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for the Degree of Doctor of Philosophy

THE APPLICATION OF CADMIUM TELLURIDE AS IN HOLE SEMICONDUCTOR
RADIATION DETECTORS IN AN X Y MATRIX RADIOISOTOPE CAMERA

By

Jerry David Allison

August 1978

Chairman: Walter Mauderli, D. Sc.
Major Department: Nuclear Engineering Sciences

A radioisotope camera that has superior performance in comparison

to conventional devices, has been designed, constructed, and tested.

Radioisotope cameras are instruments used for imaging the distribution

of radioisotopes in vivo. A camera creates a two dimensional image of

the three dimensional radioisotope distribution within an object. Con¬

ventional radioisotope cameras are mainly of the Anger type. The radia¬

tion detector in an Anger camera is a sodium iodide scintillation crystal

that is located in back of a collimator. The collimator creates a

spatial relationship between the image and the radioisotope distribution.

The new camera is a small experimental camera that has a matrix of

cadmium telluride semiconductors as the detecting medium. The detectors

are located within the collimating holes (rather than behind them).

Coincident outputs from each row and column are used to digitally

identify the individual detector in which the energy deposition occurred.

Direct digital localization of detected events and the attenuation of
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scatter radiation between matrix elements by the collimator septa that

separate detectors, enables improved resolution and imaging time.

The superior radiation detection characteristics of cadmium telluride

(in comparison to sodium iodide) could provide superior discrimination

against scattered radiation that contributes only spurious information

to the image. The availability of large numbers of small cadmium

telluride detectors that have uniform radiation detection properties would

make a clinical camera viable.
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CHAPTER 1

INTRODUCTION

Radioactive tracer studies are an integral part of modern medical

diagnostic procedures. By administering radioactive tracers (radio¬

pharmaceuticals) that are specific for some physiological function,

physicians are able to determine the level of that function within a

patient in terms of physical and chemical phenomena and hence determine

the site and rate of important biological processes. Radioisotope

cameras are the instruments that enable many of the relatively nonin-

vasive radioactive tracer studies that are currently prevalent in nuclear

medicine. It is because of the fact that improvements in spatial or

temporal resolution of radioisotope cameras have the potential of making

better diagnostic information available to the physician as well as

reducing radiation dose to the patient, that the research described

herein was undertaken and is important.

Radioisotope cameras image the distribution of radioisotopes in

vivo. A camera creates a two dimensional image of the three dimensional

radioisotope distribution within an object. Radioisotope cameras are

mainly of the gamma ray scintillation type (Anger camera). Anger

cameras employ a sodium iodide [Nal(Tl)] scintillation crystal of 1/8

to 1 inch thickness as the detecting medium. The Nal(Tl) crystal is

located in back of a collimator which creates a spatial relationship

between the image and the object.
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A unique new radioisotope camera that utilizes an X Y matrix of

cadmium telluride (CdTe) semiconductors as the detecting medium and

that has the detectors located within the collimating holes rather than

behind the collimator has been developed. The new camera offers im¬

proved spatial resolution and reduced imaging time in comparison to the

Anger camera.

The objectives of the research described herein were as follows:

1) To develop a radioisotope camera which utilizes a small

matrix of CdTe detectors located within collimator holes.

The camera design should lend itself to use in devices

utilizing a larger matrix.

2) To describe the performance of the camera and to compare

the performance to that of other applicable cameras,

particularly the Anger camera.

3) To estimate the feasibility of larger cameras that

would be of practical clinical significance.

The design, construction and performance of the new camera is

documented in subsequent chapters. The ultimate clinical feasibility of

a larger camera incorporating the same design principles is discussed.



CHAPTER 2

HISTORICAL DEVELOPMENT

The radioisotope camera developed in this research is a unique

new design that has no direct predecessors. Some of the concepts utilized

in the camera have been tried in other types of radioisotope cameras;

however, the camera developed in this research is the first to employ

CdTe semiconductor detectors in anXY matrix and the first to locate

the detectors within the collimating holes. The research was original

in that a review of pertinent literature revealed the following:

1) Cadmium telluride detectors have not previously been

employed in an X Y matrix gamma camera radioisotope

imaging system. The idea to utilize CdTe in a radio¬

isotope imaging device is not original to this research.

Work is under way at several laboratories in regard to

the development of radioisotope cameras utilizing semi¬

conductor detectors (Entine, 1977). The use of CdTe

detectors in an X Y matrix, thus reducing the number of

outputs, has been offered for consideration (Allemand,

1977). One rudimentary imaging system utilizing an array

of CdTe detectors behind a parallel hole collimator was

developed (Zanio, 1977). The system utilized (n) outputs

(for an n x n matrix) and a nonuniform electric field

geometry. The detectors were joined electrically in an

attempt to fabricate a large volume detector. Although

the system functioned, it was not designed as a radioisotope
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camera and is not really applicable to this research.

The application of CdTe to radioisotope cameras is

sufficiently diversified to assure that each study is

unique and significant.

