 2.4, we show a list of typical mea-
sured exposures in mammography®® from various centres in Ontario for a
number of different radiographic imaging modalities. In the table, the
manufacturer Xerox refers to xeroradiography and Xonics to a gas iono-
graphic system called Electron Radiography.

In general, screen-film combinations are more sensitive
than xeroradiography and about as sensitive as the reported Electron
Radiography technique. Screen—film combinations are preferred for
general radiography while the electrostatic techniques are normally
utilized for cases where very small low density lesions are to be de-

tected.
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Table 2.3 Comparative Imaging Sensitivityqs

kVp Xeroradiography Gas Ionography
(D/mR) (D/mR)

45 .066 .304

65 .097 .57

90 .11 .73

105 .12 .79
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TABLE 2.4
Measured Exposures in Mammography

(Typical Values in Ontario 1980)

(H

(2)

3)

@

(5)

(6)

g

8

9

(10)

Mean- Mean
Exposures Dose Dose to
Surface in mGy Glandular
Absorbing Imaging Filter HVL of Breast per Ry llss‘uc
Manuf. Material Material Anode (mm) kv, mm Al (R) to Surf. (mGy)
Kodak Film AA film Mo .03 Mo 32 .37 20 1.0 20
Kodak Film No screen Mo 03 Mo 25 30 4 9 36
Dupont Lo Dose screen MRF-31 Mo 06 Mo 33 44 9 1.3 1.2
Xerox Selenium +ve mode  Selenium w 2 Al 42 1.1 1.0 28 2.8
-ve mode Selenium w 2 Al 42 1.1 7 2.8 20
Kodak Min R screen Min R. w .5 Al 30 .37 4 1.0 4
Kodak Min R screen Min R. Mo .03 Mo 36 .39 5 i1 .5
Dupont Lo Dose II screen MRF-31 Mo .03 Mo 29 5 .24 1.4 .3
Dupont Lo Dose 11 screen Lo Dose Mo 03 Mo 30 .35 5 1.0 -5
Xonics Freon at 5 atmos. Foil w 9 Al 36 .83 2 2.2 4
Table 2.4 List of typical exposures in mammography for a number

of different radiographic imaging modalities.
dose to glandular tissue of breast per R to the surface

of breast is also corrected for backscatter.

83

Mean
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2,5 DIGITAL SUBTRACTION ANGIOGRAPHY

2.,5.1 SUBTRACTION RADIOGRAPHY

Very often in radiological procedures some type of contrast
material, such as a radiopaque iodine compound, is introduced to facili-
tate the identification of low contrast interfaces or to accentuate
the difference between two regions of similar radiopacity. Depending
upon the region to be examined the introduction of the contrast material
can be either a very simple or an extremely complicated procedure for
both the examiner and the patient.®"

Since des Plantes®® first described a photographic subtrac-
tion technique in 1935 to suppress unwanted background information and
to enhance the edges of the regions of interest, photographic subtraction
methods have become increasingly popular as an adjunct to contrast proce-
dures to suppress the appearance of structures overlying the regions of
interest. In essence, the image of a patient taken after am injection of
contrast material to delineate a region of interest is subtracted from
one taken prior to the injection. Normally, the two photographic x-ray
films would be subtracted by special darkroom techniques, the results
of which however, are only fair.

Important procedures such as arteriograms using intravenous
injections of radiographic contrast media and photographic film systems

were reported as early as the 1940's. 86287

The development of catheteri-
zation techniques for the arterial administration of contrast media soon
led to the replacement of the intravenous approach with the much more

invasive (i.e., more difficult for patient and examiner) intra-arterial

procedures. The morbidity associated with these invasive catheterization
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procedures was clearly outweighed by the improved resolution and contrast
of the images relative to those obtained using intravenous methods.
Subtraction of unprocessed information taken from the video output of
fluoroscopic systems, adequate for augmentation of arterial injection
techniques, was not sensitive enough to be used with intravenous injec-—
tions of the contrast media. However, techniques capable of imaging the
small contrast levels produced after an intravenous injection began to

88791 These techniques involved the use

appear in the early seventies.
of time and K-edge energy subtraction methods for iodine imaging.

But it was only when digitized video images from an image
intensifier T.V. camera system were introduced by Mistretta and collea-

92=95

gues at the University of Wisconsin and a group at the University

of Arizona®%73®

that intravenous digital subtraction angiography became,
what many observers have stated, °® perhaps thé most significant innova-
tion in diagnostic radiology, since the introduction of the CT (compute-
rized tomography) scanner. Digital (computerized) subtraction techniques
and computer processing may now make it possible to return to intravenous
angiography while maintaining good image contrast and acceptable resolu-
tion.

It is important to understand that the computerization pro-
cess does not improve the image. The analog photographic image is still
far superior to the digitized computer image. However, it is in the

resultant image after subtraction that the computer image is superior to

the photographic one.
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2.5.2 DIGITAL SUBTRACTION FLUOROSCOPY

In conventional fluoroscopy an x-ray image intensifier
replaces the film as the primary image receptor. The x-ray image
intensifier is a vacuum tube that contains an input screen that converts
the x-ray pattern into an electron pattern, and an electro-optical sys-—
tem that accelerates and focuses the electrons into an output screen
which finally converts the electron pattern into a high intensity visi-
ble one. The output screen is then optically coupled to a television
camera (e.g., vidicon, orthicon or plumbicon) so that the images can be
viewed on a video monitor or recorded on a video disc or tape.

Current digifal radiography systems are divided into digi-
tal fluoroscopy systems and the much less common scan projection radio-
graphic systems. In-the latter systems collimated x-ray beams are used
to scan the patient, either by moving the beam over the patient or by
moving the patient through the beam. The detectors used are usually
scintillators, photodiodes or high pressure xenon ionization chambers.
In digital fluoroscopy, the main components of which are shown schema-

.8,1%% the video signals are digitized and stored in

tically in Fig. 2
a computer memory for future use. In general, the vidicon camera is
replaced by a 1600: 1 signal-to-noise ratio plumbicon camera, and a
logarithmic amplifier may be inserted between the video output and

the analog-to-digital converters (ADC) to compensate for the exponen-
tial attenuation of x-rays in the patient. Subtraction of stored images
is then easily achieved through computer manipulation. The complexity
of the system can be better appreciated by showing in Fig. 2.9 a block
schematic of a digital fluoroscopy unit as developed by the University

101

of Arizona. In subsequent chapters, (i.e., chapters 8 and 9) we will

present analog radiographic subtraction techniques utilizing electrostatic

imaging principles.
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(GENERALIZED FILTER

ADC
E_" LOG. - 8- BITS
VIDICON AMP.
0BJECT IMAGE
X-RAYS INTENSIFIER
IMAGE
COMPUTER [0~ MEMORIES
DISK DIGITAL TO ' VIDEO
ANALOG DISK
STORAGE CONVERTER
VIDEO
MONITOR
Figure 2.8 The primary components of a digital fluoroscopy system

are the x-ray tube, image intensifier, a low noise video
camera (lead-oxide vidicon or plumbicon), a logarithmic
video amplifier, a high speed ADC, image meﬁories, large
disc, digital to analog converter (DAC) for video display

of images and tape for storage of images.!?’
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Block diagram of a realistic digital fluoroscopy system

oy



41

2.6 SUMMARY AND CONCLUSION

An introduction to basic characteristics of photographic and
electrostatic radiography has been given. In the photographic film,
exposed silver bromide crystals in the emulsion are transformed into
metallic silver to render the x-ray image visible. In electrostatic
imaging, on the other hand, the exposure produ;es charge carriers that
drift in an effective electric field and get trapped on a blocking elec-
trode to form a charge layer distribution proportional to the exposure,
which is rendered visible by electrostatic powder (toner) or electrostatic
colloids.

Important imaging parameters, such as sensitivity, spatial reso-
lution, and quantum detector efficiency have been defined and the various
methods used to improve these parameters for the different radiographic
techniques have been discussed. An intensifying screen has been added
to the photographic film while various studies have been performed for
the electrostatic absorbiné medium (e.g., high atomic number gases at
elevated pressures, high'atomic number liquids, solid state ionic crystals
and photoconductor materials), to increase the sensitivity and quantum
detector efficiency. The various imaging parameters were compared for
the different techniques. In general, although the sensitivity of screen-
film radiography is superior to that of electrostatic radiography, the
property of edge enhancement and independence of silver are interesting
advantages of electrostatic systems over screen—film combinations._
Morebver, edge enhancement permits the visualization of lesions that are

smaller than those that can be detected by screen-film combinations.
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The technique of subtracting a radiograph taken before, from
one taken after the injection of a contrast medium (e.g., an iodine solu-
tion), to delineate certain regions of interest was introduced. Because
of the importance of this technique to clinical diagnosis,conventional
fluoroscopy was briefly described to explain the modern digital subtraction
fluoroscopic systems where the video output of the TV camera is digitized
and entered into a computer for the subsequent subtraction procedures.

The chapter serves as an introduction to the discussion of
our investigation of the charging characteristics of the electrostatic
latent image. This imageis essentially a foil electret with a surface
charge distribution modulated by the photons transmitted through the ob-
ject. This discussion will include the determination of an expression
representing parallel-plate ionization chambers filled either with air
or with high atomic number gas at elevated pressures, so that the char-
ging and discharging properties of the electret production technique can
be studied. The results of this study will then be applied to improve
the understanding of the physical properties of the ionographic latent
image. The results will also be used to demonstrate the feasibility of
radiographic image subtraction based on electrostatic techniques with
either a gas or a solid as the radiation sensitive medium which could
eventually be developed into an inexpensive alternative to complex digital

subtraction systems.
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5.1 INTRODUCTION

In this chapter we discuss the experimental apparatus and tech-
niques used in our study of charge transport in electrostatic radiography.
The main components of the apparatus are: £} an x-ray tube as the source
of ionizing radiatién, AL} a 5 cm diameter air-filled ionization chamber
used in the air saturation and the electret studies, {{i{) a 20 cm diameter
air-filled ionization chamber used in ionographic imaging, {v]) an evacu-
ated chamber or cassette built for solid state electrostatic radiography,
v) a powder toner box for development of electrostatic images, and v.d) an
assortment of high quality electronic equiﬁment such as electrometers, a
plotter, high voltage power supplies, and a roughing vacuum pump. A more

detailed description of the components and techniques is given below.

3.2 X-RAY SOURCE

In most of our experiments the x-rays were generated by a con-
stant potential therapy unit® enclosed in a lead-lined box as shown sche-
matically in Fig. 3.1 . The unit was used with a potential of 100 kVp
and a current of 3 mA corresponding to an x-ray beam with a half-value
layer of 2.2 mm of aluminum or an effective x-ray beam energy of 28 keV.?
The polarizing electrodes of the air and solid state chambers were at a
distance of 50 cm from the x-ray focal spot irrespective of air gap thick-
ness. The exposure rate at this distance was 150 mR/s. In some of the
measurements discussed in Chapter 4, various x-ray beams with effective

energies up to 150 keV *and cobalt-60 gamma rays" were used.
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Figure 3.1 Schematic of the lead-lined box containing the x-ray

source and the measuring (or imaging) chamber with

polarizing electrode 50 cm from the source.
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3.3 AIR-FILLED IONIZATION CHAMBER

The ionization chamber used in our measurements of the satura-
tion curve is shown schematically in Fig. 3.2 . The measuring electrode
is a 20 ym thin foil of aluminized Mylar, reinforced with a 5 mm thick

5 The ionization cur-

lucite plate, and grounded through an electrometer.
rent measurements were performed at room temperature and ambient pressure.
The polarizing electrode is also made of aluminum (2 mm thick) and is con-
nected to a variable power supply.® The measuring electrode is circular
with a diameter of 5 c¢m and is surrounded by a 1 cmwide guard ring which

is grounded directly. The guard ring defines the chamber sensitive volume

and minimizes the leakage currents measured by the electrometer. The cham-
ber sensitive air volume is defined by the product of the measuring elec-—

trode area A and the air gap thickness 4. The saturation curves were

studied with air gaps ranging from 0.2 to 6 cm.

3.4 ELECTRET CHAMBER

The electret forming chamber resembles the standard parallel-
plate ionization chamber discussed above and is shown schematically in
Fig. 3.3 . The measuring electrode is blocked and the electret state is
produced on a polyethylene terephthalate foil (PET-Mylar), which is alu-
minized on the side facing the x-ray source and has a thickness p on the
order of 100 ym. The aluminum on the polymer is used as the measuring
electrode grounded through an electrometer.> The polymer is facing the
polarizing electrode over a variable air gap ranging from a few mm to a

few cm. The polarizing electrode is connected to a power supply Vothrough
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an electrometer and consists of a photoemittive metal with a thickness
larger than the range of photoelectrons produced in the material by the
x~rays. The switch in the high voltage circuit enables us to connect the
polarizing electrode either to the power supply in the electret charging
studies or to ground in the electret discharging studies.

Both electrodes are circular with a diameter of 5 cm and are
surrounded by a 1 cm wide guard ring. The ring around the foil electrode
is grounded directly while that around the polarizing electréde is con-
nected to the switch thus bypassing the electrometer in the high voltage
circuit. The guard rings allow us to define the chamber sensitive volume
as the product of the electrode area A and the air gap thickness a, and
they also minimize the leakage currents measured by the electrometers dur-
ing the electret formation and decay studies. The current and charge mea-
surements were performed at room temperature with digital electrometers®
connected to a recorder.’ The characteristics of the foil electret state,
representing the latent ionographic image, were studied for various air
gaps ranging from a fraction of a mm to a few cm, for various photoemit-
ting polarizing electrodes ranging from low atomic number carbon to high

atomic number lead, and for various thicknesses of the polymer dielectric.

3.5 AIR-FILLED IONOGRAPHIC CHAMBER

The air-filled ionographic chamber is essentially identical to
the electret chamber discussed above except that the electrode diameter
was enlarged to 20 cm to accomodate imaging of larger objects. The cham-
ber is placed behind the object to be examined and is shown schematically

in Fig. 3.4 . The polymer foil containing the latent image can be removed
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Figure 3.4 Schematic diagram of the ionographic chamber which is
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and inserted into a powder toner development system for visualization of
the image. To achieve the optimum sensitivity and resolution in the la-
tent image, a lead polarizing electrode and an air gap of 2 mm to 8 mm
was used in this chamber. Different types of polymers were examined and
we found that white metalized polypropylene films formed a very good con-

trast background against the developed black image.

5.6 SOLID STATE ELECTROSTATIC IMAGING

3.6.1 SOLID STATE ELECTROSTATIC CASSETTE

In Fig. 3.5 we show a schematic of the electrostatic imaging
cassette. A photoconductor is placed in contact with a dielectric paper
or foil, the other side of which is conductive, x-ray transparent and
used as the grounded electrode. The metal substrate upon which the pho-
toconductor has been placed is used as the polarizing electrode. The
two electrodes are connected to an external power supply6 during the
x-ray irradiation of the object. The potential that can be applied across
the photoconductor—-dielectric paper combination is limited by breakdown
to about 1500 V. A rough vacuum® of about 94.4 kPa (~710 mm Hg) is used
to press the dielectric paper uniformly over the photoconductor. The
rough vacuum is also used to keep the dielectric paper in contact with
the photoconductor when the polarity of the electrodes is changed dur-
ing image subtraction procedures.

The photoconductor consists of a 130 ym thick selenium coating
upon an aluminum substrate available commercially.’ The dielectric paper
has a conductive backing and is commercially available as electrographic

0

paper.'" The latent image residing at the interface between the photo-

conductor and the dielectric paper can be transferred to the paper
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Figure 3.5

Schematic of the solid state electrostatic imaging
cassette. The rough vacuum presses the dielectric
paper uniformly over the selenium (Se) layer, and
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of the dielectric paper.
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paper
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through a Paschen discharge mechanism in air by peeling the paper from
the photoconductor. The charged image on the paper is then visualized
by dry electrographic techniques in the toner developer with powder

used in commercial photocopiers.*?!

3.6.2 CHARGE TRANSFER MECHANISM

t'? to explain the

We will follow a treatment given by Schaffer
charge transfer mechanism involved in our solid state electrostatic cas-—
sette. The transfer of charges from the photoconductor onto the dielec-
tric paper in the solid state electrostatic cassette requires the move-
ment of electrical charges through the air gap separating the two sur-—
faces. For gaps greater than 8 um the charge transfer mechanism is ex-
plained on the basis of gaseous discharge phenomena using the Paschen
discharge curve. For gaps of a few microns which exist when two sur-
faces are in virtual contact a modified form of the Paschen curve is used.

Following Paschen's law for breakdown of a gas in an electric
field, the breakdown voltage is a linear function of the product of the
gas pressure and the separation d between the electrodes. As shown
in Fig. 3.6, this law holds only for pod 20.7 mm X kPa(~5mm x mm Hg);
for pod values below this limit, there is a sharp upturn in the Paschen

curve. 13

The minimum breakdown voltage for air is about 350 volts.

The Paschen curve in Fig. 3.6 can be calculated for air at
atmospheric pressure and is represented as breakdown voltage versus air
gap (solid curve)!" in Fig. 3.7 . The voltage across the air gap d sep-

arating the selenium film of thickness s from the dielectric of thick-

ness jp, can be represented as:
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v +v)d
v, = ° ¢ , (3.1)
d 'e + ple + d
8 p P

Sy

where €, and ep are the dielectric constants of the photocon-

ductor and insulator, respectively, V_ = as/esgo is the potential pro-

C
duced by the surface charge density ¢ which resides on the surface of
the photoconductor and V is the externally applied potential. The air
gap voltage Vd is plotted as a function of gap width d (dashed curves)
in Fig. 3.7 for various values of (VO + Vc)' Charge transfer occurs
only for points where the curves representing Vd cross the Paschen curve.
In cases where the intersection occurs at two points, charge transfer
will be initiated at the point reached first, i.e., at the smaller gap
width when the surfaces are being separated and at the larger gap when
the surfaces are brought together.

Although the behaviour of particular gases in the range of
pod greater than the Paschen minimum is well known and follows the
Paschen law, the behaviour in the range smaller than this minimum will
follow the law only at low pressures. No steep rising curve has been
observed for gaps smaller than that at the Paschen minimum which is 8 um
for air at atmospheric pressure. It seems that the high fields in these
small gaps initiate field emission current which predominate over those

13 The Paschen curves

generated by the Townsend avalanche mechanism.
obtained at atmospheric pressure (i.e., modified Paschen curves) for var-
ious gases are shown in Fig. 3.8, and exhibit a plateau extending to the
left of the Paschen minimum indicated as v, in the figure, and a steep
line the slope of which is independent of the type of gas. This line

runs to the origin and is attributed to field emission. The beginning of

the normal Paschen breakdown is just the line to the right of the plateau.



64

800 ¥ [ v " T I T I T
L 600 -
g KNEE PLATEAU CO;
o
> 400
<
=
O
o
< 200
i
e 2:0x 108 v/em
@
i J ] | 1 ] R | | 1
0o IO 20 30 40 50
SPARK GAP IN Na WAVELENGTHS (D)
Figure 3.8 Representative plot of breakdown voltage versus elec—

trode distance for small gaps near the pod minimum

12513
at normal pressure. The Na wavelength D is 0.59 um.
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In our solid state electrostatic radiographic cassette the
dielectric paper and photoconductor surface are at first in virtual con-
tact (d * 1 ym). This is achieved through the rough vacuum as described
in the previous section. Charge transfer from the photoconductor to the
dielectric insulator is accomplished in a series of incremental steps as
the surfaces are separated. The step-wise transfer can be illustrated
for a purely hypothetical case. This is represented in Fig. 3.9 where
A is the modified Paschen curve and B is a curve assumed to be the gap
voltage after each incremental charge transfer, as a function of gap
width. With the initial voltage across the air gap, Vio = (VO + Vc)’
the initial discharge takes place at a point a in the figure in the field
emission region. The discharge reduces the gap voltage to the point a'
in the figure, and reduces the effective applied voltage across the gap,

which can be expressed as:
le = Vd0 - A10t (s/sS + p/ep)/eo . (3.2)

where Alat is the charge density transferred to the dielectric.
As the surfaces are separated, the second discharge will occur at b and
stop at b' reducing the effective potential to de. This process con-
tinues until V4 has been reduced below the minimum for air breakdown.
It can be shown that the total amount of charge transferred during the

separation of the two surfaces can be approximated by:
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n
o = izlAiO/t = e /e, [Vc R A G ve, + w)]
= s:o/&:S [ S + V0 (»/us:c tvg, t w) ] s (3.3)

where u, v, and w are constants that equal to 7737.6 V2/um,
6.2 V/ym and 312 V, respectively; and €a equals to (s/€s+p/€p) in um.

If the values for the various parameters used in our electro-
static solid state cassette, i.e., s = 130 um, p = 4 um, e, = 6, ep = 3,
and v, = 0 volts during the peeling operation, are inserted into Eq. (3.3),
o is approximately equal to ¢ indicating that most of the charges are trans-
ferred to the dielectric. However, if a much thicker p is used, say 200 pm,
most of the charges remain on the selenium and the latent image on the di-
electric cannot be visualized through powder techniques. This has been veri-
fied in our laboratory and is the reason why dielectric paper is preferred
over Mylar in this cassette. Mylar with a thickness of 3 um to 5 ym is
difficult to acquire and impossible to work with. The dielectric paper is
made up of a paper base acting as a support layer followed by a conductive
substrate of resistivity 10° to 10® ohm/cm? immediately under a 3 to 5 um

*  The thickness of

thick vinylchloride-vinylacetate copolymer dielectric.?
the dielectric is suitable to transfer a reasonable amount of charge from

the photoconductor to the dielectric.
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3.7 DEVELOPMENT OF LATENT IMAGES

3.7.1 POWDER BOX

The charged latent image can be developed by dry powder or
liquid colloids. The development system we used is very similar in
basic design to the Xerox 125 system and is shown schematically in
Fig. 3.10 . An aerosol of fine powder particles can be produced by

t through a fine nozzle or toner gun using compressed

spraying powder?!
nitrogen as carrier gas. The gas is forced through the gun in short
puffs of about a second, every few seconds. At the same instant puffs
of nitrogen are directed in the opposite direction from a balancing
nozzle to force the toner particles sidewise around the middle of the
baffle. The powder particles are charged either positively or nega-
tively by triboelectric effect!® due to collisions of the powder par-
ticles with each other or with the metal walls. The Mylar foil, poly-
propylene film or dielectric paper, is placed on top of the box with
the latent image side facing the powder cloud. The conductive side is
connected to ground. The sign of the powder reaching the latent image
can be selected by a biasing grid connected to a potential of about

5000 V of appropriate polarity held about 10 cm below the surface of

the latent image.

3.7.2 POWDER MOTION

The various forces acting on a spherical powder particle of
radius », density p, charge Q and dielectric comstant EQ’ when moving
with a velocity v through a gas of viscosity n under the influence of

an electric field Eb’ are as follows:
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A) gravitational force

Fg = 4/3 mripg , (3.4)
AL) electric force due to free charge

Fé = QEb R (3.5)
and
AL}  frictional force due to motion through the gas expressed

by Stokes' law

Fs =6 Trw , (3.6)

where 1 is 1.9%10 ° N-s/m? for air at 20°C.

Typical values for variables used in electrostatic imaging'®
are shown in Table 3.1, and the corresponding maximum and minimum forces
shown in Table 3.2 .