2) Semiconductor detectors have not been employed in an inhole

matrix geometry. Cameras have been made that utilize

orthogonal strip germanium detectors (Detko, 1972). The

cameras have demonstrated significant resolution but are

somewhat limited in size. Fabrication of larger cameras from

several orthogonal strip detectors is underway. The

germanium requires cooling during operation and since each

orthogonal strip detector is actually one detector with many

leads, some cross talk between elements exists (particularly

when adjacent conducting strips are in close proximity for good

resolution). The orthogonal strip arrangement does not lend

itself to shielding between elements so as to reduce scattered

radiation contributions. The extension of the orthogonal

conducting strips beyond the ideal sensitive volume of the

detectors creates substantial nonuniform electric fields near

the edges of each detector. Within the regions of nonuniform

electric fields, the field strengths are less than in the

more sensitive regions. As a result, incomplete charge

collection occurs and substantial numbers of pulses with

reduced pulse height are produced that must be discriminated

against. The limitation on spacing between adjacent con¬

ducting strips creates substantial gaps between detectors
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that reduce the sensitive area of the matrix (in comparison

to total crystal area). Orthogonal strip cameras constructed

to date utilize large resistor divider networks to produce

one analog signal representing X position and one analog

signal representing Y position, rather than direct digital

localization of the detector in which a detection event

occurred.

3) Gamma cameras employing multiple Nal(Tl) crystals have not

been substantially successful in comparison to the Anger

camera. One such device, the autofluoroscope, was composed

of 294 Nal(Tl) crystals, each of which was coupled to an X

position and Y position photomultiplier tube (PMT) by long

light pipes. The autofluoroscope could operate at high count

rates but had poor photopeak energy resolution caused by

inefficient transfer of light through the light pipes (Beck,

1975). The poor energy resolution reduced the ability to

discriminate against scattered photons.

A camera, emoloying 254 Nal(Tl) crystals, was developed

recently (Sveinsdottir, 1977). The spatial resolution was

essentially the same as previous multidetector scintillation

cameras but the temporal resolution was substantially improved

by utilizing parallel event processing in lieu of sequential

event processing. The number of crystals used remains some¬

what limited by the use of one light pipe, one PMT, amplifier,

discriminator, buffer, etc. per crystal.

Another such device was the Quantascope camera which

employed 2515 cesium iodide CsI(Tl) crystals that were
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separated by lead strips in order to reduce the detection

of scattered radiation. The quantascope utilized an

image intensifier rather than PMTs. The camera produced

poorer contrast than is available with an Anger camera and

required matched crystal selection (Beck, 1975).

4) Another CdTe radioisotope camera was recently constructed;

however, the application involves computer-assisted recon¬

struction techniques for the development of a two dimensional

representation of the three dimensional radioisotope distri¬

bution (Luthmann, 1978). Data is obtained from the n detector

rows situated within a parallel plate collimator which is

rotated about its central axis.

Most of the radioisotope cameras that have been developed, offer

improvement in some parameter as compared to the Anger camera. A com¬

plete evaluation of the devices reveals that a multipurpose device that

can offer substantial improvement in sensitivity, spatial and temporal

resolution and hence an improvement in diagnostic information obtained

or a reduction in patient exposure, has not been developed.



CHAPTER 3

CAMERA PROPERTIES

Direct digital localization of detected events in the X Y CdTe

camera developed in this research is an advantage in comparison to the

Anger camera. Also, the utilization of semiconductor radiation detectors

(particularly CdTe) and the placement of the detectors within collimating

holes offer some advantages over conventional radioisotope cameras.

To better appreciate the advantages, some of the properties of the

Anger camera and the X Y CdTe camera will be examined.

The deposition of energy, by radiation, within the Nal(Tl) crystal

of an Anger camera results in scintillations proportional to the ioniza¬

tion and excitation produced. The scintillations are detected by an

array of PMTs which convert the light into electrical signals proportional

in amplitude to the quantity of light incident upon the PMTs. The

location of the energy deposition is determined via a capacitive net¬

work that divides the pulse amplitudes according to the distribution of

luminescence with respect to the positions of the PMTs. The resultant

pulses are then converted to visible light flashes at appropriate sites

on a cathode ray tube (CRT). The position of the flashes on the CRT

are determined by difference circuits or ratio circuits.

For purposes of forming an image of the distribution of radio¬

activity within an object, only photons created within the object that

reach the sensitive volume of the detector without scattering (coherent

7



8

and incoherent) are useful (excluding the positron camera principle).

The origin of scattered photons detected by a camera cannot be limited

to a solid angle as is possible with unscattered photons. In order to

eliminate some of the signals generated by photons that have been in¬

coherently scattered (and hence have less energy), a pulse height

analyzer is incorporated in conventional cameras. The pulse height

analyzer discriminates against those signals whose amplitude is not

large enough to indicate that a full energy photon (i.e., a monoenergetic

photon whose energy has not been reduced by scatter) was absorbed by

the crystal. In practice, it is not possible to precisely discriminate

against scattered photons since even full energy photon pulse heights

exhibit statistical variation about some mean value. The signal caused

by a scattered photon or the coincident summation signal caused by

several scattered photons may have an amplitude within the statistical

variation of full energy photon signals. It is possible to discriminate

against some of the scattered photons by setting a threshold pulse

height that is just below the photopeak of the full energy photons.

Coherently scattered photons are essentially full energy photons that

are scattered into some solid angle without significant energy transfer

occurring. Coherently scattered photons do not contribute useful

informaton to the image formation process but cannot be discriminated

against. A collimator is incorporated in the Anger camera to create a

spatial relationship between the image created by full energy absorp¬

tion events in the crystal and the distribution of radioactivity in the

object.

"Semiconductor detectors offer many advantages for clinical and

experimental uses, chiefly because of their small size and excellent
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energy resolution. The energy resolution of a solid state detector

is about twenty times higher than that of a conventional Nal(Tl)

scintillation detector. In addition, the elimination of scattered

radiation contributes to the improvement of image quality. The semi¬

conductors are considerably more efficient than Geiger probes and their

bias voltage is lower than that required by any other probe.

At present, solid state detectors are being used in the imaging

techniques; however, thus far attempts to make a high resolution semi¬

conductor gamma camera met with considerable difficulties" (Meyer, 1975,

p. 697).

Gas ionization chambers can also be fabricated into relatively

small dimensions but are limited in usefulness by the relatively inef¬

ficient deposition of energy to the gas contained therein.

Attempts at utilizing semiconductor detectors in high resolution

gamma cameras have consisted thus far of placing the detector close to

the back surface of the collimator. The research described herein,

utilizes the semiconductor detectors within the holes of the collimator

device rather than in back of the collimator device.

It is important that the collimator be located as close as possible

in order to prevent photons scattered on septa surfaces from being

detected in adjacent detectors and producing counts that do not give

an accurate representation of the origin of the photon.

The in hole configuration utilizes the small size into which semi¬

conductor detectors can be fabricated. Nal(Tl) detectors can be

fabricated into relatively small detectors but their use is somewhat

limited by the requirement that they be hermetically sealed and the
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rather inefficient transfer of their scintillations to relatively large

photomultiplier tubes via fiber optic material.

The direct electrical signal generation of semiconductors is an

important contrast to the scintillation detection process of Nal(Tl)

detectors. In semiconductor detectors, the electron hole pairs created

via ionization are collected on electrodes due to the bias voltage

applied to the detector. In Nal(Tl) detectors, the scintillations

produced by excitation and ionization must pass through the detector,

be transferred through the light pipe to the photoelectric material of

the photomultiplier tube where the electrical signal is developed.

Cadmium telluride is a II-VI compound semiconductor having the

sphalerite crystal structure of zincblende. Cadmium is atomic number

48. Tellurium is atomic number 52. The compound, CdTe, has an average

atomic number of 50 and a specific gravity of 5.20. The electrical

property of CdTe that makes it particularly useful as a semiconductor

radiation detector is its energy bandgap at 300 degrees kelvin (°K) as

compared to other semiconductor radiation detectors (1.5 eV for CdTe,

1.08 eV for silicon (SI), and 0.67 eV for germanium (GE)) (Palms, 1971).

The relatively large bandgap allows for operation of the detector at

room temperature without excessive thermal generation of charge carriers.

Excessive thermal generation of charge carriers results in a high

leakage current and poor signal to noise ratio which degrades detector

resolution (as occurs with Si and particularly with Ge when operated at

300°K).

The physical properties of CdTe that make it particularly useful

are its relatively high atomic number (Z) (CdTe:50, Si:14, Ge:32) and
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its relatively high specific gravity (CdTe:5.20, Si:2.4, Ge:5.35). The

relatively high Z and specific gravity enhance the energy absorption

efficiency of CdTe.

The CdTe detectors used in this research are p type, chlorine doped

for compensation and have chemically deposited platinum electrodes.

Platinum is frequently used as the electrode material since its work

function is relatively high which helps to prevent polarization phenomenon

(Siffert, 1976).

The electron and hole mobilities are on the order of 1000 and

2
80 cm /V-sec, respectively. The electron and hole mobi1ity-trapping

-3 -4 2
time products are on the order of 10 and 10 cm /V respectively. The

detectors are characterized as homogeneous semiconductor radiation

detectors. The crystallographic orientation of the crystals to be used

is not precisely known. The crystals grow preferentially in the [111]

direction. Detector slices are cut perpendicularly to the direction of

growth and electrodes are applied across what is probably the [111]

principal axis. "The effect of crystallographic orientation of the

detector was examined for the applied electric bias along three

principal directions--[111], [110] and [100]--but no significant dif¬

ferences were observed" (Siffert, 1976, p. 159).

The pulse shape produced by the detectors is a function of the

position and orientation of charges liberated. Ideally the charge

liberation would be parallel to the electrodes and very near the negative

electrode, resulting in rapid, simultaneous collection of all charges.