In our powder box shown in Fig. 3.10 particles enter the cham-—
ber under the baffle and travel in a turbulent stream of air at about
102 cm/s . The stream of air then carries the powder around the baffle
and up through the biasing grid below the latent image foil and the par-
ticles now have speeds of a few centimetres per second. In this region,
F6 is greater than Fs’ and Fﬁ selects out those toner particles of appro-
priate signs to drive them towards the latent image surface. Close to
the surface of latent image the motion of the powder is primarily dic-

tated by electrostatic forces and the effect of air currents is compa-

15 the in-

ratively small. Investigations have shown that at this point
fluence of air motion on the developed image is not of primary impor-

tance. Once the powder is very close to the latent image the very strong
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16
Table 3.1 Typical ranges in powder cloud development
Radius Density Charge Velocity Electric Field
7 (ym) p(g/cm?) Q(c) v(cm/s) Ey (V/ym)
MINIMUM 0.2 1 5%x107 2 0.1 0.1
MAXIMUM 5 10 5%10 7 10 10
) ) 16
Table 3.2  Extreme values for different forces on powder particle
F_(N F,(N F_(N
e (@ K&
MINIMUM 3x107 1€ 5x10° 1" 7x107 13
MAXTMUM 5x10 1 5x1071° 1.8x107*°




Figure 3.10
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electric fields close to the surface produced by the latent image compel
the powder particles to follow the appropriate path in the electric
field towards the surface of the dielectric and to stick there by fric-

tion.

3.7.3 SPECIFIC POWDER TRAJECTORIES

It may be of interest to briefly discuss the possible trajec-
tories of powder towards the charged dielectric. A good illustration
has been given by Lewis and Stark,'” and in a more detailed form by
Fenster et al.'® from where Fig. 3.1l has been adapted.

In Fig. 3.11(a) a negatively charged half-plane is powdered
with a bias field Eb of 0.4 kV/cm which selects negative powder par-
ticles. Particles outside the charge pattern will follow nearly straight
lines to deposit in region 'ec'. Those near the charge edge will follow
complicated trajectories and pile up just outside the charge edge in
region 'p'. If the bias field E, is stronger than the vertical com-
ponent of the field due to the charge pattern, a few trajectories such
as 'B' can deposit negative toner inside the charge pattern. Such de-
positions occur in region 'a' remote from the edge with no powder near
the edge. There is also the possibility that through air turbulence,
some positive toner may reach region Q above the foil inside the arch-
ing electric field near the edge of the charge pattern. Then these
would drift to 'e' in Fig. 3.11(b) . The expected powder distribution
is shown in Fig. 3.11(¢) . Normally, if air turbulence is minimal no
powder would be deposited between 'a' and 'f'. This region has been
called the depletion or forbidden region by Stark and Lewis.!” Even if

air turbulence is important there still remains a strip 'f' between 'e'
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Figure 3.11 Schematic diagrams of the trajectories of positive

and negative powder (toner) particles when a negative
charge pattern is developed with a biasing field Eb of
(a) - (¢) -0.4 kV/cm, (d) - (4) 0.0 kV/cm, and

(g] - {£) +0.4 kV/cm. The expected powder distributions
for each of the -0.4, 0.0 and + 0.4 kV/cm development

) . 18
conditions are shown in (c), (4) and (L), respectively.
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and 'p' into which powder is not deposited. Its width would depend on
Ep, the size of the surface charge density discontinuity and, of course,
on air turbulence.

If the charge pattern is powdered with no biasing field, there
is no selection of tomer charge, and powder is transported with air tur-
bulence alone as shown in Figs. 3.11(d) and 3.11(¢) . 1In these figures
negative toner is deposited near the edge and outside the charge pattern
in region 'c' while positive tomer is deposited inside the charge pattern
in region 'a', leaving behind a narrow powderless gap 'f' between them
as shown in Fig. 3.11(4).

If the bias field, Ey is + 0.4 kV/cm, positive toner is select-
ed. The positive particle will follow the trajectories as shown in
Fig. 3.11(h) leading to a pile up at 'p' and somewhat less powder in
region 'a'. Outside the charged region positive toner will be deposited
away from the charge edge in region 'c'. If air turbulence forces neg-
ative toner to reach Q in Fig. 3.11(g) it will give rise to a peak at 'h'.
The expected powder density distribution is shown in Fig. 3.11(L).

It is interesting to note that selection of charged powder per—
mits positive or negative pictures as expected. However, we do not get
a uniform powdered distribution when Eb =0 . As shown in Fig. 3.11(4)
there remains a distinct unpowdered region on the edge of the charge
pattern.

In Fig. 3.12 we show images we have taken with the solid state
cassette and developed with different bias field polarities [Figs. 3.12(a)
and 3.12(b)] and with no bias field [Fig. 3.12(c)] to substantiate what
was discussed above.

For good image contrast it is evident that the bias grid must

be kept at a potential to select toner particles and periodically cleaned



Figure 3.12

(b)

R 3 o o B Ll

()

Electrostatic radiographs taken with our solid-state
electrostatic cassette (Fig. 3.5) and developed with
biasing fields Ej of different polarities [(a) and (b)],

and with no biasing fields (c).
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to prevent the build-up of charge powder that would effectively reduce

the bias potential. In addition, air turbulence should be kept to a

LIPS |

minimum to prevent the small accumulation of powder shown as peaks 'e

and 'h' in Figs. 3.11(c) and 3.11(L), respectively.

3.G FIXING THE POWDERED IMAGE

After the charged latent image has been discharged through the
electrographer powder and becomes visible, the powdered image is fixed
either by exposing it to trichloroethylene fumes or by baking it for a
few seconds at ~140°C. The resultant visible image is durable and will

not fade away in time.

3.9 SUMMARY

The main components of our apparatus from x-ray source to
imaging chambers were described. Charge carriers produced in the par-
allel-plate ionization chamber by the x-ray irradiation drift in the
externally applied electric field towards the appropriate electrodes.
If the measuring electrode is ohmic,the chamber is a standard ionization
chamber used for dosimetry; if it is blocking the charges are trapped
on the polymer surface of the blocking electrode to form an electret
with either a uniform surface charge distribution or a distribution
modulated by transmission through an object (i.e., the charged latent
image of an object). Charge carriers produced in the solid state elec-
trostatic cassette, however, remain on the surface of the photoconduc-
tor to form the latent image, and are transferred to the dielectric
paper by Paschen discharge when the dielectric paper is peeled from the

photoconductor.
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The latent images formed by either technique are visualized
by an electrostatic powder cloud development system which selects the
sign of the powder particles to form either a negative or positive
visual image. Certain particularities of this development process
were discussed and simple methods of fixing the powdered image were

described.
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4,1 INTRODUCTION

In this chapter we will discuss saturation curves of paral-
lel - plate ionization chambers. First, we will summarize the work of
previous investigators on this subject and then develop an empirical
expression which is a better representation of experimental data and
will be used in subsequent chapters to describe the charging and dis-
charging dynuamics of the radiation-induced foil electret and to explain
the charging characteristics of the ionographic latent image.

When the voltage applied to the polarizing electrode of an
ionization chamber exposed to radiation is increased from zero to a
high value, the current collected on the measuring electrode increases,
at first linearly with voltage, then more slowly, until it finally
approaches asymptotically the saturation current for the given radiation
intensity. The saturation current is attained at relatively high vol-
tages where all ion-pairs produced by radiation in the sensitive chamber
volume are collected. The curve relating the measured ionization current

to the applied voltage or electric field is called the saturation curve.

At lower voltages the lack of saturation may be due to 4} diffusion
loss caused by the diffusion of ions into the measuring electrodes
against electric field; 4L} initial recombination, when positive and
negative charge carriers formed in the track of a single ionizing
particle meet and recombine, and 4{{) general (volume) recombination,
when recombination occurs between charge carriers produced by different

ionizing particles.
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Various authors have shown that charge collection defects due
to initial recombination and diffusion loss depend on 1/E, while the
defect due to the general recombination depends on 1/E2, where E is
the electric field produced by the applied voltage in the chamber
sensitive volume. Since present analytical expressions for the satu-
ration curve were primarly developed for the near saturation region,
there is a considerable discrepancy between measured and calculated
values when the rest of the saturation curve is considered. The
situation is quite adequate when one studies the ion collection effi-
ciencies for chambers used in radiation dosimetry, because the chambers
are always employed in the saturation region or at least very close
to it. In our studies of polarization and depolarization phenomena
on radiation induced foil electrets, however, a reasonably accurate
knowledge of the full ionization chamber saturation curve is required.
Since the presently available analytical expressions were not suitable,
a new empirical expression which covers the whole saturation curve was
developed. The purpose of this chapter is to present and discuss this
new expression, to show its general application to any parallel-plate
ionization chamber and to compare it with the presently known models.
This expression will also be used to derive the full saturation curve

from one single measurement of chamber current at a given electric field.

4.1.1. Charge Collection Efficiency and the Saturation Curve

A typical parallel-plate ionization chamber was shown schema-
tically in Fig. 3.2. The charge collection efficiency { is defined as
the ratio of the rate of charge collection on the measuring electrode

to the rate of charge production in the sensitive volume. It may
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O also be expressed as the ratio of the measured current demsity jf to

the saturation current density jbai:
4= charge collected/charge produced = j/jbai (4.1)

The saturation characteristics of parallel-plate ionization
chambers were first comsidered by Thomson and Rutherford'and later by
Mie? and Townsend®. Boag" and Wilson® performed an extensive theore-
tical and experimental study of the saturation curve, the results of
which have been the basis of saturation curve studies. The results
of their work are summarized here.

In the near saturation region, the space charge field due to
the ions can be neglected, in comparison with the collecting field,
E=Vo/a. The positive and negative ions with mobilities kjand k,, respec-
tively, will then drift Qith constant velocities R1E and R1E from their
point of origin towards the appropriate electrodes. If recombination
is assumed very small, the rate of recombination of charge per unit

volume at a plane x parallel to the electrodes can be represented as:

(a/@)p1(x) = (a/e)[(qa?)?/kik2V2](z/a)

x (1 - x/a), (4.2)

and the total recombination R between electrodes in charge

per unit area per unit time is:



83
a
R = (a/e)pipadx = a(a/e)(qza”/6k1hzvo), (4.3)
0

where p1(x) is the charge density of positive ions at a
distance from the positive electrode, pi(x) is the charge density of
negative ions at &, ¢ is the ionization rate (charge per unit volume
per unit time), ¢ the charge per ion and 4 recombination coefficient.
Boag defines the collection efficiency § near the saturation region as
1-R/qa. Since the saturation current jéat is equal to the charge libe-
rated per unit area per unit time ga, the collection efficiency is then

given by:

§ = l—R/jAat
1-(a/6kiky)

1-z%/6, (4.4)

where ¢ is defined as m/57;;;7ﬁf and m, which is equal to
va/ekik, , is a characteristic of the gas at a given temperature and
pressure.

Since the above solution for § overestimates recombination,
the investigators have replaced the ideal charge densities at the elec-
trodes jéat/klvo and jéat/kzvo by 6jéai/klvo and 6jAaI/k2Vo’ respec-—

tively. The expression for § then becomes:

§ = 1-4%z?/e, (4.5)



84

: which now underestimates recombination. Finally, a compro-

mise was made such that:

§=21-4z2/6. (4.6)

Manipulating Eq. (4.1) with the above equation we arrive

at a more convenient expression of the form:
2,7 2 -1
§=(l+n®aj, . /E®) (4.7)

where n? is simply m?/6.

The collection efficiency is actually a product of three
factors: 6v’ 6L and 6d referring to volume recombination,?’® initial
recombination’ and diffusion loss®, respectively; and BShm® proposed

the following analytical expression for §:
§ = 6,8;64 = [1-(T2aj/E®) Ix[1-(E; /E) x[1~2kT/eaE] , (4.8)

where Fo is a parameter similar to n in Eq. (4.7) incor-
porating the recombination coefficient, and mobilities of positive and
negative carriers; E1 is a constant with dimensions of electric field;
kT = 0.025 eV at room temperature and ¢ is the elementary charge.

If diffusion loss is neglected and if (1-6V)<<1 and

(1—6L)<<1 one gets a simplified version of Eq. (4.8) as follows:

§ = 1—(F§a6/E2)—(E1/E). (4.9)
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A further simplification is obtained when the contribution
of initial recombination is neglected. Equation (4.7) then transforms

into:
§ = 1-(I2aj/E), (4.10)

which is similar to Eq. (4.7).

Pulsed radiation beahs pose some unique problems as far as
collection efficiencies are concerned, because of high dosage per pulse;
and Boag'? derived the following formula for collection efficiency, again

valid for the near saturation region only:
§ = oG, (4.11)

where u=tXr/V, t is a parameter similar to n in Eq. (4.7),

V is the collection voltage and r is the charge liberated per unit
volume per pulse.

The analytical expressions for 4 given above all contain
semi-empirical constants and may only be applied for Valﬁes of § down
to 0.9; below 0.9 there is a considerable discrepancy between theory
and measurement. It appears that these analytical functions, describing
the regions of interest in § from 0.9 to 1 were satisfactory because,
for the chambers used in radiation dosimetry, the applied electric field
is always large enough to ensure a collection efficiency close to 1.

In our study of polarization and depolarization of radiation
induced foil electrets, which will be discussed in Chapter 5, however,

an exact knowledge of the full saturation curve is required. The charge
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deposition on the foil during the electret formation decreases the
effective electric field in the electret chamber, and the displacement
current measured on the measuring electrode exhibits saturation charac-
teristics similar to those obtained by varying the externally applied
field on a conventional ionization chamber. The dynamics of electret
charge polarization can only be described by an accurate knowledge of
the full electret chamber saturation curve and we therefore derived a

new analytical expression for collection efficiency, as discussed below.

4,2 COLLECTION EFFICIENCY FOR LOW ENERGY X-RAYS AND C0-60

In Fig. 4.1 we shuw two typical examples of collection effi-
ciencies as a function of electric field, measured with our iomnization
chamber shown schematically in Fig. 3.2. One is for a 100 kVp x-ray beam
(effective energy 30 keV) and the other is for a cobalt-60 gamma ray beam
(energy 1.25 MeV). The measured data are compared with values calculated
from Eq. (4.7) using the air gap, a=1.68 cm, the appropriate value for
jéai and two extreme values for n, low of 29 and high of 44’in units of

#9551l The shaded areas

(3x10° V2/A-cm)? as quoted in the literature.
represent the loci of curves which would be obtained by values of n between
the two extremes.

It is immediately obvious that, as stated above, the theory,
even once the appropriate value for n is chosen, conforms with the mea-
sured data reasonably well only for 0.9<4sl. In this region and for our
particular configuration, it appears that the best value for n is 29;

4 is then overestimated in the region of 4§ between 0.5 and 0.9 and is

underestimated for values of 4 below 0.5. The discrepancy is particularly
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Q pronounced for values of 4 below 0.2, where the theory predicts a quadra-
tic relationship between 4§ and E, while the measurements clearly indicate
a linear relationship.

The measured collection efficiencies, as shown in Fig. 4.1,
rise linearly with electric field for small fields, then they rise pro-
gressively slower at intermediate fields, until a saturation value of
unity is reached at high electric fields. We found that a hyperbolic
function, of the form given below, describes the full measured satura-
tion curve much better than Eq. (4.7). The collection efficiency § is

thus given by:
§ = tanh(E/E"). (4.12)

where E*, the extrapolated electric field, is the field at
which the collection efficiency would equal unity if the initial linear
relationship between { and E, exhibited at small fields, held for all
electric fields E.

As shown in Fig. 4.1, the agreement between the two measured
and calculated saturation curves is excellent, when the extrapolated fields,
E of 17 and 56 V/cm respectively, are used in Eq. (4.12). The hyperbolic
function of Eq. (4.12) exhibits behavior identical to that of the measured
saturation curves: linearity at small fields, where tanh(E/E*)zE/E* and

*
saturation for fields larger than 3 E .

4,3 COLLECTION EFFICIENCY AS A FUNCTION OF AIR GAP

e Figure 4.2 shows a set of measured and calculated saturation

curves for various air gap thicknesses d. The effective beam energy
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was 30 keV and the exposure rate at the centre of the chamber sensitive
volume 50 cm from the target was kept constant at 9 R/min. The extra-
polated fields E* were obtained from the initial slope of the saturation
curves; the solid line represents a plot of Eq. (4.12) with the appro-
priate E*. The agreement between the measured and calculated saturation
curves 1s again excellent. We also notice that the extrapolated field
depends on the air gap thickness. For the same exposure rate, the larger
the gap, the larger is the extrapolated field. The exact functional rela-
tionship between E* and a will be discussed later.

We found similar agreement between saturation curves calcula-
ted with Eq. (4.12) and measured, for air gaps ranging from few millimeters
to few centimeters, for exposure rates between 1 R/min to 500 R/min, for
x~-ray beams of low and intermediate effective energies and for cobalt
beams.

We conclude that Eq. (4.12) describes the saturation curve
of any ionization chamber exposed to continuous radiation, once the appro-
priate extrapolated field E* is found. In the reﬁaining sections of this
chapter we will discuss the extrapolated field in detail, show that it 1is
a function of the air gap and exposure rate, but is independent of beam
energy. We will also show that there is a unique relationship between E
and the saturation current density jbat’ independent of beam quality and
that both E* and jAaI can be calculated from a single measurement of cur-
rent density j at a given electric field E anywhere on the saturation

curve.
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b4 SATURATION CURRENT DENSITY

The data of Fig. 4.2 are plotted in Fig. 4.3 in the form of
unnormalized curves; the current density j is plotted as a function of
electric field E for various air gap thicknesses a. The dashed curves

represent the saturation curves calculated from a modified Eq. (4.12):

§ = dyqab = dgqp tanh E/ED, (4.13)
with extrapolated fields E* obtained from Fig. 4.2 by extra-
polating the initial rise of the saturation curve to § = 1.

All curves, irrespective of the air gap thickness a, start
with the same initial slope and eventually asymptotically reach the satu-
ration current density jéat' The larger the air gap, the larger is the
saturation current, since jéat is directly proportional to the sensitive
chamber volume for a constant exposure rate.

It is interesting to note that when the saturation current
densities of Fig. 4.3 are plotted as a function of the air gap thickness a,
the ;elationship is not strictly linear. As shown in Fig. 4.4, the slope
of the jAai versus a curve decreases with increase in a from 0 to 1 cm
until it finally remains constant for a4 larger than 1 em. If we were
dealing only with primary ionization in air then the relationship between
jéaiand a should be linear; the shape of the curve in Fig. 4.4 indicates
that there is an external contribution to the ionization of air in the
sensitive volume. Since jAaI versus 4 eventually settles into a linear
relationship, this external contribution to ionization must exhibit a
saturation behaviour.

The external contribution to air ionization is caused by

photoelectrons backscattered into the sensitive volume from the aluminum
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polarizing electrode. These photoelectrons have a range of = 1 cm for

12-1% and thus ionize air up to a distance of 1 cm

our xX-ray parameters
from the bottom electrode. For gaps larger than 1 cm the contribution
to air ionization by the photoelectrons is thus constant, for gaps smaller
than 1 cm the contribution depends on the gap thickness since some of the
photoelectrons cross the gap and impinge onto the measuring electrode
before they expend all of their energy through ionization. The measured
satération density jbat is thus the sum of the current density produced
by the primary ionization in air and the current density produced by the
backscattered photoelectrons. For our particular example, as shown in
Fig. 4.4, the two components are equal when the range of photoelectrons
in air equals the air gap thickness (1 cm). The primary ionization
component increases linearly with a4, as shown with the dashed line in
Fig. 4.4. For air gaps smaller than 1 cm the photoemission component is
larger than that of the primary ionization, while for gaps larger than 1 cm
the photoemission'component remains constant. The photoelectron component
depends strongly on the bottom electrode effective atomic number and will
not be as pronounced in a conventional ionization chamber, where the
bottom electrode is usually carbon (Aquadag). The distinction between
the two components, of course, is important only when an ionization
chamber is used for absolute measurements. In this case only the primary
air ionization should be measured and the contribution of the photoelec~
trons to the saturation current density should be subtracted from the
total, as shown in Fig. 4.4.

As the photon energy is increased the photoelectron contri-
bution to the saturation current diminishes and becomes negligible for

cobalt beams, as shown in Fig. 4.5. The saturation current density is
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0 plotted as a function of the air gap for three exposure rates with the
chamber centre at 80 cm from the source. Since the relationship between
jéat and a is linear we conclude that only primary air ionization is
contributing to jbat and the photoelectron backscatter from the bottom

electrode is negligible.

4.5 EXTRAPOLATED FIELD

We have seen in Fig. 4.2 that the value of the extrapolated
field E* increases with an increase in the air gap thickness a. When E*
is plotted as a function of a for a constant exposure rate and beam energy,
a straight line results. This implies a direct proportionality between
E* and a. In Fig. 4.6, two families of the E* versus 4 relationship are
shown. The solid lines represent an irradiation for various exposure rates
with a 100 kVp beam (Eeff=30keV) and the dashed lines represent various

exposure rates of a 50 kVp beam (E __=20keV). The slope of the linear

eff
. . * » - - -
relationship between E and a increases with an increase in exposure rate
*
for same beam energy. The relationship between E and & may thus be ex—

pressed as follows:
E = éa, (4.14)

where §, the slope on the E* versus a plot, is a function
of the exposure rate and may also be a function of beam energy.

Figure 4.7 where E* versus & is plotted for various exposure
rates of cobalt irradiation, shows that Eq. (4.14) also holds for high

0 energy photon beams. The possible dependence of § on beam energy can be
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tested by comparing values of § for different beam energies at similar
exposure rates. The data presented in Figs. 4.6 and 4.7 indicate that
the values of § are similar for similar exposure rates, eventhough the
agreement is not perfect. The saturation current density jAaI for our
chamber is not exactly proportional to the exposure rate for low energy
photon beams, because of the photoemission contribution to air ionization,
as shown in Fig. 4.4. Thus, at low energies, jéat indicates an exagera-
ted exposure rate and therefore the extrapolated field and § are also
different from values that would be obtained if only primary ionization
were considered. A correction to the full low energy saturation curve
yields values for E* and § identical to those for cobalt irradiation
for same exposure rates. We thus conclude that § is independent of beam
energy, but is a function of exposure rate X. To avoid problems with
photoemission contribution to jbat,reference will be given to the para-
meter (jbat/a) rather than the exposure rate. It should be noted,
however, that under ideal conditions (jAat/a) is directly proportional

to the exposure rate.

4.6 IONIZATION CHAMBER CONSTANT

To investigate the relationship between § and exposure rate,
§ is plotted in Figs. 4.8 and 4.9 as a function of jéat/a for photon
beams of various energies. Figure 4.8 represents a plot on a linear
scale and we note that all points irrespective of beam energy fall on
one curve, going through the origin and resembling a power function of

the type:

§ =t (jmt/a)'", (4.15)
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where k is a constant of proportionality and m the power.

When the data of Fig. 4.8 are replotted on a log-log scale,
a straight line results as shown in Fig. 4.9. Least square fit calcu-
lation gives a slope of 0.51 with a correlation coefficient & = 0.999.
The power m of Eq. (4.15) is thus equal to 1/Z and the relationship

between § and jAaI/a may be expressed as follows:
§=k (j, 0¥ 4.17
= jM/ta). .17)

Equation (4.17) indicates that E* can be calculated for anyioniza-
tion chamber when the air gap a4 and the saturation current density jbat are
known. The assumption is made, however, that kR is a universal ionization
chamber constant. To test this hypothesis, the measured extrapolated
electric field E* was plotted against (ajéai)% for various air gaps,
photon beam energies and exposure rates. Figure 4.10 shows that the
plot is linear for a photon energy range from 20 keV to 1.25 MeV with
exposure rates froml R/min to 500 R/min. The least square fit to measured
data yields a value of 12.4x10° V/(A--cm)l§ for the ionization chamber
constant R with a correlation coefficient of #=0.998. Referring back
to Fig. 4.9,we observe an excellent agreement between experimental data
and the dashed line representing Eq. (4.15) with values for the para-
maters k and m equal to 12.4x10° V/(A—cm)% and 0.5, respectively.