If the charge liberation is perpendicular to the electrodes, the charges

nearest the electrodes are collected first and so forth, such that
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charge collection occurs over some time period. For charge liberation

near the negative electrode, high mobility elecrons traverse the

entire detector thickness and the low mobility holes traverse a much

shorter distance; hence charge collection requires less time than

those events in which holes must traverse longer distances. Ideally

the CdTe detectors should be irradiated with a normal incidence on the

negative electrode.

The approximate physical dimensions of the detectors available for

this research were 2x2x7 mm. The electrodes were two opposed sides

of 2 x 7 mm dimensions. The linear attenuation coefficient of CdTe

is approximately 0.36/mm for 140 keV photons and hence a 2 mm thick

detector should attenuate 60 percent of incident 140 keV photons (Hoffer,

1971). Photons of 140 keV are considered throughout this dissertation

since they are produced in the decay of technetium-99m (Tc-99m) which

is widely used in radioisotope imaging studies. The 7 mm detectors

will be cut into 3 detectors of approximate dimensions 2x2x2 mm.

The 60 percent attenuation of the photons of interest is sufficient

to demonstrate the characteristics of the X V CdTe camera.

The stability of the detector characteristics with time is important

since polarization phenomenon (i.e., changes in the internal electric

field with time) have frequently been found in CdTe detectors. It has

been reported that some p type, chlorine doped CdTe detectors with

platinum contacts are totally stable with time, do not exhibit polariza¬

tion and are sensitive throughout their volume (Serreze, 1974).

The bias voltage applied to the detectors will determine the

mean free path of the electrons and holes. To maximize charge collection,
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the mean free path of the charge carriers should be less than the col¬

lection distance or detector width. For the best photopeak energy

resolution in a 2 mm detector thickness, the bias voltage applied should

be on the order of 500 volts. The detector generated noise due to

increased leakage current caused by electric fields as high as 2500 V/cm

make operation impractical at that level. It is recommended that the

bias voltage be maintained at the maximum practical voltage (Malm,

1973). For a practical bias voltage of only 500 V/cm, the charge col¬

lection time for a 2 mm detector would range from approximately 0.4 ysec

to 5 ysec. The decay time of a Nal(Tl) scintillator is approximately

0.3 ysec.

The detector thickness is essentially limited by the field strength.

Reasonable spectrometer performance for the CdTe available occurs

around 325 to 500 V/cm. For a minimum trapping time of 6 ysec and
2

mobilities of 80 and 1000 cm /V-sec for holes and electrons respectively,

the detector thickness is limited to about 2 mm. For higher field

strengths, noise degrades the spectrometer performance. Further

development of CdTe could enable higher spectrometer field strengths

and hence thicker detectors.

Cadmium telluride has many other properties which are not of great

interest in semiconductor radiation detector applications; however,

for completeness some of those properties are listed as follows:

piezoelectric, photovoltaic, magnetoresistive, pyroelectric, electro¬

optic (Aven, 1967). A listing of the main applications of CdTe is as

follows: infrared windows, electro-optic modulator, Gunn effect high

frequency current oscillator, piezoelectric devices, luminescent devices,

solar cells and nuclear detectors (Wald, 1977).
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Other high density compound semiconductors are currently avail¬

able and the expectations for other high Z semiconductor radiation

detectors have been evaluated (Armantrout, 1977). Aluminum antimonide,

indium phosphate, and zinc telluride have had relatively little work

accomplished and ultimate technological feasibility is yet to be deter¬

mined. Mercuric iodide and gallium arsenide have been fabricated and

used, but do not excell in comparison to CdTe.

The electrical signal output of the X Y matrix is developed as

illustrated in figure 1 for a 25 element matrix. Electrical signals

are developed directly via the semiconductor radiation detector principle

rather than the less direct electrical signal generation of scintillation

radiation detectors. The X Y matrix signal configuration reduces the

number of outputs for an n x n matrix to a minimum of 2 n. Outputs

numbering in excess of 2 n may be required since the summation of

capacities or leakage currents in any one column or row may limit the

number of detectors per output.

The theoretical limit of resolution for the camera approaches the

centerline to centerline distance between adjacent matrix elements. The

ultimate resolution of a camera of this type can be selected to the

extent that the size of the detector and the size of the collimating

holes can be selected. Of course, as the physical size of the matrix

elements is reduced, the number of matrix elements and the associated

electronics are increased proportionately.

The sensitivity of the camera ultimately depends upon the duration

of pulses produced by the detectors and associated electronics and upon

the number of matrix elements. Large cameras would be composed of



Figure 1 CdTe Detector Matrix
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several matrices where each matrix has its own electronics package.

Electronic storage devices are available that can temporarily store the

data as fast as they are produced. The size of a matrix is essentially

governed by the number of detectors that can be operated

without serious degradation of signal to noise ratio. Improvements

in detector properties would produce analogous increases in matrix size

possible.

Advantages of a CdTe Matrix

The application of CdTe as semiconductor radiation detectors in an

X Y matrix radioisotope camera eliminates some problems of systems in¬

corporating Nal(Tl) detectors. The advantages of CdTe in an X Y matrix

detector are summarized as follows:

1) "The elaborate assignment of X and Y coordinates in the

scintillation photomultiplier array method is completely

eliminated by the simple but ingeneous method of reading

these coordinates directly off the conduction surfaces of

the semiconductor itself, using the direct, spatially

quantitized digital output of the crystal" (Beck, 1975, p. 25).

The development of X Y positional information in the

Anger camera utilized analog signals to locate the center

of luminous intensity. As described in 2) below, the method

creates some inherent limitations in regards to determining

the actual position of radiation interaction in the Nal(Tl)

crystal. An X Y matrix of CdTe detectors can be used to

obtain a digital address (row number and column number where

signals were generated by a detection event) and the
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amplitude of the signals produced can be analyzed by

pulse height discrimination to eliminate some of the events

caused by scattered photons.

2) The X Y CdTe camera will not produce distortion near the

edges of the matrix. The generation of X Y positional informa¬

tion by the capacitive network pulse divider of the Anger

camera is based on the center of luminous intensity incident

on the PMT array. For detections that result in sufficient

luminescence production to be indicative of full energy

photons, events are displayed on the CRT in positional rela¬

tion to the effective center of luminescence incident on the

PMTs. Due to inhomogeneities and defects in the Nal(Tl)

crystal and due to reflection of light at the crystal

boundaries, the center of luminescence incident on the PMTs

is not in the exact position of energy deposition by the

radiation. This distortion is relatively small in the

center of the crystal but increases near crystal edges. The

distortion is as high as 30% near the edges of some Anger

cameras (Moretti, 1974). Photons that undergo multiple

incoherent scatters within the Nal(Tl) crystal can cause

significant differences in the location of the center of

luminous intensity and the point of the photon's initial

interaction (which contains the positional information).

For a matrix of CdTe detectors, the location of a

photon detection is determined to be within a particular

detector via the X and Y address produced. The positional

information will not be distorted near the edge of the matrix
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since the output is an address developed by the detector in

which the energy is deposited. The detectors are separated

from each other by the collimator septa and hence the probability

that a photon can deposit energy in more than one detector

is substantially reduced.

3) Improved photopeak resolution is possible with CdTe. In

scintillation detectors, the deposition of energy in the crystal,

by radiation, results in ionization and excitation. The energy

is converted to light by the luminescence process. The light

travels through the crystal and by means of a light pipe and

reflectors is transmitted to the photocathode of the PMT. The

light is absorbed by the photocathode resulting in photo¬

electron emission. An electron multiplication process

produces a large pulse at the output of the PMT. Each step

in the process has its own efficiency and statistical varia¬

tion. The statistical variation of the PMT output pulse is

the propagation of the variations of the individual steps

involved.

The semiconductor radiation detection principle of CdTe

is somewhat simpler in that the ion pairs (created by energy

deposition) are collected at the electrodes due to the electric

field developed across the detector by the bias voltage

(assuming trapping and recombination are prevented). The con¬

version of ion pairs to light and light to electrons and the

associated statistical variations are eliminated. The charge

collected at the electrodes is amplified into a large pulse.
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The advantage of CdTe is demonstrated by a comparison

of photopeak energy resolutions. The full width at half

maximum (FWHM) energy resolution for a 122 keV photopeak on

Anger cameras is on the order of 14 to 20 keV (Allemand, 1977).

The FWHM energy resolution of CdTe for 122 keV photons has

been reported to be as low as 3.8 keV (Siffert, 1975). For

the CdTe available for this research, the FWHM is on the order

of 8 to 10 keV for 140 keV photons.

4) In addition to the potential for improvement in pulse height

resolution described above, CdTe has a higher density and

higher atomic numbers resulting in increased photon attenua¬

tion per unit of detector thickness.

Advantages of In Hole Detectors

The advantages of locating the detectors within the collimator holes

rather than behind the collimator are as follows:

1) As discussed previously, discrimination against scattered

photons is desired. The discrimination is somewhat complicated

since full energy photon pulse heights vary statistically

about some mean value. Ideally, pulse height discrimination

would eliminate from consideration all scattered events due

to the reduced energy of the photons; however, there is a

statistical fluctuation around the true pulse heights that

complicates total discrimination against scattered photons.

For individual CdTe detectors the full width at half maximum

is on the order of 8 - 10 keV for 140 keV photons for the

detectors used in this research. When several detectors are
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operated in a row, the errors associated with noise are

propagated and the FWHM is increased. For existing Anger

cameras the FWHM is on the order of 14 to 20 keV for 140 keV

photons. Since the average energy loss in one incoherent

scatter by a 140 keV photon is only 24 keV and occurs at a

photon scatter angle of approximately 75°, there exists a

significant fraction of photon scatters that result in

relatively small energy loss with significant scatter angles.