Equation (4.17) gives a general relationship for a parallel-
plate ionization chamber. The extrapolated field E*,which is used in
Eq. (4.13) to obtain the full saturation curve, is calculated from the
measured saturation current density and the known air gap thickness. As

.. *
shown before, of course, E can also be obtained from a measured saturation
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curve, extrapolating the initial slope to the vaiue of 1 for the collec-
tion efficlency. Since (jbat/a) is proportional to the irradiation ex-
posure rate X,one should note that E* is proprotional to az(i)% (ignoring
the photoemission from bottom electrode atilow energies).

Combining Eqs. (4.13) and (4.17), the saturation curve can now

* .
be expressed, depending either on E or Isat 28 parameter, as follows:

= (E2/ak?) tank(E/E), (4.18)

..
|

or

. %
jéanh[E/h(ajéax) 1, (4.19)

.
I

where k is the universal parallel-plate ionization chamber

constant given above.
It is interesting to note from Eq. (4.19) that the initial

ionization current for small electric fields is given by:

j = k_l(jéa/t/a)%E o:khl(;()%E, (4.20)

i |
which indicates that, initially, the current is proportional

to the square-root of the exposure .

4,7 CALULATION OF SATURATION CURVE

Equation (4.18) gives a relatively simple relationship between

the measured ionization current j and chamber electric field E.
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The question of calculating the full saturation curve from one

pair of measured (§,E) values now arises. The procedure would be as
follows: take the pair of measured (j,E) values, use Eq. (4.18) to
calculate the extrapolated field E*, next use Eq. (4.17) to calculate
the saturation current density jAat and finally use Eq. (4.13) to get
the full saturation curve.

The process sounds simple; the problem, unfortunately, is
tha£ Eq. (4.18) cannot be solved analytically for E*. It may, however,
be solved graphically as shown in Fig. 4.11 for a specific measured
pair (4,E) of (0.063 nA/cmZ,A10.7 V/cm), an air gap a of 1.68 cm and

the 100 kVp (Eeff=30keV) beam. Equation (4.18) can be written as:
%, . ., % -1
Y= (E ?/fak®) = [tanh(E/E )] (4.21)

with E* being the independent variable, labelled X in
Fig. 4.11. The left and right-hand sides of Eq. (4.21) are plotted as
two separate functions with X the independent and Y the dependent
variable, The point of intersection of the two functions-represent
the extrapolated field E* and is thus the unique solution to Eq. (4.18),
as‘shown in Fig. 4.11 for our particular example E* = 17 V/cm. This
agrees very well with the value obtained through the extrapolation of
the initial slope on the saturation curve (Fig. 4.2, 17 V/cm) or with
the value‘of 16.8 V/cm obtained from Eq. (4.17) with the appropriate
measured saturation current density.

It is thus possible, as shown by the example above, to cal-
culate the extrapolated field E*,the saturation current density jbai’

and the full saturation curve from a single measurement of chamber
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current § at a given electric field E. The chamber air gap thickness,
of course, has to be known, and the value for the universal ionization
chamber constant k is 12.4x10° V/(Arcm)% as shown above.

It should be noted that for large electric fields E where
E23 E* and the current density f reaches its saturation value jéai’
Eq. (4.18) transforms into Eq. (4.17) because Ianh(E/E*) = 1 for
E23 E*. The extrapolated field can then be calculated directly from
Eq. (4.17) as discussed above. Equation‘(4.18) thus holds for all

electric fields from O where j = 0 to « where § = jbat'

4.8 SUMMARY AND CONCLUSION

A new analytical expression has been presented to describe
the full saturation curve of parallel-plate ionization chambers. The full
sa;uration curve, i.e., plot of collection efficiency 4 versus electric
field E of a parallel-plate ionization chamber, can be expressed as
4 =tanh(E/E*), where E* is the extrapolated electric field. This field,
which is independent of beam energy but is a function of both exposure
rate x and air gap thickness a, may be obtained from {) the measured satu-
ration curve by extrapolating the initial slope of § =1, 4{) the known
air gap a4 and saturation current density féai by multiplying our experi-
mentally determined ionization chamber constant k = 12.4x10° V/(A—cm)%
with (ajéai)? and {{{) froma single current density j measurement for a
given electric field E and air gap a by graphically finding the intercept
of two functions Y o= (E*Z/jakz) and Y, = [tanh(E/E*)]-l.

The latter method is obviously the most useful since all

of the parameters of the saturation curve equation and thus the saturation
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curve itself can be calculated from one single measurement of ioniza-
tion current at a given electric field and air gap thickness.

In contrast to the currently known expressions, which hold
only in the near saturation region (i.e., 0.9%4< 1 and require at least
two measurements in this region), the § =Ianh(E/E*) relationship is in
excellent agreement with measurements in the whole collection efficiency
range from 0 to 1 for x-ray sources with effective energies from 20 to
150 kév and cobalt-60 gamma rays.

Because this expression represents the full saturation curve,
it will be used in subsequent chapters to describe the full charging
and discharging dynamics of the radiation induced foil electret and to

explain the charging characteristics of the ionographic latent image.
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5.1 INTRODUCTION

As discussed before, the electrostatic latent image
is essentially a foil electret with surface charge density modulated
by the photon transmission through the object. In this chapter we
discuss the characteristics of foil electrets with a uniformly
distributed charge density. The results will be used in Chapter 7
to describe the properties of electrostatic latent images. The ex-
pression we had developed in the previous chapter for the saturation
curves of parallel-plate ionization chambers will be used to describe
the characteristics of the foil electret. The electret production
technique is simple, the charge deposition extremely well controllable
and the surface charge density, which easily reaches the theoretical
limit, is uniform. The existence of electrets has been known for quite
some time but it is only in the last decade that electrets have gained
prominence because of numerous practical applications found for them
in science and industry (e.g., microphones, electrostatic recording,
air filters, motors and generators, dosimeters, piezoelectric polymer
transducers and devices, artificial arteries, etc.). An excellent
treatment of electrets is given in a recent book edited by G.M. Sessler?

An electret is a dielectric material exhibiting a quasi-
permanent electrical charge. The electret charge may consist of surface
charge layers (space charges) or polarization charges or a combination
of both. The real charges comprise layers of trapped positive and nega-
tive carriers often positioned at or near the two surfaces of the
dielectric while true polarization is usually a frozen~in alignment of

dipoles. On certain metallized electrets,a compensation charge may
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reside on the electrode unable to cross the energy barrier between
the metal and dielectric. It is important to note that the net charge
on an electret is zero or close to zero and the fields produced by the
electrets are attributed to charge separation and not to net charge.

An electret is in many ways the electrostatic analogue of a
permanent magnet, with the difference that electret properties are due
to either dipolar or monopolar charges which may actually attract
charged particles from the surrounding medium to compensate the charges
on the electret surface. The electret merely provides an electric
field; it is not a source of energy.

Eguchi® in 1922 performed the first systematic research
into electrets when he discovered that when a certain liquid dielectric
mixture (e.g., carnauba wax) was allowed to solidify in an external
electric field, and the electric field subsequently removed, the solid
exhibited electric polarization which was retained for a long time.
This type of electret is now called a thermoelectret because it is
formed by the simultaneous action of an electric field and heat.
Although thermal techniques have been used to produce classical elec-
trets in carnauba wax or similar substances,they have also been
applied to other solids, such as naphthalene® and ionic crystals®.
Nadjakov® in 1937 discovered what is now called the photoelectret®
where polarization is produced by simultaneous action of electric field
and light.

Modern electret research has shifted to thin polymer films
because of numerous practical applications of foil electrets. Standard
polymer fiim thermoelectrets’ are formed in relatively low electric

fields (10-50 kV/cm) at temperatures of 100-200°C, while piezoelectric
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polymer films are obtained by application of fields of up to 800 kV/cm
applied to the electrodes evaporated onto the polymer surfaces at ele-
vated temperatures, or by fields of 4 MV/cm at room temperature.
Piezoelectric and pyroelectric electrets are of interest in industrial
research because of their potential value as thermoelectric and electro-
mechanical transducers.

Isothermal charge deposition methods have recently gained
importance because of the ease and speed with which they allow polymer
films to be charged. Some isothermal techniques are based on spark
discharge®, liquid contact!®, injection of monoenergetic particle

11512

beams of range smaller than the thickness of the dielectric, or

carrier displacement by large doses of x-rays or gamma rays (radio-
electrets)!® The most widely used is the corona charging technique
where an inhomogenoué field, generated by a voltage between a point
shaped electrode (at a few kV) placed above the dielectric and a planar
back electrode on the other side of the dielectric, produces a discharge
in the air at atmospheric pressure. Corona currents are controlled by
the flow of ions in the space—charge field between the corona emitter
(i.e., point shaped electrode) and the dielectric surface. When the
emitter is negative the ions carry negative charges, and when it is
positive the ions have positive charges. The ions are generated by
collisions of electrons and ions with molecules in the highly acce-
lerating electric fieldls.

The deposition of charge has been studied by investigators
involved with xerography and it has been found that a voltage grid

must be inserted into the system to improve the uniformity of the

surface charge distribution. The best arrangement is to place a wire
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grid at a potential of a few hundred volts between the corona point
and the dielectric.

In Fig. 5.1, taken from Schaffert'®, we show tranverse
charge distribution with various voltages Vg of the grid placed at
various positions between the corona point and dielectric. It is
assumed that the eventual distribution is "generally" uniform if the
charging is carried to the point where the entire sample surface has

assumed a saturation potential which equals the grid potential.

In this chapter we report a new isothermal technique for
accurate deposition of uniform and stable charge densities close to

16718 The electret is

107% c/cm? on polymers to form an electret.
produced in a chamber resembling a parallel-plate ionization chamber
used in radiation dosimetry. The chamber shown schematically in

Fig. 3.4. is placed into a radiation field and the charge carriers
produced by photon interactions in the sensitive chamber air volume
drift in the effective electric field towards the appropriate elec-
trode. The polarizing electrode is a standard conductive electrode;
the measuring electrode, however, is blocking and is covered by a
thin polymer foil. The charge carriers drifting towards the measuring
electrode get trapped on the polymer surface thereby forming a stable
foil electret. The polarity of the electret depends on the direction
of the externally applied electric field. The initial electret char-
ging current is proportional to the sensitive air volume and to the
x-ray exposure rate. It also depends strongly on the atomic number of

the polarizing electrode reflecting the photoemission contribution to

the air ionization in the electret chamber sensitive volume.
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Studies of the production of the radiation induced foil
electret state described here are relevant for two reasons: first,
at high exposures, the technique is a new and simple isothermal method
for production of stable, uniform and strong foil electrets, and second,
at low exposures, the technique has been used for years in electrostatic

19720 githout a realization that the latent image

radiographic imaging
was actually a weak nonuniform foil electret. An understanding of the
electret charging and discharging dynamics will thus also improve our
understanding of imaging properties in electrostatic imaging, where the
electret charging corresponds to the production of the latent image and
the electret discharging corresponds to the development of the radiogra-
phic image.

In the following sections, the experimental technique for
production of radiation induced foil electrets is explained in detail,
the maximum surface charge densities achieved experimentally reported
and the dynamics of the electret charging and discharging process exa-
mined theoretically and experimentally. The influence of the externally
aéplied electric field and chamber parameters (e.g., polymer and air
gap thickness, polymer and polarizing electrode material) on the chamber
saturation current density, on the extrapolated electric field and on

the electret characteristic polarization or depolarization time is dis-

cussed.
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5.2 PRODUCTION OF RADIATION INDUCED FOIL ELECTRETS

The air in the chamber sensitive volume is ionized by elec-
trons produced by the direct interactions of photons with air molecu-
les and by photoelectrons which are produced by x-rays in the polari-
zing electrode and backscattered into the chamber sensitive volume.
The free charge carriers drift in the chamber effective electric field
towards the appropriate electrode. In contrast to a standard ioniza-
tion chamber, where the charges impinge directly onto the electrodes,
in the electret chamber the charges moving in the direction of the
measuring electrode get stopped and trapped on or near the polymer
surface to form a stable foil electret. The current measured in the
external circuit is due to compensation charges moving onto the measu-
ring electrode from the power supply.

As shown schematically in Fig. 5.2 (a-c¢) the effective elec-—
tric field in the air gap 3266(1) is, for the electret charging pro-
cess, equal to the vector sum of the field Eﬁ(O) produced in the gi?
gap by the external power supply Vo and the time dependent field E&(t)

produced by the electret charges accumulated on the foil:

EeM(t) - £,(0) + E_(1). (5.1)

Ea(O), the magnitude of E&(O), may be written in terms of

the external power supply Vo’ air gap a4, polymer thickness ), and the

dielectric constants €, and sp for air and polymer respectively as:

Ea(o) = Voep/(pea + asp). (5.2)
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Schematic representation of the electret charging (a)-(c),
and electret discharging (d)-(4) process. Ea(O) is the
externally applied electric field in the air gap 4, Ec(t)
the electric field produced by the electret, and Eeéé(i)

the effective electric field in the air gap.
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E&(t) is pointing in the opposite direction to Eﬁ(o) so that
the magnitude of Eeﬁﬁ(t) ranges from Ea(O) at the beginning of the elec-
tret charging process, where EO(O) = 0, to O when the electret is fully
charged and EO(W) = Ea(O).

Using Gauss's law:

' - - .
spE 266(1) eaEeéé(t) o (t)/eo , (5.3)

and Kirchoff's law:

= + ' .
v, aE266 PE edd (5.4)
. where E'eﬁﬁ is the magnitude of the effective electric
field in the polymer, and 0(f) is the electret surface charge density,

we can express Eeéé(t), the magnitude of the effective field in the air

gap, as:

Ve -po(t)/co

= - = p
Eeéé(/t) = E,(0) - E_(£) = NI (5.5)

The electret discharging process, which is used in studies
of the electret state dynamics, is shown schematically in Fig. 5.2 (d-§).
The chamber polarizing and measuring electrodes are shorted through an
electrometer as shown in Fig. 5.2(d]. Since the externally applied
electric field E&(O) is now equal to zero, the effective field in the
chamber sensitive volume Eeéé(t) is equal to the field Eo(i) produced
by the electret charge layer. This field is opposite in sign but initi-

ally equal in magnitude to the original field Ea(O) applied during the



120

electret charging process. The charge carriers produced by radiation
are thus moving in directions opposite to directions in the charging
process, causing the depletion of the electret charge layer through
annihilation of opposite charge carriers on the polymer surface
[Fig.5.2 (e)]. Consequently the effective electric field in the air
gap is steadily decreasing in time and it reaches zero when the elec-
tret is completely discharged as shown in Fig. 5.2 (f). A similar
electret discharging process has recently been proposed as a radiation

dosimetry technique.?!

5.3 MAXIMUM ELECTRET POLARIZATION

When the two opposing fields, E&(O) and E&(t) become equal
in magnitude during the electret charging process, the ion pairs
produced by radiation no longer drift inanelectric field and no addi-
tional chdrge deposition onto the polymer surface is possible. The
electret surface charge density 0(f) has reached its maximum possible

value, which is from Eq.(5.5), with’Eeﬁé(i) = 0, expressed as:

=g, = . 5.6
Opax = € ep v, /p=CV, ) (5.6)
This relationship is equal to the basic expression giving
the maximum charge density on a parallel plate dielectric capacitor
of a specific capacitanceCe with Vo across the dielectric of thick-

ness pP. At this maximum the electret charge density O is larger

max
than the original charge densities on the plates of the capacitor,

defined by measuring and polarizing electrodes of the electret chamber,

by a factor approximately equal to (aep/p) which is typically
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equal to 103.

The maximum electret surface charge density G is, at high

max

applied voltages V ,limited by the dielectric strength of the foil
o

‘material. For Mylar the dielectric strength is equal to 2.8 MV/cm,®

In Fig. 5.3, we show the measured Oax 25 3 function of potential

ax
difference v, for two thicknesses of Mylar (0.05 mm and 0.175 mm).
Oy ¥as determined either by measuring the compensation charge collec—
ted on the measuring electrode during the electret charging précess

or by measuring the charge leaking off the measuring electrode during
the electret discharging process. Both techniques give same charge
magnitudes but opposite polarities.

For applied voltages below 1000 V there is a perfect agree-
ment between Eq.(5.6) and experiment. For voltages above 1000 V but
below the dielectric strength limit, however, the measured charge
densities become progressively lower than values calculated from
depends upon the polarizing

22923
voltage Vo according to an expression resembling a Schottky or

Eq. (5.6). Empirically, we find that Opnax

Poole-Frenkel?® process:

%] (5.7)

_ % 5
= ZCQUB [(Vo+ uB ) UB ,

o
max
where C'e is the electret specific capacitance obtained from
Eq. (5.6) and UB the breakpoint voltage between the low voltage linear
(o R ) region described by Eq. (5.6) and high voltage quadratic

ma

( o2

max = Vo ) region. The solid lines in Fig. 5.3 are plotted for two

polymer thicknesses ﬁsingiEq.(S.?) with appropriate values for CQ and

a value of 2500 V for Vg- The agreement between Eq. (5.7) and the
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experimental values is excellent in the whole practical range of
voltages. It can be shown that Eq.(5.7) transforms into Eq. (5.6)

%
forrVO«U Similar V02 dependence was observed at high voltages

B
for ionic space charge thermoelectrets,® and electret states in
naphtalene crystals?®.

As shown in Fig. 5.3,electrets with surface charge densities

close to 10 ° C/cm?® can be produced by our naw isothermal charging

‘technique. Either positive or negative charge carriers can be trapped

on the polymer surface depending on the polarity of the external power
supply. Any desired surface charge density can be achieved, since the
charging process follows Eq. (5.7) perfectly. The limitation, of

course, is the dielectric strength of the electret material.

5.4 DYNAMICS OF ELECTRET CHARGING AND DISCHARGING

In Fig. 5.4,we show schematically for a typical electret
charging discharging cycle (a) the experimental configuration and
(b) the electret charging and discharging current density as a func-—
tion of time. The electret polarization (charging) process begins at.
a time £ = 0. In practice this is achieved either by switching the
x-rays on at £ < O and the external field at £ = 0, or by switching
the external field on at £ < O and the x-rays at £ = Q. The electret
depolarization (discharging) process also, for calculation purposes,
begins at £ = 0. The x-rays are switched on at £ = 0 and the electro-
des shorted at £ = 0, or the electrodes are shorted at £ < 0 and the
x-rays switched on at £ = 0.

Initially the charging current is constant and equal to a

standard ionization chamber current under same conditions, provided
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that Vo’ the externally applied voltage, is high enough to produce
saturation conditions in the electret chamber. After a characteris-
tic time to’ dependent on Vo’ the charging current drops to zero
exponentially as shown in Fig. 5.4 (b) and the result is a
foil electret charged to its limit as determined by Eq. (5.7). For
a typical exposure rate of 9 R/min, IO varies from a few seconds to a
few minutes,depending on the electret chamber parameters. As dis-
cussed above the electret can be discharged by shor£ing the two cham-
ber electrodes in the x-ray field resulting in a discharging current
profile equal in magnitude but opposite in sign to that of the char-
ing current. The charge conservation is thus preserved since the
areas under the charging and discharging current profiles are equal.
In general the electret surface charge density o(f) may,

from Eq. (5.5), be written as:

G(JC) = omax- BEQéé(i) » (5.8)

where O, . is given by Eq. (5.7) and B is a parameter
defined as:

B= g,( a€p+pea ) p . (5.9)

The electret charging or discharging current density j may

be expressed by differentiating Eq. (5.8) to obtain:

{=do/ dt =-8dE_,,(t)/dt . (5.10)

eff
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We have shown in Chapter 4 that the full saturation curve
i.e., a plot of the collection efficiency § versus the applied elec-—
tric field E, of a parallel-plate ionization chamber can be expressed

as:
§ = §ligqp = Hank (E/EY) , (5.11)

where § is defined as the ratio of ion pairs collected to
ion pairs produced, j is the measured current density as a function
of the applied electric field E in the chamber sensitive volume, and
jbat is the saturation current density attained when all ion pairs
produced in the chamber sensitive volume are collected. The hyper-
bolic function of Eq (5.11) exhibits a form identical to that of
measured saturation curves: linearity at small fields, where
tanh(E/E*)~E/E*, and saturation for fields larger than 3E*, where
Ztanh (E/E*) ~l. The extrapolated electric field E* is the field at
which the collection efficiency would equal unity if the initial
linear relationship between { and E, exhibited at small fields, held
for all electric fields. It is a function of the x-ray exposure rate,
the polarizing electrode material as well as the air gap thickness
and will be discussed in detail in Sec 5.6 . The saturation curve
calculated from Eq.(5.11) is in excellent agreement with measurements
in the whole collection efficiency range from O to 1 for x-ray sources
with effec;ive energies from 20 to 300 keV and for cobalt-60 gamma
sources.

Figure 5.5 (a) shows a typical saturation curve calculated
(solid line ) from Eq. (5.11) and measured (experimental points) for

our electret chamber converted into a standard ionization chamber by
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removing the thin polymer coating from the measuring electrode. The
agreement between measured and calculated data is excellent. For an
air gap a of 0.18 cm, an aluminum polarizing electrode, and an expo-
sure rate of 9 R/min, the extrapolated electric field E*, obtained
by extrapolating the initial linear relationship between 4 and E to
4 =1, is 4 V/cm.

Since the electret chamber closely resembles a standard ion-
ization chamber, Eq. (5.11) may be used to describe the electret pola-
rization or depolarization current density j , noting of course that
the applied field E in Eq (5.11) is now the effective field Eeéé(t)
in the air gap as given by Eq. (5.5):

’

§ = §yqr ARAIEL (O] . (5.12)

Combining Eqs. (5.10) and (5.12) we get the following

expression relating Eeéé(t) with £ :

e coth(E, , () /E1dE_,, = - (5. /B fdt
I ed4 e44 = J/.sa,t ) J s (5.13)

E, (0)

and after solving for £ :
*
1= - (
1:0 T &n 4th[EeM(I)/E 1, (5.14)
where T , the electret relaxation time, and to, the elec-

tret characteristic polarization or depolarization time are given

below:
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T = BE /i, s (5.15)
and
t =1 in éinh[Ea(O)/E*], (5.16)

with Ea(O) and B defined by Eqs. (5.2) and (5.9), respec—
tively.

Equations (5.13) through (5.16) are valid for both the
electret polarization and the depolarization process. One should
note, however, that Ea(O), the externally applied field, which was
used to charge the electret is equal to zero in the depolarization
process. It is replaced in Eqs.(5.13) and (5.16) by EO(O), the
field produced by the initial electret charge layer. As discussed
in Sec. 5.2, the fields Ea(O) and EO(O) are equal in magnitude but
opposite in sign. The depolarization current profile is thus equal
in shape but opposite in sign to the polarization current profile,
as indicated in Fig. 5.4 (b).

Employing Eq. (5.12) in conjunction with Eq. (5.14) we can
now express the electret polarization or depolarization current den-
sity as a function of time as :

(t,- %)/t 2( - 2/t
i) = fat @ {1t +e } e, (5.17)

where to and T were defined above.
Since in the saturation region Ea(O) > 3E* then to> T and
Q 4§ (£) will exhibit the following behavior: at £ = 0 it will be equal to
jAat and remain equal to jéat until the effective field in the air

* . .
gap Eeﬁﬁ(t) falls below 3E . Then j§ begins to decrease, becomes



130

equal to (1/%5_)jéat at £ = to and exponentially approaches zero as
X increases further.

A plot of an electret polarization current density j(£)
measured (solid line) and calculated from Eq. (5.17) (dashed line)
is shown in Fig. 5.5 (b). The electret chamber parameters were
identical to thoseof Fig. 5.5(a) , i.e., E* = 4 V/em, an aluminum
polarizing electrode and an exposure rate of 9 R/min. The chamber
was initially in the saturation region since the externally applied
field E, (0) was 20 V/cm, i.e., Ea(O) =5 E*. T and Ib were calcu-
lated with Egqs. (5.15) and (5.16) as 0.59 s and 2.55 s respectively,
in excellent agreement with experimental data.

The effective electret field Eeéé(t) in the air gap, which

was defined by Eq. (5.5), may now be rewritten from Eq. (5.14) as:

(tO-I)/T
1, (5.18)

Eeﬂé(t) - £ ae sinh [e

and is plotted in Fig. 5.5 (¢) for our particular example
(IO = 2,55 s and T = 0.59 s). As expected, E266 initially linearly
decreases with time to compensate for the linear increase in Ec(t)
resulting from a constant initial polarization current density §
equal to jbai' As X increases, however, the decrease in Eeﬁﬁ beco-
mes progressively slower to reflect the hyperbolic behavior of j
[(Eq. (5.12) for effective fields smaller than 3 E*.

The electret surface charge density 0(£), which may be

written combining Eqs. (5.8) and (5.18) as:

(to—t]/r

* ,
o(t) = Opax BE axrc sinh [e 1, (5.19)
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is plotted in Fig. 5.5 (d) for our particular example.
The time dependence is identical to that of Eeéé(i), plotted in
Fig. 5.5 (¢), except that here the function is subtracted from
Oprax? giving a zero value for o(£) at £ = 0, a linear rise for
small £ and an asymptotic approach to Opmax for large £ . The elec-
tret charging process is terminated when Ec(i) becomes equal to
Ea(O) and the electret charge density o(£) reaches its maximum value
dMéX defined ﬁy Eq. (5.7).

Radiation induced currents in the polymer could conceivably
interfere with the measurements of electret polarization or depolari-
zation current profiles. As shown in Fig. 5.5 (b), typical saturation
current densities are on the order of 0.2 nA/cm?. The maximum radia-
tion induced current density in the polymer is estimated as less than
10 2 nA/cm?® for a carrier production rate in Mylar?® of 10 *lem 35t
per cGy/s assuming that all charge carriers produced in the polymer
by radiation contribute to the current. The actual radiation induced
currents are much smaller than the above estimate as we measure current
densities much lower than 10 *! A/cm® with fully charged electrets
during the electret charging process as well as with fully discharged
electrets during the discharging process.

From Eq. (5.15) we determine that the electret relaxation
time T is a function of both the electret chamber characteristics (air
gap and polymer thickness, polymer type, polarizing electrode material)
and the exposure rate of the x~ray beam. It does not, however, depend
on the magnitude of the externally applied electric field Ea(O). From

Eq. (5.16) we find that the electret characteristic polarization or

depolarization time to is directly proportional to T but it also
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depends in a seemingly complicated manner on Ea(O). For experi-
ments in the saturation region, where Ea(O) > 3 E , however, we may

approximate Eq. (5.16) by:

?g ) Ea(O)
T =

— - in 2, (5.20)
which suggests that IO/T is linearly proportional to the

applied field Ea(O). In Fig. 5.6 we plot experimentally determined

values of IO/T as a function of Ea(O)/E* for various folarizing elec-

trode materials. The solid line represents a plot of Eq. (5.16) in

excellent agreement with experimental data. The IO/T curve inter-

cepts the abscissa at Ea(O)/E* = 0.88 which corresponds to to= 0.

The electret polarization current density is, from Eq. (5.17), for

i0= 0, written as :

—ZZ/T]—%

(1 +e ’ (5.21)

i= g @
which exhibits a typical exponential decay starting at
= (1//57f4at for £ = 0. The electret characteristic polarization
or depolarization time to is thus a linear function of the applied
field Ea(o) for Ea(O)/E* > 3 where saturation condition prevails, and
the initial electret polarization or depolarization current density
§(£=0) is equal to jAaI' In the region 0.88 S Ea(O)/E* < 3 the initial
§(0) is between anx and(l//”ijjéat, j exponentially decays to zero
and Io is still defined by Eq. (5.16) as that time during the electret
polarization or depolarization process in which the current drops to

. . * .
o (llﬁ)jéa,t' For 0 < Ea(O)/E < 0.88 the initial j(0) is smaller
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than (1 z)jéat , to < 0 and § () rapidly decays to zero. In Fig. 3.7
we show examples of polarization current densities calculated

from Eq. (5.17) for various values of Ea(O)/E*.
5.5 SATURATION CURVES OF ELECTRET CHAMBERS

The charge carriers in the electret chamber sensitive volume
are produced by electrons originating through direct interactions of
photons with air molecules and by photoelectrons produced in the pola-
rizing electrode and backscattered into the chamber sensitive volume.
The efficiency for photoelectron production depends on the exposure
rate and energy of photons as well as on the atomic number of the
polarizing electrode. The range of photoelectrons in air depends on
photon energy only.

In order to study the efficiency for charge carrier pro-
duction, which of course influences the electret polarization and
depolarization process, the electret chamber was converted into a
standard parallel-plate ionization chamber and saturation curves for
various polarizing-electrode materials ranging from carbon to lead were
measured. In Fig. 5.8 we show saturation curves obtained with an expo-
sure rate of 9 R/min and an air gap of 3.48 cm. The saturation current,
which is reached when all charge carriers produced in the sensitive
volume are also collected, obviously depends strongly on the atomic
number of the polarizing electrode, as there is almost a five fold
increase in jAaI when going from carbon to lead for the same exposure
rate. The dashed lines in Fig. 5.8 represent collection efficiencies
(a) and current densities (b) calculated from Eq. (5.11) using expe-

3 3 - * . .
rimentally determined values for the extrapolated field E , given in
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the insert to Fig. 5.8 (a). The excellent agreement between the
experimental and calculated current densities indicates that Eq. (5.11)
is not affected by the polarizing electrode material, as long as the
appropriate E*, which strongly depends on electrode material, is used.
Both saturation current density jéat and the extrapolated
field E* are proportional to the x-ray exposure rate, to the air gap
thickness a4 and to the atomic number Z of the polarizing electrode.
The E* dependence on the x-ray exposure rate was discussed previously?”
in Sec. 4.5; its dependence on 4 and Z will be discussed in the next
section. In Fig. 5.9 we plot the saturation current densities jéat
(solid curves) as a function of a for various polarizing electrode
materials. We have already seen in Fig. 5.8 that for equal air gaps
( 3.48 cm) and equal exposure rates the larger the electrode atomic
number Z the larger is jéat' FromFig.5.9 we conclude that for a given
material jbat increases linearly with a for large a; for small a,
however, the linearity breaks down. The jAaI Vs @ curve may beseparated
into two components, a linear function jZﬁ; and an exponential function
jfat’ both starting at the origin. The saturation current density jbat(a)

may thus be written as :
@ = i%% @+ P @ . (5.22)

The linear function Igat 18 the component of Igat produced
by the charge carriers originating from electrons released in the
chamber sensitive volume by direct interactions of photons with air
molecules. It is independent of electrode material and linearly depen-

dent upon air gap thickness a. It may be written as :
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= Kax , (5.23)

where X is the exposure rate, 4 the air gap thickness and
K the usual proportionality constant 3.33><10_lo (As/cm®R). Equation
5.23 is plotted in Fig. 5.9 as dashed lines (2) for an exposure rate
of 9 R/min. Note that jgﬁ; is identical for all electrode materials.

The current density jfai which is the exponential component
of jéai’ is the contribution of charge carriers produced by photoelec-
trons backscattered into the chamber sensitive volume from the polari-
zing electrode. These photoelectrons have a range?®of = 1 cm for our
x-ray photon energies. For air gaps larger than 1 cm the contribution
to air ionization by the photoelectrons is thus constant, for gaps
smaller than 1 cm the contribution depends on the gap thickness since
some of the photoelectrons cross the gap and impinge onto the measuring
electrode before they expend all their energy through ionization. The
extrapolation of the linear portion of the jAat vs a4 curve back to a =0
gives the saturation value for jfat’ which is strongly dependent on Z of
the polarizing electrode as indicated in Fig. 5.9 where the saturation

value for jfat is labelled as jfat(m)' Subtracting the linear jgﬁ; (a)

from the measured jAat(a)’ we get jfat as a function of a shown in Fig.
5.9 as curve (3) for the four electrode materials. For the aluminum
electrode, which has a Z relatively close to the effective Z of air?’
(7.64), most of the chamber current is contributed by normal air ioni-
zation current, while with lead most of the measured current is contri-
buted by photoemission. Copper and tin are between the two extremes.

It should be pointed out that ionization chambers used in radiation dosi-

metry employ electrodes with effective atomic numbers close to air so
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that the photoemission contribution is negligible and Eq.(5.23) is
used directly for exposure determination from the measured ionization
current. In our chamber, however, it is possible to increase the ion-
ization currents by a factor of 10 with high atomic number electrodes.
Empirically, we find that jfaz(a) may be expressed with the following

exponential expression:

-3a/a)1

jfa,t(a) = jfwt (2)[1 - e 1, (5.24)

represented as curves (3) in Fig. 5.9, with a, = 1 cm, the
range of photoelectrons for our experimental conditions and jfat(w)’
the photoemission saturation current density, for a > a,s obtained, as
discussed above, by extrapolating the measured linear portion of
jéat(a) towards a = 0.

The relationship between jfai () and the efficiency for
production of backscattered electrons € 1s investigated in Fig. 5.10
for an -exposure rate of 9 R/min. The values for the efficiency € ,
which is defined as the number of backscattered electrons per incident
photon, were taken from Dolan?® who had performed an extensive study of
the x-ray induced electron emission from metals with a lithium-drifted
silicon detector. Both jfai(m) and € are plotted as a function of Z in
Fig. 5.10. The insert shows a plot of jfat(w) vs £ for the four elec-
trode materials used in our experiments. Since the slope of the rela-

tionship is equal to 1, we conclude that jfat(w) is directly propor-

tional to €,i.e.,:

R =2, (5.25)
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with A the proportionality constant equal to 200 nA em 2

(electrons/photon) ® for our particular exposure rate.
In general, jfai(m)’ which is a function of exposure rate

X and energy E, of the x-ray beam as well as of the effective atomic

number Z of the polarizing electrode, may be written as:
‘p ®) = ry .
jéai( ) = A xe(z,Ev), (5.26)

where A' is now the proportionality constant independent of
the exposure rate and equal to 1.33%10 °(C/R cm?) (electrons/'photon)-l.
The ionization chamber saturation current density jéat as a

function of air gap 4 may thus be expressed as:

- 3a/a (E )
VY, (5.27)

jéaz(a, z) = x {ka + Me(z,E D[l - e

where K and A' are constants given above, S(Z;EV) is the
efficiency for production of backscattered photoelectrons and an(Ev) is
the range of photoelectrons in air at normal temperature and pressure.

In standard ionization chambers, where low atomic number mate-—
rials are used as the polarizing electrode, E(Z,Ev) is so small that
the photoemission term of jéat is negligible in comparison with primary
air ionization. With lead as polarizing electrode material, on the other
hand, the main contribution to jéai comes from the photoemission term

because of the large value of €(Z’Ev) for lead.
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5.6 EXTRAPOLATED ELECTRIC FIELD

The extrapolated electric field E* was introduced and

briefly discussed in Sec. 5.4. As shown by Eq. (5.11) it is a para-
meter in the saturation curve expression, depending on the configura-
tion of the parallel-plate ionization chamber and the x-ray exposure
rate. A typical fit of Eq. (5.11) to measured data was shown in Fig.
5.5 (a). In Fig. 5.11 we show E* as a function of air gap thickness a for
various polarizing electrode materials. We notice that, similarly to
jbat(a)’ discussed in the previous section, E* (a) is linear with a for
large a; the linearity breaks down, however, for small a. E* (a) also
has two components, both starting at 0 for a = 0; one, EZLn(a)’ is linear
for all a and again attributed to primary ionization in air, and the other
E;(a) exhibits an exponential saturation behavior at approximately 3 a,
and is attributed to the photoemission from the polarizing electrode. The
saturation value, E:(W), is obtained by extrapolating the linear portion

4

*
of the E vs 4 curve to @ = 0 as shown in Fig. 11. We have shown2" in

*
Sec. 4.5 that E_. (a) may be expressed as:
£ (@ = k(i |
. (a) = (ajM/t R (5.28)

ioniza-
where Jgat 18 the contribution to Isat by primary

tion in air, as discussed in the previous section, and Rk is a uni-
versal parallel-plate ionization chamber constant equal to

12.4x10° V/(A-cm)%. Inserting Eq. (5.23) into Eq. (5.28) we find:

[T

* .
Em(a) = vV € ak? , (5.29)
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which suggests that E:Lm is linearly dependent on the air
gap thickness a and on the square root of the exposure rate. The linear
EZLn(a) is represented in Fig. 5.11 by curves (2) and is independent of the
polarizing electrode material. Its subtraction from E* (a) yields
E* (a) shown as curves (3). Empirically we find that E;(a) may be ex-

P
pressed, similarly to jfat(a), by an exponential expression:

-a/a
", (5.30)

* *
Ep(a) = EP(“)[7 -e
where E;(W) was defined above and a,, the range?® of photo-
electrons in air, is equal to ~ 1 cm under our experimental conditions.
In Fig. 5.12 we plot E;Q”) for various photoemitter materi-
als as a function of (a) photoemitter atomic number Z, showing a strong Z
dependence of E;(w), (b) photoemission saturation current density jfat(W),
showing direct proportionality between E;(m) and jfat(w)’ and (¢) photo-

*
emission efficiency €, showing a linear relationship between Ep(m) and €.
* 3 3
In general, Ep(w) may be expressed incorporating Eq (5.26) as:

*OO = 'p x> = "y
Ep( ) = mjéai( ) ‘ mA xe(Z,Ev) , (5.31)
where m is the slope from Fig. 5.9 (b) and A, was defined in

the previous section.

* :
The general relationship for E (&,Z) is now given by:

—a/an(Ev)] (5.32)

’

E*(a,z) = k'a:’c% + m'e(Z,Ev))'c [1-e
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where m' = m\' = 1.33%10° V cm '(R/s) '(electrons/photon) *

(X1

and k' = RV = 22.6 V cm 2(R/s) °.
The extraplolated field E* thus consists of two terms; one,
determined by the primary ionization in air is dominant for chambers
with low atomic number electrodes, and the other, determined by photo-
emission from the polarizing electrode is dominant at high atomic

number polarizing electrodes.

5.7 POLARIZATION CURRENT DENSITY PROFILES

The time dependence of the electret polarization current
density during the electret charging process was described by Eq. (5.17)
and a typical example was shown in Fig. 5.6 (b). 1In this section we
discuss the general properties of polarization current density
profiles based on the saturation current density jAaI and extrapolated
field E*. In Figs. 5.13 and 5.14 we show various calculated polariza-
tion current density profiles obtained in the electret chamber with
a lead polarizing electrode and various air gaps 4 ranging from
0.18 cm to 3.48 cm for an applied field E_(0) equal to 5 E (Fig. 5.13)
and a constant applied voltage Vo of 500 Volts (Fig. 5.14). The in-
serts to both figures give relevant parameters, such as E*, Ea(O)
and jéai as a function of a. The extrapolated fields E* were obtained
from measured saturation curves for various air gaps and agree well
with data calculated from Eq. (5.32). The electret relaxation time T
and characteristic polarization time to were calculated from Eqs. (5.15)

and (5.16) respectively.
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The condition Ea(O) =5 E* in Fig. 5.13 ensures that the
electret chamber is initially in the saturation region for all air
gaps and the initial polarization current density is equal to the
standard saturation current demsity jéat' A plot of measured jbat(a)
for a lead electrode was shown in Fig. 5.9 (d) in excellent agreement
with data calculated from Eq. (5.27). Combining Eqs. (5.20), (5.15)
and (5.9) we get:
eo(aep+ pea)E*

t =4.31

) , 5.33

the characteristic electret polarization time, which at
least for small air gaps gives a fairly good indication of the time

needed to charge the electret to ¢

max given by Eq. (5.7). At larger

gaps, however, the current profile becomes less and less steep and the
time needed to fully charge the electret is much longer than Io ,which
is still defined as the time where j = (1/vf§-)f6at.

Figure 5.14 shows polarization current density profiles for
a constant external voltage Vo of 500 Volts applied across air gaps of
various thicknesses. The chamber is in the saturation region for the
three small air gaps since for them Ea(O) > 3E*. The current profiles
start at jéat’ remain constant for a while depending on io and then
exponentially drop to zero. The areas under all three profiles are

identical and equal to Oax 28 given by Eq. (5.7). For the air gaps

ax
of 2.38 cm and 3.48 cm the chamber is not in the saturation region,
the initial current density is lower than jéat and starts an immediate
decay towards zero. The areas under the current profiles, however,

are also equal to @ x? indicating that the electret becomes fully

ma.
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charged even in situations where saturation conditions do not prevail
in the electret chamber. It is evident from Fig. 5.14 that the time
required to fully charge the electret under these conditions can become
quite large.

In Fig. 5.15 we compare the calculated Eq.(5.7) and meas-
ured polarization current profiles for various polarization electrode
materials, an air gap of 0.18 cm and for three applied fields Ea(O)
equal to approximately 5 E*, 10 E* and 20 E*. We notice that for
E (0) ~5 E* the agreement between calculated and measured profiles is
excellent; for large applied fields, however, the calculated curve is
considerably steeper than the measured one. This discrepancy may be
attributed either to the electret chamber, where a breakdown in satura-
tion characteristics may occur at very high voltages, or to the electret
charging characteristics which may depend on charge densities already

trapped on the polymer surface.

5.8 SUMMARY AND CONCLUSION

The new isothermal technique for production of stable foil
electrets in apparatuses closely resembling standard parallel-plate ion-
ization chambers offers several advantages over the presently employed
electret production methods. It is very simple, the charge deposition
onto the dielectric foil is easily controlled and the exact surface
charge density to be deposited is predetermined by chosing the appro-
priate externally applied voltage and electret chamber parameters.

The maximum electret surface charge density first rises

linearly with polarizing voltage and then for voltages greater than the
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breakpoint voltage ( ~ 2 500 V for Mylar) follows a V% dependence.
Electret surface charge densities close to 10 ° C/cm? are attained with
an applied potential of a few kV and a dielectric foil thickness of ty-
pically 100 um. The surface charge distribution is determined by the
spatial distribution of the x~ray beam intensity.

Any desired surface charge density can be achieved; the
limitation, of course, is the dielectric strength of the electret mate-
rial. Thg electret thus produced is extremely stable and no charge loss
was observed when a sample charge was read out four months after the
electret state was produced in the sample.

The free charge carriers, produced in the chamber sensitive
volume by primary photon interactions with air molecules and by photo-
electrons backscattered from the polarizing electrode, drift in the
effective electric field towards the dielectric foil. The effective
electric field is the vector sum of the externally applied field and
the opposing time dependent field produced by the electret surface
charge density.

The time dependence of the electret charging and dischar-
ging current density, as well as of the effective electric field and
of the surface charge density, is calculated using the hyperbolic rela-
tionship between the chamber ion collection efficiency and the effective
electric field. The characteristic electret polarization and depolari-
zation time ranges from a few seconds to a few minutes dependiﬁg on the
X-ray exposure rate, the externally applied voltage and the electret
chamber parameters. In the saturation region the characteristic time is
linearly proportional to the applied electric field and inversely pro-

portional to the extrapolated electric field.
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The electret charging and discharging properties strongly
depend on the saturation current density and on the extrapolated elec-
tric field in the electret chamber. Both have two components. One,
which is linearly dependent on the air gap thickness, is attributed
to the contribution of primary ionizations in the chamber sensitive
volume, and the other, which exhibits an exponential saturation, is
attributed to ionizations produced by photoelectrons emanating from
the polarizing electrode. The photoelectron contribution to saturation
current density and to the extrapolated electric field is directly pro-
portional to the efficiency for photoemissian production, almost negli-
gible, in comparison with primary air ionizations, for low atomic number
polarizing electrodes but dominant for high atomic number electrodes.

We feel that the isothermal method described here offers
certain advantages over the existing techniques and should be considered
as a simple and practical new method for production of stable high surface
charge density foil electrets. Furthermore, the results of the electret
studies discussed here will be used in subsequent chapters to describe
some interesting charging characteristics of ionographic latent images
which are in effect electrets with surface charge distributions modulated

by the photon transmission through an object.
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6.1 INTRODUCTION

In the previous chapter, Gauss' law, which holds at the
polymer-air interface, was used to approximate the electric field
in the electret ionization chamber; in this chapter the electrostatic
fields and potentials will be calculated by solving Laplace's equation
inside the chamber.

Since the discovery of the electret,! numerous techniques
for the formation of polymer foil electrets have been developed. Orig-
inally, the foil electret was produced through thermal? (thermoelectret)
or optical® (photoelectret) charge deposition methods. Recently, how-
ever, isothermal charge deposition techniques have been favored, because
of the ease and speed at which they allow dielectric polymer films to
be charged. The most widely used isothermal technique is corona-charg-
ing,"'> which utilizes a discharge in air with an inhomogeneous electric
field. Other techniques are based on spark discharge,® liquid contact,’
injection of monoenergetic particle beams (electrons or ions)®'? of
range smaller than the thickness of the dielectric, or carrier displace-
ment by large doses of x-rays or Yy-rays (radioelectrets).'®

In the previous chapter we reported an isothermal charge de-
position method'! of ionizing radiation in air to produce stable foil
electrets with maximum charge densities close to 107°% C/cm? in an appa-
ratus resembling parallel-plate ionization chambers. The charge car-
riers produced by radiation in the sensitive air volume between two par-
allel electrodes drift in an externally applied electric field and get

trapped on a polymer (Mylar) surface attached to the grounded collecting
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electrode. The polymer faces a polarizing electrode across an air gap.
The electret can be depolarized by shorting the electrodes during irra-
diation thus causing charge carriers of opposite sign to drift, in the
electric field produced by the surface charge on the foil, towards the
polymer surface where they neutralize the original electret charges.
The dynamics of the polarization and depolarization process for this

14 . . .
was also discussed in the previous

radiation induced foil electret®?”
chapter. Other groups®®'!® have utilized high pressure gas instead of
air in a similar polarizing process to form latent electrostatic images
(discussed in Section 2.3) without investigating the electret proper—
ties of such images. The electret depolarization by ionizing radiation
was recently proposed as a radiation dosimetry technique.l’

The purpose of this chapter is to present a mathematical anal-
ysis of potentials and electric figlds produced in the electret chamber
by the surface charge distribution on the polymer. Various methods have
been proposed to study electric fields produced under similar conditioms.
Schaffert'® summarized the mathematical treatment of electrostatic fields
above an infinitely large sinusoidal charge distribution at the inter-
face of a photoconductor and a dielectric film, while Neugebauer19 sol-
ved a simpler two-layer model without the film for some special charge
distributions using the method of virtual images. Other investigators
used the latter technique for a number of different ground configura—
tions,20 and for the study of electrostatic fields in xeroradiography.21

23 24 .
and Kao introduced the theory

Schaffert,18 Neugebauer,zz'
of linear optical systems to study the electrostatic fields produced by
charge distributions on a photoconductor. In this theory, the electric

field and the charge distribution on the surface of the dielectric can

be related by a spread function (i.e., the Green's function of the
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electric field due to a delta point charge), or by its Fourier transform,
the transfer function. The Green's function is referred to as the spread
function in distance space or the transfer function in frequency space.
In principle, the electric field is obtained either by a convolution of
the charge distribution of interest with the spread function or by first
multiplying the Fourier transform of the same charge distribution with
the transfer function and then taking the inverse Fourier transform of
the product.