The most probable photon scatters depart very little energy

and have small scatter angles. Scatter angles of 90° are

the least probable (approximately 33% of maximum probability

and have scattered photon energies near 110 keV). As the

scatter angle increases from 90° to 180°, the scatter probability

associated with the angle increases from approximately 33% to

approximately 55% of the maximum probability.

For photon scatter events that occur in one detector,

adjacent detectors occupy 20% to 50% of the solid angle that a

scattered photon might enter. Since pulse height discrimination

cannot totally delete contributions from scattered photons,

individual CdTe detectors can be placed within the holes of

the collimator and hence the detectors can be separated by

collimator septa. The septa can then significantly attenuate

scatter occurring on the collimator hole surfaces or within

the detectors themselves, that might otherwise be counted in

adjacent detectors and contribute spurious data to the image.

Discrimination against pulses that have amplitude in excess

of the photopeak pulse height resulting from the coincident
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summation of two or more detection events are not necessary

in this camera since detection rates will be maintained at a

low level.

The advantage is further illustrated by an examination

of applicable attenuation coefficients. For 150 keV photons,

the attenuation in tin due to scattering (including coherent)

is approximately 25% of the total attenuation coefficient

(Hubbell, 1969). Values for tin are used, since the average

atomic number of CdTe and tin are the same. One of four

photons interacting in CdTe will undergo scattering. If the

CdTe detectors are not located in hole, many of the scattered

photons could be detected in adjacent detectors and hence

produce erroneous positional information. The reduction of

radiation scatter between detectors by the in hole detector

principle, is particularly important in this application since

the small size of the detector and the size and cost limitations

on amplifiers may make precise pulse height discrimination

against scattered radiation very difficult.

The fabrication of the camera is not greatly affected by

the in hole detector geometry since the detectors must have

electrical leads applied, must be separated by insulating media

and have regular overall physical dimensions for ease of

construction. It has been demonstrated that separation of

multiple Nal(Tl) detectors by absorbing septa reduces scatter

and produces finer resolution (Beck, 1975).

2) As shown in figure 2, for a point source located on the

collimator hole axis, the detection of primary or full energy



22
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10% : ~ 70°
20% :~I00°

(for Compton
scatter)

WM 012578

Figure 2 Detector-Collimator Arrangements
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photons is essentially restricted to within the physical

dimensions of the detector located in the collimator hole.

For a Nal(Tl) crystal located behind the collimator, a detec¬

tion could occur beneath an adjacent collimator hole.

Scattered photons (scattered on collimator surfaces or within

the detector) are significantly attenuated by the collimator

septa that separate individual detectors.

Pisadvantages

The application is not without some limitations. The disadvantages

are as follows:

1) A substantial gap will exist between adjacent detectors

resulting in a reduced detector area as compared to a solid

crystal such as an Anger camera employs. The gap produces a

sensitive detector area of approximately 50% of the overall

camera dimensions as compared to 65 to 80% for the Anger camera.

The sensitivity is therefore reduced somewhat (for equivalent

detector thicknesses). The ratio of the sensitive detector

area to the camera face area could be increased with more

sophisticated fabrication technology.

2) The theoretical limit of resolution is limited by centerline

to centerline spacing of the detectors. In this application,

the centerline to centerline distance may be in excess of 3 mm.

Should the application prove successful, the distance could be

reduced by smaller detectors and gaps.



CHAPTER 4

CAMERA DESIGN AND CONSTRUCTION

An X Y matrix radioisotope camera was designed and constructed in

accordance with objectives set out in previous chapters. A block

diagram of the resultant camera is presented in figure 3. In the fol¬

lowing sections, each component of the camera will be discussed in

some detail, with emphasis upon the objectives for the design and con¬

struction of each component.

Detector Matrix

The detectors utilized in the matrix were cubes of approximately

2 mm side length. The detectors were cut from large crystals

(2 mm x 2 mm x 7 mm) using a wire saw (0.003 diameter stainless steel

wire impregnated with 8 micron size diamonds). The crystal surfaces

were not treated (lapped or polished) after cutting (some of the

large crystal surfaces were not treated either). The cubes had

platinum electrodes applied to an area on two parallel opposed sides

(the electrodes did not extend to the edges of the crystals on the

large crystals or on the small cubes). The large detectors that were

cut to produce the small cubes were selected for the lowest noise,

best photon spectra and best physical characteristics (i.e., a

regular shape with electrode surfaces approaching crystal edges)
from approximately 130 available.
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Substantial work was done in developing cutting techniques to

minimize degradation of spectrometer performance during cutting. Noise,

photon energy spectra and stability with time were examined for each

large crystal prior to cutting and for the small cubes after cutting.

Figure 4 represents a typical energy spectrum for a large crystal prior

to cutting and one of the small cubes after cutting (the noise voltage

and leakage current are also represented).