Because of computational difficulties no successful convolu-
tion calculations for electrostatic fields have been reported. Further-
more, although the transfer function has been used to determine the
electrostatic fields in frequency space for various studies,zl'_27 there
have been no communications concerning the inverse Fourier transform of
the product to arrive at a general analytic solution for the electric
field in distance space. In this chapter we use the theory of linear
optical systems to calculate analytically the electric field and poten-
tial in distance space by taking the inverse Fourier transform of re-
sults in frequency space for sizes of surface charge distributions typ-
ical of electret foils and for configurations appropriate to the elec-
trets produced by ionization in air. The general solution thus calcu-
lated is in excellent agreement with results obtained on chamber central
axis either with a dipole layer model for points far from the surface
charge density or with Kirchoff's and Gauss' laws for points on the

surface.
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6.2 POTENTIAL AND ELECTRIC FIELD IN FREQUENCY SPACE

Figure 6.1 shows schematically the electret polarization and
depolarization configuration. The externally applied electric potential
is denoted by Vo’ the polymer thickness (typically few um) by p and the
air gap (typically few cm) by a. The chamber is cylindrical and the
radius of the x-ray aperture, which determines the circle of charge dis-
tribution, is denoted by R. The surface charge density o(x,y) is

0 . The point of interest P(X,y,z)

trapped on the polymer surface at z
may be written in terms of two coordinates, 4 and Z, because of the cham-
ber cylindrical symmetry, with & = Vx? + y? .

The electrostatic potential, V(X,y,z) at the point P(X,y,z)

satisfies the Laplace's equation:

5?2 52 3?2

The Fourier transform,'V(wx,wy,z) of V(x,y,z) with respect to

X and ¢y is defined as:

V(wx,wy,z) = { J V(x,y,z)e'uxmxw‘”y)dxdy, (6.2)

while the inverse Fourier transform is given by:

V(x,4,z) = 671,)—2 [ V(wx,my,z)e“"“”(*ywy’ dw, dw . (6.3)



162

Figure 6.1

Z
W v, [
A
r
—¢ P(X,y,2)
a
R
—

Schematic diagram of the electret chamber with

a and p, the thickness of the air gap and the
polymer, respectively. R is the radius of the
circular charge distribution on the electret foil,
o(x,y) the charge density and V0 the externally

applied potential.
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We use the relationship 32/0x? = —wxz and 9%/3y? = —wyz with
Eqs. (6.1) and (6.2) to get the following expression for the Laplace's
equation in the frequency space:
32
(

- ) ¥V (0, 50

R 2 U’Z) =0, (6-[})
z

!
- 2, . 242
where w = (wx +my )
Equation (6.4) is the Helmholtz partial differential equation

and its solution for w? > 0 has the form:

+ B , (6.5)

where { stands for either a or p denoting the potential in the
air gap or in the polymer, respectively, and the constants AL and BL are
functions of w, determined by the boundary conditions.

Consequently, the Fourier transform of the normal component

of the electric field is given by:

zZ) = - £ = - (A/(:Q,wz - B/{:Q-'wz) . (6.6)

The boundary conditions for our chamber configuration (Fig. 6.1)
and with the externally applied electric potential Vo’ are in distance

space:

Vp(x,g,z=-p) =0 ; (6.7)
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Va(x,y,z=-a) =V (6.8)
V (x,4,2=0) = Vp(x,y,z= 0) ; (6.9)
-eoep 2;? ’ 20 T €.8q 2;? 220 = a(x,Y) ; (6.10)
and in frequency space:
Ape'“’p + Bpe‘*’p =0 ; (6.11)
AL + B = 412 8w )6(w) ; (6.12)
Aa+Ba=Ap+Bp ; (6.13)
soepw(Ap—Bp) - soeaw(Aa-Ba) = o(w) , (6.14)

where § is the delta function and o(w), the Fourier transform

of the spatial charge distribution, is defined as :

[s <R o o]

g(w) = S(wx,wy) = [ o(X,y)e-L(xwx+ywy)dxdy . (6.15)

-0 =00

After some manipulation of the boundary conditions given by

Eqs. (6.11) to (6.14) the constants Ba and Bp are expressed as :

L ST 0,80 B (6.16)

a eoeaw[1+e-2wa][z+(ep/ea)cozh(mp)tanh(wa)]
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and

-g 472 -wa
- o(w)=-4T Voé(wx)d(wy)eoeaw[coth(wa)ﬂ]e . 6.17)
P e el 1+e?P] 1+ (e /e Dcoth(un) tanh (wp) ]

Combining Eqs. (6.5) and (6.6) with the boundary conditions
in frequency space we get the following expressions for the Fourier

transform of the potential Vﬁ(w,z) and electric field Eb(m,z) in the

polymer:

7, (,2) Bp[e'“z - W2pt2) (6.18)

and

E (w,2)

it

Bpm[e'mz + 02y (6.19)

The Fourier transforms of the potential V&(w,z) and electric

field E&(w,z) in the air gap are similarly derived as:

7 (w,z) -w(a-z) Ba{emz _ Q-w(Za-z)]

2
4w Voé(wx)é(my)e

ANZVOG(wx)G(wy) + 5(m)3§7(w) . (6.20)

and
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. E,(w,2) = ‘4“2wV0<5(wx)6(wy)e_w(a'z) N Bam[e-wz+e-w(2a-z)]
¥*»
-4V S(w )8(w e
B Pg +xas L+ G(w)FE(w) ’ (6.21)
a P

where f&(w) and ?ﬁ(m), the transfer functions relating the
charge distributions 0(w) with the potential Vé(w,z) and electric field

E&(w,z) respectively, are given below:

o W2 _ e—m(Za-z)

F (o) = R (6.22)
v we eI 1407244 14 (2,/€ ) coth(up) tanh(ua)]
and
-Wz -w(2a-z)
Fw = 2 . (6.23)
eoea[7+e ][l+(ep/ea)coth(mp)Ianh(wa)]

The electric field [Eq. (6.21)] at the polymer—air interface
for small a4 and p must be equivalent to that calculated from Gauss' and

Kirchoff's laws expressed in distance space as:

. - -epvo + po/eo

pe. T ac . (6.24)
a

P

This is verified by replacing the hyperbolic and exponential
functions in Fﬁ(w) with their small argument expansions, fanh(wa) ~ wa,

G coth(wp) ~ l/wp, and Q-Zwa ~ 1-2wa, so that at z = 0 :
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42 =
4 Voé(wx)é(wy)ep + po(w)/so
pe, + ac

E (w,0) = , (6.25)

P

the inverse Fourier transform of which equals Eq. (6.24).

To simplify the general calculations for any point P in the
air gap we assume that the electret surface charge density o(X,y) is
uniform in the distance space. Furthermore, since our electret cham-
ber is cylindrically symmetric, as shown in Fig. 6.1 , 0(X,y) is ex—

pressed as:

A
=

o for n
o

o(x,y) = o(n) = { (6.26)

0 forn >R ,

where 72 = X2 + y2, R is the radius of the charge distribution
and o, the surface charge density.
The Fourier transform of 0(X,y) was given in Eq. (6.15) and

may in cylindrical coordinates be expressed as:
- © 2T -{w cos(6-¢)
aw) = [ [ one ndnds (6.27)
0 0

where X = & 44n8, y = 1 co46, w, = A4n¢ and wy = w cosd.

Equation (6.27) is actually a Hankel transform and can be

written in a Bessel function form after incorporating Eq. (6.26) as

28
follows:
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o]

o(w) =21 [ o(u)J (w)rdr
0

2TRO
(o]

W

R
= 210 Of 1 J_(wiydn =

Jl(wR). (6.28)

The potential, electric field and surface charge density
presented in this section were calculated in the frequency space follow-
ing a method proposed by Kao,2" who, however, left his results in the
frequency space. In the following sections we discuss our method for
calculating the electric field and potential in distance space from the

given expressions in frequency space.

6.3 POTENTIAL AND ELECTRIC FIELD IN DISTANCE SPACE

To be of practical value in our study, the electret chamber
electric field and potential should be given in distance space. In
principle one obtains these parameters by applying the inverse Fourier
transformation to the expressions for these parameters in the frequency
space. Thus, the potential va(n,z) in cylindrical coordinates is

given by:

oo 2T .
v, (1,2) = i%: J v (0,2) {({ U c08(8-0) gy 1 gy

= = [ ¥ (w2 3 () wda (6.29)
0
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where Vé(w,z) was given in Eq. (6.20), with o(w) given in
Eq. (6.28).

Inserting Eqs. (6.20) and (6.28) into Eq. (6.29) we get:

oo

Vv (n,2) =V_+0R of Fv(w) J_(wr) I, (uR) du, (6.30)

with f&(w) given by Eq. (6.22).
Similarly, the electric field Ea(n,z) is given by:

- op (=
Ea(/L,Z) = W + GOR OJ FE(UJ) JO(M) Jl(wR) d(L), (6.31)

;

where ?ﬁ(w) is the transfer function given by Eq. (6.23)

It is very difficult toevaluétetheintegralsiﬁﬁh.(G.BO).and
Eq. (6.31) analytically; we can, however, make some approximations in
the transfer functionms, f&(w) and fﬁ(w), and thus obtain a solvable in-
tegral. For wa 2 3 and wp £ 0.2, which corresponds to a frequency
range 3/a £ w £ 0.2/p and which stipulates that a > 15 p, the following
approximations are valid: fanh(wa) ~ 1, coth(wp) ~ 1/wp, and

1+ e—Zwa ~ 1. ?&(w) from Eq. (6.22) is then given by:

wz _ ,-w(2a-2) 4 e e (6.32)

F@ ~ple o s

and the potential Va(&,z) given by Eq. (6.30) may now be
expressed as:

o PR

Va(/L,Z) = VO+8 =
op

J [e_wz _ e—w(Za-Z)]Jo (M)Jl (wR)dw. (6.33)
0
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The transfer function fﬁ(w), given by Eq. (6.23), may now be

o approximated by:

FE(w) ~ wp [e%F + e-w(za'z)]

/e
Ie e (6.34)

p 3
and the electric field Ea(&,z) using Eq. (6.31) may be ex—
pressed as:
'R OgpR = _ _ _
op .o f [e Y% 4 ¢ w(2a z)]

Peg *aE, T EE,

]

Ea(k,z)

X Jo(wn) Jl(wR) wdw . (6.35)

To test the validity of the approximations to transfer func—
tions,we show in Fig. 6.2 a comparison between the exact transfer func-
tions f&(w) and fﬁ(w) (solid lines) given by Eqs. (6.22) and (6.23) res-—
pectively and the approximations (dashed lines) given by Eqs. (6.32)
and (6.34) respectively, for several combinations of air gap thickness a
and axial distance z. The agreement between the transfer functions and
their approximations is excellent for relatively large w; it breaks down,
however, for 0 £ w £ 3/a, where for w *~ 0 the approximations go towards
zero in contrast to transfer functions, which have a large finite value
at w > 0. It is easy to show that EO?Q(O) equals to (a—z)/(€a+€pa/p)
while Eofﬁ(O) is equal to (€a+€pa/p)—l' The discrepancy at small w be-
tween the transfer functions and their approximations would at first
glance suggest that the approximations are invalid. As shown in Egs.

O (6.30) and (6.31), however, in the calculation of the potential and the

electric field, the transfer function is multiplied by two Bessel
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lines), and their approximations as given by Egs.

(6.32) and 6.34) respectively (dashed lines) for various
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functions, Jo(wh) and Jl(wR) and subsequently integrated with respect
to w from 0 to ». TFor w ~> 0, Jo(w&) -+ 1 and Jl(wR) -+ 0, and the inte-
grand in Eqs. (6.30) and (6.31) is determined mainly by the value of
Jl(wR), irrespective of the values for the transfer functions. This

is substantiated in Fig. 6.3, where in part (a) we show the Bessel func-
tion Jl(wR) vs w for various values of the charge distribution radius R,
and in part (b) we plot the function f&(w) Jl(wR) with the exact f&(w)
(solid lines), and its approximation {(dashed lines), again for various
values of R. In contrast to Fig. 6.2(a), both the solid and dashed
curves are now very close in the whole frequency range from O to «,
even though the approximation is rigorously correct only for

3/a £ w £ 0.2/p, which for our specific example corresponds to

0.03 line pairs/mm £ w £ 2 line pairs/mm. The areas under the solid
curves, representing the integrand of Eq. (6.30) with the exact f&(w),
are almost identical to the areas under the dashed curves, representing
the integrand of Eq. (6.33), and even for the worst example shown in
Fig. 6.3(b), with R = 50 mm, the two areas are equal to within a few Z.
It is evident that the error becomes larger as R is increased; we can
conclude, however, that for R £ a the approximations to transfer func-
tions give reasonably accurate results in calculations of the potential
and the electric field. Since fﬁ = —3?&/82, it can be shown that the
function fﬁ(w) Jl(wR) behaves similarly to the function f&(w) Jl(wR)
shown in Fig. 6.3(b).

The potential and electric field are calculated in the fre-—
quency range from O to «® and the approximations to transfer functions
are rigorously correct only for 3/a £ w £ 0.2/p. We can nevertheless
apply the integration from 0 to « and still use the approximations to

f&(w) and ?é(w), because in the range 0 £ w £ 3/a the Bessel function
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Figure 6. 3 (a) J (wR) vs w for various radii R, and (b) the func-
1

tion €5 fv(w) Jl(wR) vs w for various R with the solid
line representing the calculation with the exact fv(w)
as given by Eq. (6.22) and the dashed line representing
the calculation with the approximation to fv(w) as given

by Eq. (6.32).
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Jl(wR) is the determining factor in the integrand of Eqs. (6.30) and
(6.31), and in the range 0.2/p £ w £ « the transfer functions f&(w)
and fé(w) as well as their approximations are very close to 0 and there-
fore make a negligible contribution to the integrals. The latter situ-
ation will certainly be true for reasonably large Z; for small z, how-
ever, it can happen that both the transfer function and its approxima=-
tion do not have a negligible value at w 2 0.2/p. Integration of Eqs.
(6.33) and (6.35) in the region from 0.2/p to « will then give incorrect
contributions to the potential and electric field. We estimate this
limitation on z accepting all z which are large enough to yield values
for the €0f§(w) at w = 0.2/p such that f&(O.Z/p) < 107° ?&(o) and get:
exp(-0.2 z/p) £ 107, or: z 2 23 p.  Similarly, for F(0.2/p) < 10”2FE(0)
we get exp(-0.2 z/p) £ 5 % 1072 p/a which for the example in Fig. 6.2(b)
corresponds to z 2 50 p.

The useful range for the approximations to fv(w) and fﬁ(w)

has thus been extended from 3/a £ w £ 0.2/p to the full frequency range

o
A

£ w £ »© uynder the conditions discussed above: a > 15 p, R £ a, and
z > 23 p.

In the following sections the approximations to transfer func-—
tions F&(w) and Fﬁ(w) given by Eqs. (6.32) and (6.34) respectively will
be used to calculate analytically in distance space the potential and
electric field in our electret chamber for both the points on the cham-
ber central axis and for off-axis points.

The integrals in Eqs. (6.33) and (6.35) are solved using the
following general relationship,?®® which is valid under the conditions

that Re[A+u+v] > 0 and Re[axiBxi{y] > 0 :
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oo Hv
A-1 -ax _ By -V-U -A-u-v
0! X e JU(BX)J\)(YX)C{X = m 2 ¢4

.YZ
F(-m, -u-m; v+l; —;) ’ (6.36)
B

y § T (A+u+v+2m)
m=0 m! T (u+m+l)

where F is the hypergeometric function.

It is obvious that there are, for each pair of (%,z) two so-
lutions for Va(&,z) and Ea(n;z). Both give identical values for 4 > 03
one of them, however, exhibits a singularity at £ = 0. We thus take
the solution which is finite for 4 = 0 and express the potential Va(&,z)

in the air gap as follows:

vV (n,2) =V_+ &’p_Rz {3 -D"em)r T (=m) , (~1-m)
a‘’t 0 2€o€p m=0 mI(m+1) 1 oo T
rn.n m R2 )

R2? 1 m
* (&) [(ZET) zT * (A(Za-z)T) (2a-z)2]}’ (6.37)

and the electric field Ea(&,z) as:

Ea()L’Z) = -— -o—p

GOpR2 0 (_1)m(2m+2)! m (-m)n(-l—m)n

e { E T ] T
Zeosp = ml(m+1)! n=0 nin!

RTm RZ M1 R2 m 1
(R—2 [(Zz—z) ?3'+(4(2a—277) (2a-z)3]}’ (6.38)
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where the gamma functions of Eq. (6.36) have been replaced by

their factorial form and the hypergeometric function by an equivalent

30,

expression

m (-m) (-1-m) n
n2 n n N2
n=0 o
-m(-1-m) A2
=l+r—7 (&

-m(om#l) (-1-m) (-1-m+1) (2 2

+ 1.2.1.2 E?)
+ ... (6.39)
6.4 AXIAL POTENTIAL AND ELECTRIC FIELD

IN DISTANCE SPACE

Equations (6.37) and (6.38), which give general solutions for
the potential and electric field in the air gap for the electret chamber
configurations shown in Fig. 6.1 , can be handled by computer techniques.
A listing of the programs used is given in the Appendix. First we con-
sider the potential and electric field on the chamber axis where 4 = 0.
With v, =0, Egs. (6.37) and (6.38) become somewhat simpler:

OoPR? { Y CD"amt

]
Zsoep m=0 m!(m+1)!

R " 1
422 Z?

v, (0,2) = [(

m
- (2152237?9 Tfa%zyr]} , (6.40)
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and

g pRZ o m m
- _© (-1) " (2m+2)! R2 1
Ea_(osz) = 2€o€p {mzo mi (m+1)! [(422) ?3—
R2 m 1
+ (4(2(1-2)2) (2a-z)? ]}a (6.41)

but will exhibit divergence for small Z compared to R and the
value for z = 0 is not defined. It will be shown later that converging
solutions can be obtained only for z > R.

To investigate the region on the chamber axis for 0 £ z £ R,
we turn back to Egs. (6.33) and (6.35), seth both V, and % equal to O ,

and get the following relationship for Va(O,Z) and Ea(O,Z) :

CpR _ _ .
V,0,2) = 22— [ [ - 25 wr) du
€ € 1
op O
- %P vR2+2z2-2 _ /R2+(2a-z)2-(2a-z)} (6.42)
€ogp VR2 +22 VR2+ (2a-2z)2 ’
and
OpR ® _ _
E (0,2) = — [ e “Zie w(2a Z)]J (wR) wdw
a € € 1
op O
0opR2 1 1

= T ¢ { %+ 3
o p [R2+272] R2+(2a-2)2] (6.43)
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Ea(O,Z) is thus described either by Eq. (6.41) which converges
G for Z > R or by Eq. (6.43), which is much simpler and valid for the
whole range of z from O to «,
Similarly, Va(O,Z) is described either by Eq. (6.40) or a much
simpler Eq. (6.42). It is given below for the point at the center of
the charge distribution, i.e., z = 0 and £ = 0 as:

a,r

_ o
Va(0,0) T e e
op

R\? -4
[1+ GZE) 1*, (6.44)

which is equal to:

va(o,o) = = comst. for R<a = o, (6.45)

and may be approximated by:

o p
V (0,0) ~ —>— = const. for 2R < a < = , (6.46)
a € €

op
and

o_p
v _(0,0) ° 2% for a < R . (6.47)
a € €

op R

Va(O,Z) is plotted in Fig. 6.4 for air gap a + «» , with various
charge distribution radii, R. The dashed lines represent Eq. (6.42) with

‘::;

the overlapping solid line representing Eq. (6.40) in its region of con-
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sent Eq. (6.40) in its region of convergence (zZ > R).
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vergence (Z > R). As shown by Eq. (6.45) the potential at z = 0 is
equal to cop/eoep and is independent of R.

In Fig. 6.5, Va(O,Z) is plotted for an air gap & of 10 cm
with various radii R in the range from 0.0l cm to 5 cm. Again the
dashed line represents Eq. (6.42) and the solid line Eq. (6.40). Since
the limiting case of Eq. (6.46) now prevails, Va(0,0) is again equal to
the constant cop/eoep. The axial potential Va(O,z) for z = a is gener-
ally equal to V_ as required by boundary conditions [Eq. (6.8)]. We,
however, subsequently set Vo = 0 and Eq. (6.43) thus yields a value of
0 for z = a.

Figure 6.6 shows a comparison of axial potentials, Va(O,Z),
obtained for two radii, 0.1 cm and 3.5 cm, with various air gaps. Be-
cause 2R < a, Va(0,0) again is equal to aop/eoep for all curves dis-
played.

We now show that by using a dipole layer model for our charge
distribution, o(X,y), and with an air gap, a4 -+ =, we obtain for z large
compared to R, an expression for the potential identical to Eqs. (6.40)
and (6.42).

1

Implementing the dipole layer definition given by Jackson®' we

get the following expression for Va(O,Z):

do
va(o,z) = —sf D(z) 77 (6.48)

where S is the area of dipole layer distribution, da the area

element of o(x,yY), and D(z) the dipole layer moment defined as:
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curves representing Eq. (6.40) in its region of conver-

gence (z > R).
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1 poo
Lim o (2p) = = s—— . (6.49)
ofp p+0 (o} bmoe

Inserting Eq. (6.49) into Eq. (6.48) we get:

(6.50)

This solution is now compared to Eqs. (6.40) and (6.42) which
seemingly describe the axial potential under conditions identical to
those in the dipole layer mode. Equation (6.40) actually transforms
into Eq. (6.50) for m = 0. The number of terms in the summation required
for convergence of Eq. (6.40) decreases with decreasing R/z until finally
for sufficiently small R/z the sum converges for m = 0. It is clear that
this happens when Z » R and this agrees well with Eq. (6.50) which also
holds only in the regions far from the dipole layer charge distribution.

We next show that Eq. (6.42) in the far region also transforms

into Eq. (6.50). Inserting @ = @ and z » R into Eq. (6.42) we get:

ap o.p
V0,2 = - {1-———} . -2 (6.51)
op (1+Rr2 /22)* op

A comparison of the three equations describing Va(O,Z) is
shown in Fig. 6.7, for various R from 0.0l cm to 3.5 cm. As discussed
above the dipole layer equation applies well in the far region where
z » R, but exhibits a singularity at z = 0. Equation (6.40) is valid
for both the far and the intermediate regions (z Z R), but exhibits di-
vergence for z < R. Equation (6.42), however, covers the whole region

of interest, from z = 0 where Va(0,0) = aop/eoe to Z > =,

P
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A plot of Eqs. (6.41) and (6.43) which describe the axial
electric field Ea(O,Z) in the electret chamber is shown in Fig. 6.8
for various radii R and air gaps a. Equation (6.41) is only defined
for R > z, while Eq. (6.43) covers the whole range in z from 0 to «.
Similarly to the discussion of the axial potential, we compare Eqs. (6.41)
and (6.43) for a > » and z >» R with the far field approximation of a

dipole layer obtained from Eq. (6.50) as follows:

Bva oopR2
Ea(O,Z) =~ 37 = EOE—ZT . (6.52)
(z,0) P

Both Eq. (6.41) with m = 0 and Eq. (6.43) with z > R give
expressions identical to Eq. (6.52). The far field of the dipole layer
can thus be described by any of the three equations, (6.41), (6.43) or
(6.52), the intermediate region by either Eq. (6.41) or Eq. (6.43),
while the near field can only be expressed by Eq. (6.43).

Several approximations can be made to Eq. (6.43) depending
on relative values of @, R and z; they are, however, all trivial and
will not be discussed. It is interesting to note that Eq. (6.43) pre-
dicts an inverse proportionality between Ea(0,0) and R for a + », as
expected. The field calculated beyond the grounded electrode (z > a)
is symmetrical with the fields before it. This indicates that the di-
pole layer—grounded plane configuration separated by a distance a, can
be represented by two identical dipole layers a distance 2a apart with
the electrode at a, acting as a mirror plane. This representation is

similar to the well known point charge-ground plane situation.
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6.5 OFF-AXIS POTENTIAL AND ELECTRIC FIELD

The potential and the electric field in the air gap of the
electret chamber were given by solutions to Eqs. (6.33) and (6.35), res-
pectively. 1In the previous section we discussed the axial potential
and electric field. We now discuss the general solutions to Eqs. (6.33)
and (6.35) given by Egs. (6.37) and (6.38)'for‘h > 0. These solutions
describe the potential and electric field for off-axis points in the
electret chamber; they do not, however, converge for all combinations
of z, £ and R.

We study the convergence limits for the case of an electret
in air for a = «» and Vo = 0. Conclusions reached with this example can
then be generalized to a finite air gap @ and to electric fields.

Equation (6.37) becomes:

o R?

D"emy R
Va2 = zzze e { Z mt (m+1) ! (gz2)
aA—» «
) rf (-m)n(-l-m)n (ﬁ n}
so nint R (6.53)

To determine the convergence limits of the equation above we

plot in Fig. 6.9 for a typical value of R = 3.5 cm and various values

m
+1)1! 2
of Z and & the term T = r;?g;:gi' (:;2) » and the hypergeometric series
m (-m) (-1-m) i )
F=) Z'n' L (%;) » as a function of integer m for 0 < m < 60 .

n=0
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189

Both T and F are equal to 1 for m = 0., Furthermore, F remains equal to
Q 1 for all axial calculations (& = Q) irrespective of m. For 4 > 0, how-
ever, the value of F almost linearly increases with m on a semiloga-
rithmic plot, the slope of which increases with an increasing #. T, on
the other hand, decreases almost linearly with increasing M for Z 2 R,
and increases linearly with m for z < R. Equation (6.53) does not con-
verge for those values of Z and 4 for which both T and F increase with
increasing M. It does converge, however, for combinations of z and %,
where, for increasing m, T approaches zero faster than F increases to =.

T and F may be approximated by exponential functions:

T ~ ¢ , (6.54)
and

spm
F ~ ¢ , (6.55)

where AT and éF are the slopes of T and F respectively obtain-

ed from Fig. 6.9 . Therefore, for large m, the potential in Eq. (6.53)

is:

v (1,2) R , . (6.56)

a-r o«

and it converges for Sothp < 0. In Fig. 6.10(a) we plot the

convergence parameters AT and éF as a function of z and 4 respectively

‘::> for R = 3.5 cm. Parameters AT and AF are also plotted as a function of
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Figure 6.10 The convergence parameters éT(solid curves) and Ae (dashed)

are plotted as a function of (a) Z and %, respectively

with R = 3.5 cm, and (b) R?/4z® and #%/R%, respectively.
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R2 /422 and %2 /R? respectively in Fig. 6.10(b) to show the effects of

varying R. Since 4_ 2 0 for all «, the convergence condition will be

F
satisfied only when A £ 0 and |AT| 2 4p. The solid curve in
Fig. 6.10(a) shows that 40 <0 for z2 R =3.5 cm, and in Fig. 6.10(b)
that . £ 0 for R2/4z2 £ 0.25, i.e., Z 2 R.
Therefore, on the axis of the chamber where 4, =41 = 0,

F

Eq. (6.56) converges for z Z R. For points off axis the domain of
convergence is more restricted and is determined by noting AT from
Fig. 6.10(b), and then finding the largest (12/R?) for which Sothe <o.
This procedure determines the maximum radial distance for which

Eq. (6.56) converges at a given R and z. The region of convergence has
a conical shape with the tip on chamber central axis at Z = R and an
increasing radius of convergence with an increasing z.

We thus conclude that Eqs. (6.37) and (6.38) describe the
potential and electric field in our electret chamber; they are, how-
ever, useful only in a well determined region of convergence, which is
valid for z 2 R at £ = 0, and then expands to larger %4 with increas-
ing z.

Figure 6.11 shows typical electric fields (a) and poten-
tials (b) as a function of radial distance % calculated from Eqs. (6.38)
and (6.37) normalized to 1.00 on the central axis. The plots are given
for two values of air gap a4 (15 cm and ») and two values of charge dis-

tribution radius R (0.1 cm and 3.5 cm) at an axial distance z of 10 cm.

In Fig. 6.12 we show equipotential surfaces for our electret

chamber configuration with the radius of charge distribution, R = 1 cm,

and the externally applied potential Vo = 0. The left side represents
an infinite air gap, the right side is for an air gap of 3 cm. The ax-

ial potential was calculated from Eq. (6.42), the off-axis points were
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obtained either from Eq. (6.37) for points inside the region of con-
vergence or through a linear extrapolation, similar to the extrapola-
tion exhibited for axial potentials in Figs. 6.4 and 6.5 for points
outside the region of convergence. The effect of the grounded elec-
trode above the electret surface is to progressively flatten the equi=-
potential surfaces as the air gap a4 decreases, to make them virtually

parallel with the electret surface for very small a.

6.6 SUMMARY

Laplace's equation is used in conjunction with the theory of
linear systems to calculate the potential and electric field in dis-
tance space for a cylindrical polarization/depolarization electret cham-
ber. To calculate the inverse Fourier transformation analytically the
transfer functions are simplified through the assumption that the air
gap 4 separating the electret from the polarizing electrode in the cham-
ber is much larger than the thickness Y of the electret, which corres-
ponds to a frequency range of 3/a £ v £ 10 line pairs/mm . We show,
however, that this approximation is valid to within a few Z, in the
whole frequency range from 0 to <. General solutions are given for the
near, intermediate and far regions, and the domain of convergence for
off-axis solutions is discussed. On the chamber axis the potentials
calculated near the electret surface are equal to those obtained from
Gauss' and Kirchoff's laws. With the electrode removed, i.e., a4 = «,
the axial solutions for large distances from the electret surface are

equal to those calculated from a dipole layer model of the electret.
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7.1 INTRODUCTION

In this chapter the charging characteristics of the iono-
graphic latent images are discussed in terms of saturation characteris-
tics of ionographic chambers. We apply the results of our study of
collection efficiencies of parallel-plate ionization chambers, discussed
in Chapter 4, and of the charging and discharging dynamics of the radia-
tion induced foil electret, discussed in Chapter 5, to improve the under-
standing of the ionographic process.

5 sometimes referred to as Electron Radio-

Gas ionography,l”
graphy,s_8 has been proposed as a possible alternative to emulsion film
radiography. The basic principles of ionography both with air at normal
pressure and with pressurized high atomic number gases 2°"’%°% yere
discussed in Sec. 2.3. The technique has resolution capabilities similar
to those of film, offers edge enhancement and independence of silver as a
main advantage over film, but unfortunately has a low sensitivity, when
compareé to modern scréen-film cémbinationé.

In gas ionography, the x-ray photon absorption in a gas is used
to generate free charge carriers which drift in an externally applied
electric field and get trapped on a polymer surface to form a latent
image of the object. This latent image is subsequently rendered visible
with standard electrographic techniques? The ionographic chamber resem -
bles a parallel-plate ionization chamber, except that the measuring elec-
trode is blocked by a thin dielectric foil. The charge carriers that
drift in an electric field towards the measuring electrode get trapped on

or near the dielectric surface thereby forming the latent image of the

object, which is essentially a foil electret. We have recently performed
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an extensive study of this radiation induced foil electret statel?1?

The results were presented in Chapter 5 and we now use some of them to
improve the understanding of the physical properties of the ionographic
latent image. Since the ionographic chamber used in our experiments
utilizes air at atmospheric pressure as the absorbing medium, it has a
much lower sensitivity. than some previously described pressurized high
atomic number gas ionographic chambers.® Nonetheless, the conclusions
about the latent image formation process, obtained with our chamber, can

be generalized to describe the more sophisticated chambers.

7.2 PRODUCTION (CHARGING) AND DEVELOPMENT (DISCHARGING)
OF THE IONOGRAPHIC LATENT IMAGE

The latent ionographic image of the object is obtained by
positioning the chamber, shown in Fig. 3.4, behind the object irradiated
by x-rays. Some of the photons transmitted through the object interact
either with the gas in the chamber sensitive volume producing energetic
electrons, or with the polarizing electrode (photoemitter) creating photo-—
electrons, some of which are scattered back into the chamber sensitive
volume. Both types of electrons ionize the gas in the chamber sensitive
volume. The free charge carriers thus produced drift in the chamber effec-
tive electric field towards the appropriate electrodes. The charges that
drift towards the measuring electrode get trapped on or near the surface
of the polymer covering the electrode. The charged polymer foil therefore

contains the latent image of the object and is essentially a stable

electret with a surface charge distribution modulated by the photon
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transmission through the object. Both positive and negative latent images

can be produced, depending on the polarity of the external power supply.
During the latent image production, shown schematically in

Fig. 7.1(a), the chamber effective electric field Eééé(t) is equal to

the vector sum of Ea(O), the field produced in the air gap by the external

power supply Vo’ and Eg(I), the field produced by the electret charges

accumulated on the polymer foil

Voe - po(t)/e0

_ - - P
Eeéé(I) - Ea(o) Eo(t) - pe, + ac

, (7.1)
p

where 0(£) is the time (exposure) dependent electrect surface
charge density, @ and p the air gap and polymer thicknesses respectively,
and €2 and €p the dielectric constants of air and polymer respectively.

The latent image, produced with techniques discussed above,
may be discharged by charge annihilation achieved through trapping, on the
polymer surface, of charge carriers opposite to those forming the latent
image. In the standard electrographic development technique discussed, in
detail in Sec. 3.7, charged powder is used for this purpose to render the
latent image visible. The latent image, however, may also be discharged
in the ionographic chamber by simply grounding the polarizing electrode
and continuing the irradiation of the object as indicated in Fig. 7.1(b).
The effective field Eeéﬁ(t) in the air gap is now equal to the field Ea(t)
produced by the electret charges forming the latent image on the polymer
foil. Since Eeﬁﬁ is now in the opposite direction from the effective
field which was present during the formation of the latent image, charge

carriers of opposite sigﬁ'will drift towards the polymer foil, annihilate

the charges forming the latent image, until the Eeéé in the chamber finally
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becomes equal to zero and the latent image is completely discharged.

7.3 SATURATION CURVES OF IONOGRAPHIC CHAMBERS

The sensitivity of ionographic chambers depends on the charge
carrier yield per incident photon as well as on the chamber collection
efficiency. In air at normal pressure the charge density yield is
3.33x10 *° ¢/cm? per R per cm of air gap assuming that all primary electrons
expand all their energy in air. This represents a relatively small charge
yield and various methods have been proposed for its increase in ionographic
chambers. Photoemission®’'"* from a high atomic number polarizing electrode,
which may increase the sensitivity by more than an order of magnitude and

2=9,15,16 .5 the radiation sensitive

a high atomic number pressurized gas
medium, whichmay give a sensitivity increase of three orders of magnitude,’
are two best known examples.

Furthermore, to maximize the sensitivity of a given ionographic
chamber, no ions should be lost to recombination, i.e., saturation conditions
should exist in the chamber during the latent image formation. In order to
study the efficiency for charge carrier collection on the polymer foil during
latent image formation, we converted our ionographic chamber into a standard
parallel-plate ionization chamber by removing the polymer cover from the
measuring electrode. Ion collection efficiencies were measured for various
polarizing electrode materials and air gap thicknesses.

We have shown®?

in Chapter 4 that the full saturation curve,
i.e., the collection efficiency 4§ as a function of the effective electric

field Eeéé in an air filled parallel-plate ionization chamber may be

expressed by a hyperbolic relationship:
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§ =914 qp = tanh (EQM/E*) , (7.2)

where § is the measured ionization current density, jéat the
saturation current density and E*, the extrapolated electric field, is the
field at which the collection efficiency would equal to unity if the initial
linear relationship between {4 and Eeﬂﬂ’ exhibited at small fields, held for
all electric fields. The extrapolated field was found to be independent of
beam energy but a function of both exposure rate X and air gap thickness a.

In Fig. 7.2, we show typical measured saturation curves with an
air gap @ of 1 cm for (a) our air-filled ionization chamber with an aluminum
polarizing electrode and an exposure rate of 150 mR/s, (b) our air-filled
ionization chamber with a lead polarizing electrode and an exposure rate of
150 mR/s, and (¢) an ionization chamber filled with xenon gas at 10 atmos-
pheres with an exposure rate of 25 mR/s. The measurements in Fig. 7.2 (c)
are from Fenster et al.’ The solid lines in Fig. 7.2 represent the satu-
ration curves calculated from Eq. (7.2) using the appropriate E* obtained
by extrapolating the initial linear portion of the saturation curve to § = 1.
It is evident that Eq. (7.2) holds not only for air-filled ionization chambers
at normal pressure; it also covers the saturation characteristics resulting
from polarizing electrode photoemission and from high atomic number pressur-
ized gases provided that the appropriate E* is applied. The main characteris-
tics of Fig. 7.2 are summarized in Table 7.1 from where we conclude that both
the saturation current density jéat and the extrapolated electric field E* in
a parallel-plate ionization chamber depend strongly on the polarizing elec-
trode material and on the atomic number and density of the radiation sensi-
tive medium, in addition to depending on the exposure rate and air gap

thickness .
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Table 7.1 Characteristics of various Ionographic Chambers

*
Electrode Sensitive Exposure Pressure E jéai/i
Material Medium Rate(mR/s)  (atm) (V/cm) (nA/em?/mR/s)  Sensitivity
-4
(a) aluminum air 150 1 12 5%10 1
(b) 1lead air 150 1 50 5x1073 10
(¢)?® aluminum xenon 25 10 6000 2 4000

§50¢
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7.4 SATURATION CURRENT DENSITIES IN IONOGRAPHIC CHAMBERS

In the ionographic chamber sensitive volume, the free charge
carriers are produced by electrons originating through direct interactions
of photons with gas molecules and by photoelectrons produced in the polari-
zing electrode and backscattered into the chamber sensitive volume. The
efficiency € for photoelectron production defined as the number of back-
scattered photoelectrons per incident photon '7°'® depends on the photon
energy and on the atomic number of the polarizing electrode Z. The range

an'of these photoelectrons in the gas depends on photon energy and on the

gas density. Some values for both € and a, are available in the literaturel’®

The saturation current density jAaI is a very important para-
meter of an ionographic chamber since it is directly proportional to the
chamber sensitivity. It is a function of the x-ray exposure rate i, air
gap thickness a, atomic number of both the polarizing electrode and the gas,
as well as of the density of the gas. In Fig. 7.3 we plot the measured jbat
vs a for our ionographic chamber with various polarizing electrode materials
ranging from aluminum to lead. For a given material,jéai increases linearly
with a for large &; for small a, however, the linearity breaks down as dis-—
cussed in Sec. 5.5. The jéai vs @ curve may be separated into two compo~
nents; a linear function jZé; and an exponential function jfat’ both starting

at the origin:
, aln ,
Foqt@ = dynr + iegp(@ (7.3)

The linear function ff;; is the component of jéat produced

by the charge carriers originating from electrons released in the chamber
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Figure 7.3 Saturation current density jAaI as a function of air gap a for
various polarizing electrode materials. Exposure rate :
150 mR/s. The dashed line represents the primary iomnization
in air, the solid curves represent Eq. (7.4), and. the dotted
curves represent the contribution from the photoelectrons

backscattered from electrode (see Sec. 5.5).
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sensitive volume by direct interactions of photons with the gas mole-
cules. It is independent of electrode material and linearly dependent
upon the air gap a. The exponential component jfat of jAaI represents
the contribution of charge carriers produced by photoelectrons back-
scattered into the chamber sensitive volume from the polarizing elec-

17,18 of about 1l cm for our

trode. These photoelectrons have a range
experimental conditions. In Sec. 5.5, we used Eq. (4.12) which was sub-
sequently presented as Eq. (7.2) to derive a general expression for the
electret chamber saturation current density [Eq. (5.27)] which held for
air at normal pressure. In Sec. 7.3 we showed that Eq. (7.2) holds not
only for air-filled ionization chambers at normal pressure but it also
represents the saturation curve resulting from polarizing electrode
photoemission and from high atomic number pressurized gases. We can

thus represent the saturation current density jbai of the 1lonographic

chamber (the ionographic chamber is essentially an electret chamber) as:
anx(“’z’p’zg) = X {K(p,zg) + A'(p,zg)e(z,Ev)

x [1 - ¢ 3%/ (Eys0,20) 1) (7.4)

where kK, A', and a, are functions of the density p and

atomic number Z_ of the gas, and were given in Sec. 5.5 for normal

g

air pressure; €, the efficiency for production of backscattered

17,18

photoelectrons and E,, the photon energy, were also given in

Sec. 5.5 .
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‘:D 7.5 EXTRAPOLATED ELECTRIC FIELD IN IONOGRAPHIC CHAMBERS

The extrapolated electric field E*, introduced in Eq. (7.2), is
a parameter in the saturation curve expression and depends on the confi-
guration of the ionographic chamber, the x-ray exposure rate as well as
on the pressure and atomic number of the chamber gas.

In Fig. 7.4 we show a plot of E* vs a4 measured in our iono~
graphic chamber for various polarizing electrode materials with an expo-
sure rate of 150 mR/s. We notice that, similarly to the jAaI(a) behav-
ior, E*(a) is linear with a for large a; the linearity breaks down, how-
ever, for small a. E*(a) also has two components, both starting at 0
for a = 0; one, EZLn(a)’ is linear for all a and attributed to primary

* . Ld L3 3
ionization in air, and the other, Ep(a)’ exhibiting an exponential satu-

ration behavior at approximately 3 a,, is attributed to the photoemission

afl.
. v
from the polarizing electrode. The saturation value Ep(m) is obtained
*
by extrapolating the linear portion of E vs 4 curve to & = 0 as shown
in Fig. 7.4. 1In Sec. 5.6 we derived a general expression for the extra-

* .
polated electric field E . We can apply the arguments discussed above

. * )
for Isat t© E and thus express it as:
* .ol
E (a,z,p,zg) = k'(p,zg)axz + m'(p,zg)

x e(Z,Ey)X [1 - e_a/a“(EV’p’Zg)] , (7.5)

where k' and m' which, in general, are functions of the den-

sity p and atomic number Zg of the gas were given in Sec. 5.6 for normal

Q air pressure.
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Figure 7.4 Extrapolated electric field E as a function of air gap a for
various polarizing electrode materials. Exposure rate:
150 mR/s. The solid line represents the primary ionization

in air, the solid curves represent Eq. (7.5) and the

dotted curves represents the contribution from photoelectrons

(see Sec., 5.6).
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7.6 MAXIMUM CHARGE DENSITY IN THE LATENT IMAGE

Since the ionographic chamber is basically a parallel-plate
ionization chamber we assume that saturation characteristics in both
are essentially identical, with one important difference, however; in
an ionization chamber the Eeéﬁ in Eq. (7.2) is constant, while in an
ionographic chamber it is decreasing in time as given by Eq. (7.1).
The conclusions about jAaI and E* discussed in the previous two sections
are thus valid for ionographic chambers as long as the appropriate
Eeéé(I) is used. During the latent image formation in an ionographic
chamber with relatively long exposure times (or high exposure rates)
the two opposing electric fields, Ea(O) and E (®), eventually become
equal in magnitude, i.e., Eeéﬁ(w) = 0 close to the polymer surface.
The charge carriers produced by radiation no longer drift in an elec-
tric field and therefore recombine, so that no additional charge depo-
sition onto the polymer surface is possible. As shown in Sec. 5.3,

by substituting Eeﬂﬁ = 0 in Eq. (7.1) we get the following relationship

for the maximum surface charge density Omax®
Opax = g () = eoepvolp = CQV6 s (7.6)

but we have found that an equation resembling a Schottky21
or Poole-Frenkel?? process of the form:

! 1 !
- 2 i_ 3
o =2C,uy [(Vo +u.) Vg !, (7.7)

max B

fits the measured data better.
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In Fig. 7.5 we show for two thicknesses of Mylar the maximum
surface charge density as a function of voltage Vo applied to the iono-
graphic chamber. The solid curves, which represent Eq. (7.7) with Vg of
2500 Volts and appropriate Ce, are in excellent agreement with the meas—
sured data.

Equation (7.7) thus sets the physical limit on the surface
charge distribution forming the latent image. This limit is proportional
to the polymer foil dielectric constant Ep and inversely proportional to
the polymer thickness p. Its dependenceon Vo is given in general by

Eq. (7.7) which, for Vo €< v_, transforms into Eq. (7.6), indicating a

B?
linear relationship between Opmax and V0 for small V . Thus, when sophis-—
ticated ionographic chambers with a high charge carrier yield per incident
photon are designed, consideration should be given to the charge density
limit as given by Eq. (7.7). Moreover, the exposure of the object should
be terminated long before the limit in Oax is reached in order to keep
the charge density variations in the latent image representative of varia-
tions in photon transmissions through different parts of the object. If
the exposure is too long, the result will be a foil electret charged

uniformly to its maximum value and the latent image will lose all infor-

mation about the object.

7.7 CURRENT DENSITY DURING LATENT IMAGE PRODUCTION

The current density j that is measured in the external circuit
during the irradiation of the object is attributed to charges moving onto
the measuring electrode to compensate for the increasing number of oppo-
sitely charged carriers trapped on the polymer surface forming the latent
image. Assuming that at £ = 0 the saturation conditions are met in the

ionographic chamber, this current density is initially equal to the
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ionization current density which would be measured in a standard ioni-
zation chamber under identical conditions. As shown in Eq. (7.1), however,
the effective field in the ionographic chamber is steadily decreasing

with time as Ec(i) increases,'éventually causing non-saturation conditions
in the chamber sensitive volume, before becoming equal to zero. As dis-
cussed in Sec. 5.4, by combining Eq. (7.1) with Eq. (7.2) and noting that
4§ = do/dt we get the following relationship for § as a function of time:
-4

f=9 sat exp[(to- B /tl{1+ exp z(io- H/t 1, (7.8)

where T, the electret relaxation timg, is:
* .
T = so(aep+ pea) E /pjéa/t (7.9)
and to’ the electret charaéteristic polarization time, is:
to = 1 n sdnh Ea(O)/E*. | (7.10)

In a similar fashion the effective electric field Eeéé(I) in
the ionographic chamber can be written as:

L= DIty (7.11)

*
E ) = E arc sinhf e
366( ) _ [
A typical current density profile as given by Eq. (7.8) is
shown schematically in Fig. 7.1 (¢). By definition to’ which is given
by Eq. (7.10), is equal to the time in which the current density j§ reaches
a value of (1ﬁ§)jéai' The area under the § (£) curve of course is equal

to O,y 38 given by Eq. (7.7). A typical current density profile obtained
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during the discharge of a latent image is shown in Fig. 7.1 (d). 1It is
equal in magnitude but opposite in sign to the charging profile given by
Eq. (7.8) and shown in Fig. 7.1 (¢). The areas under the two profiles

are equal , i.e., charge conservation is upheld.