Wire leads were attached to the platinum electrodes with conducting

silver epoxy. Attempts were first made at mechanically coupling a wire

spring to the electrodes, but the hardware required could not be easily

manufactured. Attempts to use a silicon rubber based conducting

compound were also futile since the resultant bond between the wire and

the platinum was not adequate to allow handling of the crystal by its

wire leads. Ultrasonic bonding was also investigated but disregarded

since it requires high local temperatures and does not work well on

platinum surfaces. The wire used in ultrasonic bonding would not be

strong enough to allow for handling the crystal by its wire leads.

The epoxy utilized is a two component silver filled epoxy designed

specifically for chip bonding in microelectronic and optoelectronic

applications. It cures at temperatures as low as 50°C (for 12 hours).
A detector, prior to wire lead bonding, is shown in figure 5 and after

wire lead bonding in figure 6.

A printed circuit board was designed that would facilitate the

coupling of rows to form X signals and the coupling of columns to form

Y signals (see figure 7). The board is a double sided printed circuit

board incorporating plated through holes. The wire leads of the detectors

were soldered to the printed circuit board. A layer of teflon was
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Detectors: CdTe
Isotope: Co-57
Bias: 100V

Preamplifier: Ortec 142A
Amplifier: Ortec 450(1.5^sec RCs)

Original Crystal Prior
To Cutting(ND035-6-3)

Leakage Current: 25nAs65V

■One Of Small Crystals
After Cutting(ND035-6-3-A)

Leakage Current: 6nA965V

ENERGY I
122 KeV

Figure 4 Spectometry Performance Before And After Cutting
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Figure 5 CdTe Detector (2x2x2 mm approximately)
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Figure 6 CdTe Detector (With Leads Applied)
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Figure 7 Printed Circuit Board
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inserted between the detectors and the board for electrical insulation.

The printed circuit board has an edge connector that facilitates the

application of bias voltage and access to X and Y signals.

For convenience, the electrodes were oriented parallel to the

surfaces of the collimating holes. Ideally, the electrodes should be

oriented perpendicular to the collimating holes so that the negative

electrode is irradiated (as explained in Chapter 2). The operating

characteristics of each detector viere tested for both possible bias

voltage polarities. Each detector was ultimately operated in its

optimum bias voltage polarity.

Col 1imator

The research involved the design and fabrication of a multi hole

collimator. A multihole collimator was selected since it offers higher

sensitivity for a given resolution than the pinhole collimator, is useful

for large organ studies and is not subject to fall off in perimeter

response as is the pinhole collimator (Anger, 1975). A parallel hole

collimator was selected since the size of the image is essentially

independent of the distance from the subject to the collimator and for

a given resolution at a specified depth has better depth of focus (Anger,

1967). The most commonly used collimator is the parallel multihole

collimator. Although parallel multihole collimators were selected for

this research, the application of CdTe or other semiconductor radiation

detectors could be extended to focussed multi hole collimators and even

to pinhole collimators. For focussed collimators, the fabrication is

more difficult, but the in hole detector approach could still be utilized.

For pinhole collimators, the in hole detector approach could be applied
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if the hole length were equal to the detector length so that scatter

between detectors would still be essentially eliminated.

The collimator holes are square since the cross section of the

available detectors is roughly square. CdTe cannot readily be made

into small diameter rods without inducing strains (ESPI, 1969). The

square collimator holes facilitated design calculations since septal

thickness is constant. The material selection for the collimator is

based on atomic number, density, machinability and expense. Tantalum

was used as the material due to its high Z (73), high specific gravity

(17.1), ability to be drawn into square tubes of appropriate dimensions

and relatively low expense. It is nontoxic. The collimator and

detector configuration were developed for use with the 140 keV photons
f 99mTof Tc.

The square hole size was maintained at the minimum consistent with

the insertion of the detector and associated electrical leads and insula¬

tion. The detector electrodes were situated parallel to the hole axis.

If the electrodes had been perpendicular to the hole axis, the capacity

between the collimator and the detector electrodes would have been

minimized. If the electrodes are parallel to the hole axis, the

detector length and hence to some extent the sensitivity, could be

varied; although the capacitance may be increased and resolution de¬

creased.

Design criteria for parallel multi hole collimators as used in con¬

junction with an Anger camera are available (Anger, 1967; Causer, 1975).
The design criteria assume that the effective center of the detector is

located at some distance away from the back of the collimator. The
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effective centers of the in hole detectors are located within the

collimator and hence existing design criteria are not exactly analagous.

Theoretical parallel multihole collimator designs attempt to optimize

the number of holes, their size, shape, septa thickness, and hole length.

Practical collimator design parameters have largely been assigned

empirically (Myhill, 1967). Since the scope of this research was

primarily involved with the validity of the application rather than the

optimization of the collimator dimensions, selection of collimator dimen¬

sions was based on existing criteria for Anger type parallel hole col¬

limator design. Causer (1975) indicates that optimum collimator length
99m

is essentially independent of resolution and that for Tc photons,

optimum collimator length is approximately 1.8 - 2.5 cm. Collimator

length was selected as one inch since the effective collimator length

is reduced somewhat when the detector is located in hole. For a square

hole side dimension of about 0.115 inches, according to Anger (1967),

the septum thickness should be approximately 0.0081 inches. The actual

collimator dimensions are: length--1.0 inches (±.01 inches); septa

thickness--0.008 inches (± 10%); square hole side dimension--0.115

inches (± 0.001 inches).