7.8 PRACTICAL ASPECTS OF GAS IONOGRAPHY IMAGING

In the electrostatic imaging the aim is to optimize the image
quality by maximizing the charge collected in the latent image on the
polymer foil with a minimal exposure to the object. It was shown that

a minimum charge density o

max of 10-20 nC/cm? is required in the latent

image for subsequent successful development with presently known elec-
trographic development techniques. The exposures required to attain these
charge densities in air filled ionographic chambers at normal pressure are
on the order of Roentgens. As shown in Table 7.1 a considerable improve-
ment in sensitivity can be gained when a high atomic number metal is
employed as the polarizing electrode and a high atomic number pressurized
gas is used as the radiation sensitive volume.

As discussed above, the potential Vo applied to the ionographic
chamber is also an important parameter, To prevent loss of charge carriers
to recombination, it has to be sufficiently high to maintain saturation
conditions in the chamber during the x-ray exposure of the object. Further-
more, it should be sufficiently high so that during the x-ray exposure the

change density in the latent image does not reach the limit © as given

max
by Eq. (7.7). As discussed above, this would degrade the latent image
eventually resulting in a fully charged uniform foil electret.

We estimate the applied field Ea(O) for given ionographic

chamber parameters as follows: the time at a given exposure rate to achieve
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i i ist t . =0 .
Omax in the latent image min

/j/sa/t’ where jéa/t is the saturation

current density. The current density during the exposure will remain

equal to jéai until the effective field Eeéﬁ(t) in the air gap given by
* * [ - .

Eq. (7.1) falls below 3E , where E is the extrapolated electric field

introduced in Eq. (7.2).

The electret characteristic polarization time to given by
*
Eq. (7.10) can also calculated from Eq. (7.11), substituting 3E for E256

and tmin for £, to get:
to =231+ tmin . (7.12)

A substitution of Eq. (7.12) into Eq. (7.10) gives the minimum required

external electric field Ea(O), satisfying the above conditiomns, as:
* , *
E,(0) =E arc sdnh { 10 expl pom/soE (a€p+ pea)] }.o (7.13)

In Fig. 7.6 we show developed images of a bar phantom obtained
with our simple ionographic chamber with air gap a4 of 0.2 cm, and x~ray
exposure rate X of 150 mR/s and an applied voltage V° of 900 Volts; (a)
with a lead polarizing electrode and an exposure time of 37 s, (b)same
as (a) but with opposite polarity, (¢) with an aluminum polarizing elec-
trode and an exposure time of 74 s, and (d) with a lead polarizing elec-
trode and an exposure time of 15 minutes. The image with the lead pola-
rizing electrode is obviously better than the one with the aluminum
electrode, substantiating Eq. (7.4) which shows that the saturation

current density in an ionographic chamber strongly depends on the atomic
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Developed latent images of a bar phantom obtained with our
ionographic chamber with an air gap a of 0.2 cm, an x-ray
exposure rate X of 150 mR/s and an applied voltage ¥ of

900 Volts: (a) and (b) lead polarizing electrode and exposure
time of 37 s, (¢) aluminum polarizing electrode and exposure

time of 75 s, and (d) lead polarizing electrode and exposure

time of 15 minutes.
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number of the polarizing electrode. A comparison between Fig. 7.6 (b)
and 7.6 (d) clearly indicates that there is an optimum exposure and
that an increase beyond this optimum not only unnecessarily increases
the dose to the object; it also degrades the image quality, eventually
resulting in a uniform foil electret with the surface charge density
determined by Eq. (7.7).

Substituting the values @ = 0.2 em, p = 0.0125 cm, €p= 3, and
E* ='21 V/em ( Fig. 7.4 ) into Eq. (7.13), we calculated a value of
3600 V/cm for the minimum applied field Ea(O) required for optimum charge
collection in the chamber to reach a Sin of 15 nC/cm® in the latent
image shown in Fig. 7.6 (b). This corresponds to an applied voltage Vo
of 720 Volts; thus the VO of 900 Volts, that we had used, was above the
required minimum. The exposure time tmin for the image in Fig. 7.6 (b)
is calculated as follows: first, the electret characteristic polarization
time to and the electret relaxation time T are calculated using a value
of 0.4 nA/cm® for jbai and 3600 V/cp for Ea(O) in Egqs. (7.9) and (7.10)
respectively to get to =37.5s and T = 0.22 s. Next, these values are
substituted into Eq. (7.12) to yield iﬁi = 37 s, which is the time that

was actually used in our experiment to get Fig. 7.6 (b).

7.9 CONCLUSION

The charging characteristics of ionographic latent images
were discussed in terms of saturation characteristics of ionographic
chambers. We showed that the charged latent images on the polymer produc-

'::) ed 1in gas ionography are essentially electrets with surface charged
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densities modulated by photon transmission through the object.

The maximum possible surface charge density that can reside
on the latent image was calculated and found to depend on the polarizing
voltage according to an expression resembling a Schottky or Poole-Frenkel
process. It exhibits direct proportionality with the polarizing voltage Vo
and then follows a V? dependence for voltages greater than the breakpoint
voltage. The breakpoint voltage for two thicknesses of Mylar was found to
be 2500 Volts.

It has been found that the hyperbolic dependence of chamber
ionization current density on the effective electric field in the chamber
sensitive volume not only applies for air iomnization but also for high
atomic number gases at elevated pressures. This dependence is used in con-
junction with the laws of Gauss and Kirchoff in the derivation of the
equations governing the charging and discharging dynamics of the latent
image. It is found that both the saturation current density ‘and the
extrapolated electric field consist of a component which is linear with
air gap thickness and is produced by primary photon interactions in the
chamber sensitive volume, and of another component which exhibits an
exponential saturation and is attributed to photoelectrons backscattered
from the polarizing electrode into the chamber sensitive volume.

A discussion on the effect of different polarizing electrode
materials is given and it is suggested that an order of magnitude increase
in sensitivity can be achieved in ionographic chambers by changing the
aluminum polarizing electrode to lead.

The minimum applied electric field needed for an optimized
charge .collection .in the ionographic chamber is calculated and given as

a function of the extrapolated field. The optimum exposure for the latent
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image is also calculated for latent image production and it is shown that
exposures below this optimum give insufficient charge densities for elec-
trographic development, while exposures above it will slowly degrade the
image and eventually result in a uniform foil electret charged to its
maximum theoretical value with no relevance to the object exposed.

We will apply some of the charging and discharging properties
of the ionographic latent image presented here to perform radiographic

subtraction in subsequent chapters.
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8.1 INTRODUCTION

We will now study the feasibility of radiographic image subtrac-
tion based on the ionographic imaging principles we discussed in the pre-
vious chapter.

Interest in subtraction radiography has increased in recent
years mainly through the advent of digital subtraction angiography' which
is based on computer manipulation of digitized video images., Presently, all
major manufacturers of radiographic equipment are involved in development
of digital radiographic subtraction systems. As an alternative to the ex-
pensive digital system,we investigated a simple on~line non-computerized
method for subtraction radiography using electrostatic imaging techniques.

Various electrophotographic processes have been proposed as al-
ternatives to emulsion film radiography. The best known is xeroradiogra-
phy: which is based on x-ray induced charge cancellation on a pre-polari-
zed photoconductive plate to form an electrostatic latent image of the
object. It has gained widespread use in mammography“®and is commercially

available from the Xerox Corporation. Another well known technique is

6 7510

referred to as electroradiography®’® or gas ionography! and employs
x-ray photon absorption in air in an electric field to generate free charge
carriers which subsequently form the latent electrostatic image of the ob-

ject. Efficiency is increased by employing a high atomic number polari-

6 7210

zing electrode®’® and a high atomic number pressurized gas as the
radiation sensitive nedium.

As discussed in Chapter 7, the latent image which is formed on
a polymer film in the imaging chamber is essentially a stable foil

electret. We have recently performed an extensive studyll’13 (which

we have discussed in Chapter 5 ) of the physical properties of this
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radiation—induced electret and will use some of tﬁe results to perform
electrostatic image subtraction. The latent image (electret) can be
discharged with electrographic toners, a technique used to developed the
latent electrostatic image,'" which we have discussed in Sec. 3.7. It
can, however, also be dischargedby continued irradiation of the chamber
with the electrodes at polarities opposite to those used to form the
initial latent image. The remaining latent image represents the sub-
traction of the discharging from the charging process and can subsequently

be visualized with standard electrographic toner techniques.

8.2 IMAGE SUBTRACTION IN GAS IONOGRAPHY

The latent ionographic image of an object is obtained by
positioning the chamber, shown in Fig. 3.4, behind the object irradiated
by x-rays. Because of the low cHamber sensitivity, typical exposures to
achieve the éharge densities required for the latent image development are
on the order of 1 R. Thus, our chamber could not be utilized in a clinical
environment; it served well, however, in the investigation of the electro-
static image subtraction technique. The air in the chamber sensitive
volume is ionized by electrons produced by direct interactions of photons
with air molecules and by photoelectrons which are produced by x-rays in
the polarizing electrode and backscattered into the chamber sensitive
volume. The free charge carriers drift in the effective electric field
towards the appropriate electrode. The charges that drift towards the
measuring electrode, get trapped on the surface of the polymer thereby
forming the latent image of the object which is essentially a stable foil
electret with the surface charge distribution modulated by the photon trans-

mission through the object. Both positive and negative latent images can
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be produced, depending on the polarity of the extermal power supply.

Once the latent image has been formed,the discharging process
can be initiated by reversing the external field, so that opposite charge
carriers to those that formed the latent image, drift towards the polymer
and cause depletion of the existing electret charge layer through anni-
hilation. In principle, equal radiation exposures of identical objects
for the charging and discharging process in sequence should result first
in formation of the latent image and then in its complete cancellation.

The process of charge cancellation in the primary latent image
will now be applied to the electrostatic image subtraction. Two exposures,
one in the electret charging mode and the other in the electret discharging
mode, are performed on two objects which are essentially identical but
differ in a certain detail, which is of particular interest. The final

latent image represents only the difference in the two objects, as the

identical parts of the object are completely cancelled.

Figure 8.1 illustrates the technique with developed ionographic
images of a lead wire phantom. Part (a) shows the primary (mask) image
of the object taken at one polarity and part (¢) shows the image, taken
with opposite polarity, of the same object with a superposition of the
object of interest. In practice part (¢) would correspond to an image
obtained after contrast medium is injected into the region of interest.
This region is not at all visible in part (a) and only poorly visible
in part (c) because of the extra and redundant information carried in
the primary image. 1In Figs. 8.1(d) - 8.1(f) we show the results of the
analog subtraction of image (¢) from image (a) under various exposure
and electric field conditions. The heavy black lines represent the object

of interest, while the remnant of the primary image is shown in the
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Figure 8.1

(f)

Electrostatic image subtraction achieved on a lead-wire phantom
with an external potential of 2000 V across a 2 mm air gap and

a 0.05 mm thick layer of white polypropylene: (a) primary (mask)
image at one polarity; (b) primary image at polarity opposite

to that in (a); (¢) primary image as in (b) but with region of
interest superimposed; (d) - (4) results of electrostatic image
subtraction of (¢) from (a) for various exposures, with the dark

lines representing the region of interest.
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background, indicating that the process of image subtraction worked,

but was not fully successful. Image (@) was obtained with equal first

and second exposures and opposite polarities, image (d) with about 20%
lower second exposure than the first, and opposite polarities, and image
(4) with equal first and second exposures but shorted electrodes during
the second exposure. In the latter example, the latent image following
the first exposure provides the effective electric field in the chamber
during the second exposure. The two hairlines connecting the thicker

lead wires in the object of interest are clearly visible in all subtracted
images, while they were not at all distinguishable from the primary image
in part (¢). Figure 8.1 (b) represents the primary image taken with oppo-
site polarity from image in Fig. 8.1 (a).

The consecutive irradiation of almost identical objects with
similar exposures but at opposite ionographic chamber polarities thus
results in a latent image which accentuates the minor difference between
the two objects and at least partially cancels the identical part in both

of them.

8.3 CONCLUSION

An analog radiographic image subtraction technique, based on
electrostatic charging and discharging of latent images is presented. The
object is exposed twice: the first exposure is taken at one chamber polarity
and yields the primary (mask) latent image, and the second exposure is taken
with opposite polarity after a contrast medium has been injected into the
region of interest. The resulting latent image is subsequently developed

with standard electrographic toner techniques and represents the object of
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interest. Instead of an injection of a contrast medium preceeding the
second exposure, one can envisage taking the two exposures at different
kVp chosen so as to accentuate the photon absorption in the region of
interest.

Electrostatic imaging has been investigated during the last
two decades as a possible replacement for film radiography, so far without
much commercial success, mainly because of its relatively low sensitivity
compared to modern screen—film combinations. Electrostatic image subtrac-
tion, however, with consecutive latent image charging and discharging
simply cannot be directly challenged by film. We believe that Fig. 8.1
clearly demonstrates the feasibility of radiographic image subtraction

utilizing analog electrostatic techniques.
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9.1 INTRODUCTION

In the previous chapter, we presented an analog radiographic
image subtraction technique based on electrostatic charging and dis-
charging of ionographic latent images.! These latent images as previously
discussed, are essentially foil electrets with surface charge densities
modulated by the x-ray transmission through the object. The object is
exposed twice: the first exposure is taken at one chamber polarity and
yields the primary (mask) latent image, and the second exposure is taken
with opposite polarity after a contrast medium has been injected into
the region of interest. The resulting latent image is subsequently de-
veloped with standard electrographic toner techniques? and represents
the region of interest.

The feasibility of electrostatic image subtraction with gas
ionography has thus been clearly shown; the problem, however, is the
relatively low sensitivity of ionographic chambers. Only when pressuriz-
ed high atomic number gases are used as the radiation sensitive medium
one achieves sensitivities comparable to those of modern screen—-film
combinations. Engineering difficulties, however, make the high pressure
ionographic equipment impractical and cumbersome to use, and attempts
have been made to improve the charge yield per incident photon by emplo-

¢ as the

ying liquids,® high purity ionic solids" or photoconductors®’
radiation sensitive medium. Of these, electrostatic chambers utilizing

photoconductors have the largest sensitivities which are, however, still
an order of magnitude below the sensitivity of modern screen-film combi-

nations.

Photoconductors have been used to produce latent images either
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in the charge accumulation mode or in the charge cancellation mode.

The configuration of the former mode resembles the standard gas iono-
graphy technique with the photoconductor-dielectric foil combination
placed into an electric field during the irradiation of the object.®

In the latter configuration,a uniform charge layer on the photoconductor
is locally discharged by charge carriers produced during the irradiation
of the object. This technique, referred to as.xeroradiography, has.
gained wide-spread use in mammography® and is commercially available from
the Xerox corporation.

In this chapter, we describe an analog radiographic image sub-
traction technique in an imaging chamber utilizing a selenium photocon-
ductor as the radiation sensitive medium. The technique first employs
the charge accumulation mode to produce the primary (mask) latent image.
After the contrast medium is injected into the region of interest, the
charge cancellation mode is applied to subtract, electrostatically, the
identical parts of the object, with the resulting latent image represent-—

ing the region of interest.

9.2 SOLID STATE ELECTRORADIOGRAPHIC SUBTRACTION

The electrostatic imaging cassette utilizing a photoconductor

as the radiation sensitive medium is shown schematically in Fig. 3.5.

As discussed in Sec. 3.6, a rough vacuum is used to press the dielectric

paper uniformly over the photoconductor. This is especially important
in image subtraction studies when the polarity of electrodes is changed
between the two x-ray exposures of the object.

The latent electrostatic image of an object is obtained by



233

positioning the cassette behind the object irradiated by x-rays.

In the charge accumulation mode the charge carriers (electrons and holes)
produced by photon interactions in the photoconductor drift in the exter-
nally applied electric field towards the appropriate electrode. The
charges that drift towards the dielectric get trapped on the photocon-
ductor—-dielectric interface thereby forming a latent image, which as pre-
viously discussed, is essentially an electret with the surface charge
density moduléfed by the photon transmission through the objecg. Both
positive and negative latent images can be produced depending on the
polarity of the external power supply. The latent image charges are sub-
sequently transferred onto the dielectric through Paschen discharge and
then made visible with standard electrophotographic toner techniques.?
(See Secs. 3.6 and 3.7). The minimum charge density of about 15 nC/cm?®
required for subsequent electrographic toner visualization is achieved
with exposures of ~50 mR.

In Fig. 9.1, we show some images of high resolution bar
phantoms taken with this technique. A resolution of at least 150 line
pairs/inch can be perceived with exposures of 80-100 mR.

The latent image can also be discharged without removing the
paper from the photoconductor, through a charge cancellation mode. The
electrodes are connected to an external voltage with polarities opposite
to those in the first exposure. During the discharging process the elec-
tric field points in.such a direction that charge carriers opposite to
those, that formed the latent image in the charge accumulation mode, drift
towards the dielectric and cause the depletion of the existing latent
image charge layer through annihilation.

Thus, if the second exposure (discharging process) is taken
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Figure 9.1 Images taken with the solid state electrostatic cassette

shown in Fig. 3.5 of bar phantoms with spatial resolution

of up to @) 60 line pairs/inch and (b) 150 line pairs/inch,

with a chamber voltage of 1500 Volts.
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either after a contrast medium is injected into the region of interest
or with an x-ray beam of different quality, the resultant latent image
represents the region of interest alone. A successive application of
the charge accumulation mode at one chamber polarity and the charge can-
cellation mode at an opposite polarity is thus used to perform radiogra-
phic image subtraction to enchance the region of interest.

A knowledge of the relative electron and hole mobilities in
the photoconductor and the amount of charge accumulated in the original
exposure will determine the cancellation exposure required to annihilate
the original charged latent image. Information in literature on electron
and hole drift mobilities and lifetimes is rather scarce and inconsistent.
The easiest method to determine the cancellation exposure is with several
trial runs till the optimum subtraction is achieved.

The electrostatic subtraction technique achieved with the
chamber shown in Fig. 3.5 is illustrated in Fig. 9.2 with various images
of a lead wire phantom. Part (a) shows separately an image of the region
of interest we wish to enchance by the subtraction procedure. Part (b)
shows the primary (mask) image of the object obtained with a particular
chamber polarity, and part (r) shows the image of the region of interest
superimposed on the same object but taken with a chamber polarity opposite
to that of part (b). Part (¢) corresponds to an image obtained after
contrast medium is injected into the region of interest. It is obvious
that the region of interest Fig. 9.2 (a) is barely distinguishable from
the primary image in Fig. 9.2 (¢). Results of an analog electrostatic
subtraction of image (c¢) from image (b) are shown in Fig. 9.2 (d). As
discussed above, the subtraction is achieved by two successive exposures:

the first to obtain the latent image (b) at a given polarity, and the
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(d)

Figure 9.2

Electrostatic image subtraction achieved on a lead-wire

phantom with a chamber voltage of 1500 volts: (4) image
of the region of interest, (b) primary (mask) image of
the object at a given polarity, (c) image of the object
with the region of interest superimposed, taken at polar-—
ity opposite to that in (b), and (d) result of electro-
static subtraction of image (c) from image (b), represent-

ing the region of interest.
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second to add to the latent image (¢) with an opposite polarity. The
identical parts of latent image (b) and (¢) cancel out, and only the
region of interest remains clearly visible as shown in Fig. 9.2 (d),
where the heavy black lines represent the object of interest. The two
hairlines connecting the thicker lead wires in the object of interest
are now clearly visible while they were not at all distinguishable from
the primary image in Fig. 9.2 (c).

To compare the electrostatic analog technique with compute-
rized digital methods, we performed the same subtraction experiment on a
commercially available digital angiography unit.’ Results are shown in
Fig. 9.3, where parts (a) and (b) represent the digital and electrostatic
method, respectively. Both images show a remnant of the primary image in
the background indicating that the subtraction process has not been perfect-
ly successful. In the electrostatic image, which as shown in Fig. 9.3,
has a lower background than the digital one, this remnant may be attributed
to edge enhancement processes® in the latent image. Since our lead wire
phantom does not represent a good approximation to a clinical situation,
because of a very drastic difference in density and atomic number of lead
vs air, we conclude that the background in a clinical situation would be
much less noticeable.

Another example of this electrostatic analog subtraction
technique is shown in Fig. 9.4. Part (a) shows the mask image taken at
one polarity. 1In part (b) we show the object with a contrast medium at
its centre taken with opposite polarity. When the two exposures are
taken successively the result is a latent image shown in part (¢) repre-
senting the addition of images (a) and (b). A circular bar pattern over-

which the contrast medium had placed to prevent photon transmission during



(@)

(b)

Figure 9.3 Radiographic image subtraction on a lead wire phantom:
(a) with computerized digital techniques, and (b) with

electrostatic analog techniques.



Figure 9.4

(b)

()

Electrostatic image subtraction achieved on a bar phantom
with a chamber voltage of 1500 Volts: (a) mask image of
the bar phantom at a given polarity, (b) image of the bar
phantom with a circular medium at its centre, and (c)
result of electrostatic subtraction of image (b) from (a)

representing the circular region of interest.
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the second exposure remains. The rest of the bar phantom cannot be visua-
lized since the latent image representing it was charged during the first

exposure and completely discharged during the second one.

Although motion artifacts may be a problem in the electrostatic

subtraction technique it does offer a possible simple high quality imaging

alternative to other types of subtraction radiography techniques.

9,3 CONCLUSION

An analog radiographic image subtraction technique, based on
electrostatic charging and discharging of latent images, is presented.
A selenium photoconductor is used as the radiation sensitive medium. The
object is exposed twice: the first exposure is taken at one chamber pola-
rity and yields the primary (mask) latent image, and the second exposure
is taken with opposite polarity after a contrast medium has been injected
into the region of interest. The resulting latent image is subsequently
developed with standard electrographic toner techniques and represents the
region of interest. A comparison with digital subtraction methods shows
that the electrostatic technique gives a similar image quality, clearly
demonstrating the feasibility of the radiographic image subtraction uti-

lizing analog electrostatic techniques.
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10.1 SUMMARY

Charge transport in the production of ionographic latent
image was discussed in terms of saturation characteristics of ionographic
chambers. The charged latent image in gas ionography and solid state
electroradiography was shown to be an electret with a surface charge
density modulated by the photon transmission through the object.

The study of the polarization and depolarization phenomena
of the radiation-induced foil electret and of the ionographic latent
image, required an accurate knowledge of the full saturation curve of a
parallel-plate ionization chamber. Since presently available analytical
expressions are suitable only for the near saturation region,a new
empirical expression which has the form: 4§ = Zanh(E/E*) and describes
the whole saturation curve,has been developed. The extrapolated field
E* is the value of the electric field E at which the extrapolated initial
slope of the saturation curve intersects the collection efficiency value
4 of unity. E* is independent of the photon beam energy but is a func-
tion of both exposure rate and the air gap thickness of the chamber. It
can also be calculated numerically or graphically from a single current
density j measurement for a given electric field and air gap thickness.
In contrast to the currently known expressions which hold only in the
near saturation region the hyperbolic tangent relationship between § and
E is in excellent agreement with measurements in the whole collection
efficiency range from O to 1 for x-ray sources with effective energies
from 20 keV to 150 keV and cobalt-60 gamma rays.

The standard parallel-plate ionization chamber used in radia-

tion dosimetry can be transformed into a chamber that produces electrets
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or ionographic latent images by blocking the collecting electrode with
a thin polymer film. This new isothermal technique for producing stable
foil electrets offers certain ad#antages over the other presently known
electret production methods. Some of these advantages are simplicity,
uniformity of charge deposition and excellent control of the exact sur-
face charge density produced in the foil.

The dynamics of the charging and discharging of the electret
was studied and an excellent agreement obtained between the measured and
theoretical polarization and depolarization current density profiles and
surface charge densities. The theoretical calculation was based on the
hyperbolic relationship between current density and the effective elec~
tric field in a standard parallel-plate ionization chamber, discussed
above, with the collecting electrode blocked by a polymer progressively
acquiring a surface charge. It was shown that the maximum electret sur-
face charge density depends upon the polarizing voltage according to an
expression resembling a Schottky or Poole~Frenkel process, first exhibi-
ting direct proportionality with the polarizing voltage V and then follow-
ing a V% dependence for voltages greater than the breakpoint voltage

(2500 V for Mylar). Electret surface charge densities close to 10 °C/cm?

were attained with an applied potential of a few kV and a typical die-
lectric foil thickness of 100 ym. The characteristic electret polari-
zation or depolarization time depends on the externally applied field,
on the x-ray exposure rate and on electret chamber parameters, such as
polymer and air gap thickness, polarizing electrode material, etc., The
influence of these parameters on the chamber saturation current density
and on the extrapolated electric field was discussed in detail. Both

the saturation current density and extrapolated field consist of two
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components. One, which is linear with the air gap thickness,is produced
by primary photon interactions in the chamber sensitive air volume. The
other, exhibiting an exponential saturation, is attributed to photoelec-
trons backscattered from the polarizing electrode into the chamber sensi-
tive volume.

The theoretical calculations expressing the dynamics of the
radiation induced foil electret discussed above utilized Gauss' law to
approximate the effective electric field in the electret chamber. Since
this law describes the field only at the polymer-air interface, a more
detailed calculation of the electrostatic field and potential at any point
inside the chamber was presented. Essentially, the theory of linear opti-
cal systems was used to solve the Laplace's equation in frequency space
through a two dimensional Fourier transform. In this calculation, the
electric field was related through the transfer function to a two dimen-
sional delta point charge on the surface of the polymer. To perform the
inverse Fourier transform and thus calculate the solution of the Laplace's
equation in distance space, the transfer function was simplified by a
condition that the air gap separating the electret from the polarizing
electrode in the chamber is much larger than the thickness of the polymer.
The limitations of the approximation were examined, the general solutions
for the near, intermediate and far regions given, and the domain of con-
vergence for off-axis solutions was discussed. The potential calculated
on the chamber axis near the electret surface was found to equal the
potential obtained from Gauss' law. With polarizing electrode removed,
the axial solutions for large distances from the electret surface were

equal to those calculated from a dipole layer model of the electret.
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The practical calculations describing the charging and dis-
charging characteristics of the ionographic latent images, which are
foil electrets with a surface charge distribution proportional to the
x-ray photons transmitted through the object, were derived from Gauss'
law rather than from the solutions to Laplace's equation discussed
above. The derivation was thus much simpler, yet the results still
agreed extremely well with the measured charging and discharging pro-
perties of the electret and the ionographic latent image. It was also
shown that the hyperbolic dependence of chamber ionization current
density on the effective electric field in the chamber sensitive volume
not only applied for air ionmization but also for high atomic number Zg
gases at elevated pressures. Thus the theoretical calculations describ-
ing the charging and discharging characteristics of the ionographic
latent image when air is the radiation sensitive medium in the chamber,
are directly applicable to any gas ionographic chamber where a high Zg
gas at elevated pressures is used. A discussion of the effect of diffe-
rent polarizing electrode materials upon the ionographic latent image
was given and it was shown that up to an order of magnitude increase in
sensitivity can be achieved iniomographic chambers by changing the alu-
minum polarizing electrode to lead. It was also shown that exposures
greater than those required for optimum visualization by electrographic
development degrade the image. The result of very high exposures is an
ionographic latent image with a uniform surface charge distribution.

The feasibility of radiographic image subtraction based on the
charging and discharging properties of the ionographic latent image was
demonstrated. Firstly, latent image charging at one polarity corresponds

to the production of the primary image. Secondly, latent image
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discharging was achieved with an opposite chamber polarity, so that
opposite charge carriers to those that formed the primary latent image
drifted towards the polymer and caused cancellation of identical parts
of the image to create the final latent image representing the region of
interest.

In gas ionography, only when high Zg gases at elevated pressu-
res are used as the radiation sensitive medium does one achieve sensiti-
vities that are comparable to screen—film combinations. Engineering
difficulties, however, make such ionographic equipment cumbersome and
expensive. The much simpler method of utilizing a commercially avail-
able selenium photoconductor as the radiation sensitive medium was present-
ed . Although, sensitivity of this system is still about an order of
magnitude below that of screen—film combinations, image subtraction, as
discussed for gas iongraphy, can also be achieved with this system. The
image quality of the final subtracted image was compared to that result-
ing from digital subtractions techniques and was considered excellent.
Although, motion artifacts cannot be corrected in the two analog elec-
trostatic radiographic techniques given above, the techniques represent

simple alternatives to other subtraction radiography methods.

10.2 SUGGESTIONS FOR FUTURE WORK

The hyperbolic exprgssion presented to describe the full sa-
turation curve fits the experimental data very well for parallel-
plate ionization chambers. However, the fitting of the data measured
with cylindrical ionization chambers to this expression should be

investigated since this would be of considerable interest to radiation
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dosimetry. The saturation curves from particles ( e.g., electrons,
alphas ) énd from pulsed x-ray beams should also be measured and
fitted to the expression.

Although the charging and discharging dynamics of the radia-
tion induced foil electret was well explained,we did find slight
discrepancies between calculated and measured data for very high
externally. applied fields. Most probably, there is a stronger pene-
tration of charge carriers into the polymer at these fields and the
effect could be accounted for to further refine the theory.A

There are some interesting applications of the radiation
induced foil electret presented in the thesis. An important one
is the use of this electret as a long term radiation monitoring
device or ion collecting device around high voltage lines. Once
charged, the electret would lose its charge only if the sensitive
air volume under the electric field produced by the electret is under
irradiation. The electret would be read by a complete discharge in
the manner discussed in Chapter 5. The ratio of the charge measured
before and after the monitoring activity is proportional to the
amount of exposure received or amount of ions received.

The calculation presented in Chapter 6 solved the Laplace's
equation. The next step would be to introduce mobile charge carriers
into the air gap and solve the Poisson's equation instead.

An attempt could be made to improve the sensitivity of the
solid state electrostatic cassette. An option would be to change the
aluminium substrate to lead so that a greater number of radiation
induced photoelectrons are backscattered in the selenium layer thus

producing a greater number of charge carriers. The sensitive medium
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could be changed to a higher atomic number photoconductor, e.g., CdTe.
Research into the digitization of the charged latent image and sub-
sequent computer image analysis would be an exiting medical physics

study.
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APPENDIX

A set of computer listings to calculate Eqs. (6.37) and
(6.38) are given in the following pages. Programs CALP and
CALPO calculate Eq. (6.37), while CALCU and CALCO calculate
Eq. (6.38) for the grounded electrode at a finite distance a

and at infinity, respectively.
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PROGRAM CALP
REAL*B C,.N1(185),N2(185)
REAL¥B SM,SF,ST,S5(33).52,54,FAC(33)
DATR R/.1/
C CALCULATION OF THE POTENTIAL WITH THE GROUNDED
C ELECTRODE AT A DISTANCE A
WRITE(S, 188)
188 FORMAT(* UNIT 5=TT,6=LP )
READ (S, 183) IU
109 FORMAT(I1)

1 FORMAT(FS. 1)
2 FORMAT(E11.4)
18t FORMATC(* Y= *)

182 FORMAT(” SMALL R = *)
288 FORMATC(* P (CM) = ?)
201 FORMAT(EL11.4)
FAC(1) =1
DO 1988 122,33
1888 FACCI) =FACCI-1)x]
S(1)=3,
DO 4098 N=2,33
4008 SN =S (N-1)%(2,kN+1,)R(2. kNI Z7(N*(N+1.))
2008 WRITE(S, 182)
READ(S, DRI
WRITE(S,555)
555 FORMAT(” R=",E14.5)
READ(S,256)R
256 FORMAT(E14.5)
WRITE(5.181)
READ(5.2)Y
WRITE(S, 118
110 FORMAT(” RIR GRP = *)
READ(5,2)A
Co.S5xR¥K2/(3 . %8.85E-14)
Z=(R1/R) %x2
Yim], /(Y42 %A) %k2
Y3=1.,/Y%%2
Sl==(R%k2/(4.%(Y+2.%A)%K2))
S3== (Rok2/ (4. KY¥%2) )

ST=(Y3-Y1)xC
WRITE(CIU,2222)R

2222 FORMAT(® R=",E14.3)
WRITE(IU,223)A.Y.R1,P

223 FORMAT(” AIR GAP(C)=",F5.1,°Y=",E11.4,°SM R=",F5.1,’P=",E11.4)
WRITE(IU,222)ST

222 FORMAT(® M=B*,5X,.” ST (VLM = *,E14.9)
WRITE(IU,S565)Y3

565 FORMATC(" 1/Yxx2 = *,E15.6)
M=}

S NL1C1)==1,%M

N2(1)=—1.xM~1.

SF=1.+N1C(1)*N2(1)*Z

IF(M.EQ.1)G0 TO 11!

DO 18 N=2.M

NLC(N) = (-MEN~ 1) RNT(N-1)

N2 (N) = (-M-2+N) *kN2 (N-1)
19 SF=SF+( (N1 (NI /FAC (N) I ¥N2(N) 3 /FAC (N) ) xZiorN
11 S2=5 13okMiY 1

SP=S3x%0KM

S4=SP*Y3

SM=S (M) *SF*(S4-52) %C

ST=ST+SM

SS=SP*S (M)

WRITE(IU,.22)M,5S,SF.ST

M=M+1

IF(M.GE.31) GO YO 2009

GO 170 S
22 FORMAT(" M=*,13,.3X,” 55=",E15.5.° SF=’,E14.5,” ST=*,E14.5)
20 STOP

END
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PROGRAM CALPO

REALx8 C,N1(185),N2(189)

REAL*8 SM,SF,ST,S5(33).52.54,FAC(33)
DATA R/1./ :

C CALCULATION OF THE POTNETIAL WITH THE GROUNDED
C ELECTRODE AT INFINITY

188
189
1
2
101
182

200
201

1008

4909
2000

555
256

223
222

565

1B
11

22
28

WRITE(S., 188)

FORMAT(" UNIT S=TT,6=LP *)
READ(S, 183) IU

FORMAT(I1)

FORMAT(FS. 1)

FORMAT(ELL.4)

FORMAT(” Y= *)

FORMART(” SMALL R = *)
FORMATC(” P (CM) = %)
FORMAT(ELIL.4)

FAC(1) =1

DO 1988 [=2,33

FACCD =FAC(I-1)%I

S(1)=3.

DO 4888 N=2,33

SINI =S(N-1I%(2.%N+1. )% (2. MN) 7(Nx(N+1.))
WRITE(S, 182)

READ(S. 1)R1

WRITE(S,555)

FORMAT(" R=")
READ(S,2S6)R
FORMAT(E14.5)

WRITE(S, 181)

READ(5,.2)Y
C=.5%R%¥2/(3.%8.85E-14)
Z=(R1/R) %*k2

Yi=8.

Y3=1.7Y%%2

S1=0.

S3=— (R¥K2/ (4. KYNk2) )
ST=(Y3-Y1)%C
WRITE(IU.223)A, Y.R1.P .
FORMAT(* ARIR GAP(C)=",F5.1,”Y=",E11.4,°SM R=",F5.1,°P=" E11.4)
WRITE(IU,222)ST

FORMAT(” M=8°,5X,” ST (VLM = *,E14.3)
YY3=Y3%C

WRITE(IU,565)YY3

FORMAT(” 1sv¥2 = *,E1S5.6)
M=1

NICI)==1.%M

N2(1) ==1.xM-1,
SF=1.+N1(1)¥N2(1)%Z
IF(M.EQ.1)GO TO 1t

DO 19 N=2,.M

NE(N) = (~M+N=-1)%N1(N-1)
N2(N) = (~M=-2+N) WN2(N-1)
SF=SF+(((N1(N) /FAC(N) )MN2(N) ) /FAC (N) ) %2rokN
S2=5 ki |

SP=S3x0kM

S4=SPxY3

SM=S (M) ¥SF*(S54-52)xC
ST=ST+SM

SS=SP*S (M)
WRITE(IU.22)M,55.5F.ST
MeM+1

- IF(M.FE,34) 40 TO 2088

GO T0 S

FORMAT(* M=’ ,13,3X.” S5=°,E15.5.” SF=*,E14.5,° ST=",E14.5)
STOP

END
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PROGRAM CALCU
REAL*8 C,N1(1BS),N2(195)
REAL¥B SM,SF.ST,S(33),52,54,FAC(33)
DATA R/. 1/
C CALCULATION OF THE FIELD WITH THE GROUNDED
C ELECTRODE RT A DISTANCE A
WRITE(S, 188)
188 FORMAT(* UNIT S=TT,6=LP *)
READ(S, 189) 1U
1e9 FORMAT(I1)

1 FORMAT(FS.1)
2 FORMAT(EL1L.4)
101 FORMAT(® Y= *)

182 FORMAT(” SMALL R = *)

208 FORMART(” P (CM) = )

201 FORMAT(ELl.4)

FAC(1)=1

DO t@89 1-2,33
1008 FACCID) =FAC(I-1)*]

S(1)=12.

DO 4988 N=2,33
4800 S(N) =S (N=1) X (2KN+2I % (2N+1) 7(Nx(N+1))
2000 WRITE(S, 182)

READ(S, 1)R!L

WRITE(S,555)

555 FORMAT(* R=*,E14.3)
READ(5,256)R

256 FORMAT(E14.5)

WRITE(S, 181D
READ(5.2)Y
WRITE(S, 118)

118 FORMAT(” AIR GAP = %)
READ(S.2)A
C=.5¥Rxx2/(3.%8.85E-14)
C=-C
Z2=(R1/R)%x2
Yi=1.70Y+2%A) %0k3
Y3=1,/Y%%3
Sl==(R¥k2/(4,%(Y+2.¥R) %02} )
S3 == (R¥k2/ (4, xY%K2) )
ST=(Y3-Y1I%Cx2,
WRITE(IU.2222)R

2222 FORMAT(" R=",E14.5)
WRITE(IU.223)A,Y.R1.P

223 FORMAT(® AIR .GAP(C)=*,F5.1,°Y=",E11.4.°SM R=*,FS5.1,°P=",Ei1.4)
WRITE(IU,222)ST i

222 FORMAT(® M=B*,5X,” ST (VCM) = °,E14.3)
WRITE(IU,565)Y3

565 FORMAT(" 1/Yxx2 = °,E15.6)
M=1

S N1CD) ==1.%1
N2(1) =1, 41-1,
SF=1,+N1C1)RN2(1)%Z
IF(M.EQ.1)GO TO {1
DO 18 N=2.M
NICNY = (-PM+N=-1) kN1 (N~-1)

N2 (N} = (~M-24NI kN2(N~ 1)

10. SF=SF+(((N1(N)/FRC (N} )2 (N} ) /FAC(N) ) »ZrorN

11 S2=S XokMkY] .

SP=S3%¥M

S4=5SPxY3

SM=S (M) %SF*(S4-52)%C
ST=ST+5M

SS=SP*S (M)
WRITE(IU,223M,85.5F,ST
M=M+1

IF(M.GE.31) GO TO 28208
GO 70 S

22 FORMAT(" M=*,13,.3X,* SSe*,E15.5,° SFe’,E14.5,” ST=’,E14.5)

20 sTOP
END
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PROGRAM CALCA
REAL*8 C,N1(185).N2(185)
REAL¥8 SM,SF,ST.S5(33),52.54,FAC(33)
DATA R/. 1/
C CALCULATION OF THE ELECTRIC FIELD WITH THE GROUNDED
C ELECTRODE AT INFINITY
WRITE(S, 198)
188 FORMAT(” UNIT S5=TT.6=LP *)
READ(S, 189) IU
189 FORMAT(I1)

1 FORMAT(FS. 1)
2 FORMAT(E11.4)
181 FORMAT(® Y= *)

182 FORMAT(” SMALL R = *)
200 FORMAT(" P (CM) = *)
201 FORMAT(E11.4)
FRC(1)=1
DO 1800 I=2,33
1800 FRC(D) =FAC(I-1)x]
S(1)=12.
DO 4808 N=2,33
4908 SINY =S (N=-1)R(23N+2) ®(2xkN+1) /7 (NR(N+1) )
2008 WRITE(S, 182)
READ(S, 1)R1.
WRITE(S,555)
555 FORMAT(* R=",E14.5)
READ(S5,256)R
256 FORMAT(E14.5)
WRITE(S, 181)
READ(S,2)Y
C=.5#R¥x2/(3,.%8.85E~14)
Co=1%C
2=(R1/R)%¥K2
Y1=8.
Y3=1./Y%%3
S1=8.
S3== (R¥k2/(4. XY%K2) )
ST=(Y3-Y1)*Cx2,
WRITE(IU,2222)R
2222 FORMAT(* R=",E14.5)
WRITECIU,223)A.Y,RL,P
223 FORMAT(” AIR GAP(C)=",F5.1,°Y=’",E11.4,°SM R=",F5.1,°P=° E11.4)
WRITE(1U,222)ST
222 FORMAT(* M=8",5X.” ST (V/CM) = °,El14.3)
WRITE(IU,S65)Y3
565 FORMAT(® 1/Y#x2 = *,E15.6)
M=}
S N1C1)==1.%1
N2(D) == w1,
SF=1.+N1(1)MN2(1)*Z
IF(M.EQ.1DGO TO {1
D0 18 N=2.M
NI(N) = (=M+N-1) N1 (N-13
N2(N) = (-M=~2+N)I *N2(N-1)
18 SF=SF+C ((N1(N) /FACIN) I »N2 (N) ) #/FAC (N) ) xZxokN
11 6§2=8 13okkY |
SP =530k
S4=SPxY3
SM=S (M) XSF%(S4-52) *%C
ST=ST+SM
SS=SPxS (M
WRITE(IU,22)M,8S,5F,ST
M=M+1
IF(M.GE.31) GO TO 2800
GO TO 5
22 FORMAT(* M=*,13,3X.” SS=°,E15.5,° SF=*,E14.5,* ST=*,E14.5)
20 STOP
END
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exposures, with the dark lines represent-

ing the region of interest.

Images taken with the solid state elec-—
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bar phantom with spatial resolution of up

to (a) 60 line pairs/inch and (b) 150 line
pairs/inch.

Electrostatic image subtraction achieved

on a lead wire phantom with a chamber vol-
tage of 1500 Volts: (a) image of the region
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tion of image (a) and (b) representing the

circular region of interest.

LIST OF TABLES

Table 2.1 Physical properties of some p. 10
inorganic phosphors.

Table 2.2 Comparison of related speeds for various pP. 12
screen~film combinations.

Table 2.3 Comparative imaging sensitivity. p. 33

Table 2.4 Typical measured exposures in mam- p. 35
mography for a number of different

imaging modalities.

Table 3.1 Typical ranges in powder cloud p. 70
development
Table 3.2 Extreme values for different forces p. 70

on powder particle.
Table 7.1 Characteristics of various iono- p. 205

graphic chambers.



Ain(x)

(x)

out

D(z)

do

266

LIST OF SYMBOLS

amplitude; electrode area

sinusoidal input radiation signal

sinusoidal output radiation signal

air gap thickness
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Fourier Transform of the normal component of

the electric field

extrapolated electric field attributed to
photoemission from the polarizing electrode

energy of x-ray beam

time dependent electric field produced by the
electric charges accumulated on the foil
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electric force due to free charge
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current density
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linear component of jAat produced by the charge carriers
originating from primary interactions with air
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k universal ionization chamber constant

k' measured constant used in determining E

ki,k» ion mobilities

LSF Line Spread Function

m characteristic of a gas in ionization chambers;
measured value used in determining E*

m' measured constant used in determining E*

M(Vv) Modulation Transfer Factor

MTF Modulation Transfer Function

Ne equivalent pass band

n characteristic of a gas used in ionization chambers

o) Optical Transfer Function

PSF(x,Y) - Point Spread Function

p thickness of polymer

Py gas pressure

Q charge of powder particle

q ionization rate

r charge liberated per unit volume per pulse

R radius of x-ray aperture; recombination

n cylindrical coordinate; radius of spherical powder
particle; correlation coefficient

R X-ray exposure

Ro characteristic of a selenium plate

S area of dipole layer distribution

S(v) square wave response

s thickness of selenium film

5 slope of function F vs the recursive integer
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slope of relation T vs recursive integer
characteristic of a gas used in ionization chambers
recursive relation

time

minimum time of exposure required to produce Omin
characteristic time

constant used in charge transfer expression;

constant used in collection efficiency (pulsed beam)
collection voltage

potential in cylindrical coordinates

Fourier Transform of V

potential in air gap

potential produced by surface charge

air gap voltage between selenium and insulator

grid potential in the corona-charging apparatus
external power supply

potential in the polymer

velocity of powder particle

constant used in charge transfer expression

breakpoint voltage between linear and quadratic region
spatial frequency at which the MIF is 0.5

residual voltage after x-ray exposure

initial voltage on the selenium plate

constant used in charge transfer expression

exposure rate
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Z atomic number of polarizing electrode

Zg atomic number of gas

z - axial distance

o adjustable parameter

B parameter used in the electret charging formalism
Y slope of optical density vs £0g exposure curve

Fo characteristic of a gas in ionization chambers

8 slope of the E* vs a plot; delta function

AD/D image contrast

Alct charge density transfered to the dielectric

€ | efficiency for production of backscattered electrons
€, constant equal to (s/as + p/sp)

€ permittivity of free space

Ep dielectric constant of polymer

SQ dielectric constant of powder particle

€, dielectric constant of selenium film

z characteristic of a gas in ionization chambers

n viscosity of a gas

K constant equalling 3.33 x 10 !° (As/cm®R)

N proportionality constants determining jbat

v spatial frequency

p density of powder particle; density of a gas
p1(x) charge density of positive ions at x from +ve electrode

P2 (x) charge density of negative ions at x from +ve electrode
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o] surface charge density
Gmax maximum electret surface charge density
o . minimum surface charge density required for

visualization of latent image

o(t) electret surface charge density

o (w) Fourier Transform of the spatial charge distribution
T _ electret relaxation time

¢ (V) linear phase displacement between the input and

the output signals

w,w_,w spatial frequency
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