The shortest distance a photon can travel through a septum when

taking the unwanted path of minimum attenuation through the collimator
Q Q pi

is approximately 0.0355 inches. For Tc photons in tantalum this is

equivalent to an attenuation of 97%. The attenuation of scatter between

detectors for scattered photon energy of 140 keV is approximately 50%

and for scattered photon energy of 100 keV is approximately 80%.

The square tantalum tubes are assembled inside of an aluminum block

(see figure 8). Most of the tantalum tubes were larger than the square
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Figure 8 Collimator
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dimension tolerance and hence it was necessary to hand select tubes

and heat press them into the block. The component parts of the detecting

head (less detectors) are as shown in figure 9. A sleeve of insulating

tubing was placed around each detector when inserted into the collimator

so as to electrically insulate the detector from the tantalum tubes.

An aluminum foil was placed over the top of the collimator so as to

maintain the detectors in a dark environment (operation in light fields

increases the detector leakage currents). Additional layers of lead were

added to the exterior of the collimator to provide additional shielding.

Analog Circuitry

The analog portion of the electronics (i.e., that portion that

collects the charge from the rows and columns connecting the top electrodes

and bottom electrodes, respectively, and converts the charge to a voltage

representative of the energy deposited in a detection event) was

designed to meet the following criteria:

1) To produce a voltage pulse that is proportional in amplitude

to the charge pulse at the amplifier input and hence to the

energy deposited in a detection event.

2) To minimize the number and cost of components so as to

facilitate the hybridization that would be required for

clinically significant devices.

It is desirable to minimize the number of components since an n x n

matrix would require a minimum of 2n amplifiers. A clinical device
would require a large number of amplifiers and therefore in order to

minimize cost and to facilitate design hybridization, it is desirable to

use the fewest components commensurate with the application.
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A-Base Plate

B-Spacer Block

C-Teflon Insulator

D-Printed Circuit Board

E-Teflon Insulator

F-Collimator

G-Cover Plate

Figure 9 Detector Head (Less Detectors)
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In keeping with these ideals, a one stage amplifier that has

sufficient amplification to convert a relatively small charge pulse

collected from the crystals (on the order of less than 0.005 picocoulombs

for 100 percent charge collection from a 140 keV photon) to a voltage

pulse that has sufficient magnitude to be used directly in an analog to

digital conversion device was developed (see figure 10). It has been

reported that the actual charge collection efficiency in CdTe is sub¬

stantially less than 100% and is dependent upon electric field strength

and energy deposition location (Malm, 1973). The amplifier is essentially

a charge sensitive amplifier or charge to voltage converter. A primary

advantage of the charge sensitive design is that the output is independent

of detector capacity (which may vary with time and number of detectors

per row). The detector is alternating current (a.c.) coupled to the

preamplifier in order to remove the direct current (d.c.) component prior

to amplification. Direct current coupling would be preferred since it

is somewhat less noisy, but in this application, signals are acquired

from both of the detector electrodes which requires that at least one

side be a.c. coupled in order to remove the bias voltage component

applied to the detector. The amplifier consists of an operational

amplifier with a junction field effect transistor (JFET) at the input.

The resultant voltage output (V) is related to the charge input (Q) by

the expression:

V = Cf

where represents the capacity between the input and output of the

amplifier. In order to maximize the voltage output for a given input,

the capacity should be minimized, thus no added capacity was utilized



Figure 10 Analog Circuitry
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between the input and output and the feedback capacity is the stray

capacitance between the input and output. A feedback resistor is

required to discharge the feedback capacity; otherwise, the feedback

capacity would build up a charge when input signals are present that

could eventually saturate the amplifier. A high value feedback resistor

is utilized in order to maintain a large time constant to maximize

the collection of charge deposited within the crystal. For the CdTe

detectors utilized in this research, an electric field of about 325 V/cm

gave optimum spectrometer performance. Since the electron and hole
2 2

mobilities of CdTe are on the order of 1000 cm /Vsec and 80 cm /Vsec

respectively, the charge collection time for a 325 V/cm field strength

is approximately 0.6 ysec for electrons and 8.0 ysec for holes. In

order to assure that the collection of positive charges (holes) and

negative charges (electrons) is maximized (in order to maximize the

amplifier output voltage per detection event), a 500 resistor was

utilized in the feedback network. The large feedback resistor thus assures

that the amplifier time constant is much much larger than the transit

time for hole collection and hence maximizes the charge collected per

detection event. The operational amplifier was selected for its high

gain and relatively low noise. The signals to be amplified occur at a

relatively low frequency (due to relatively long charge collection times

and due to a relatively low contemplated patient flux incident upon the

matrix), and hence the frequency-bandwidth characteristics of the

operational amplifier are not of primary importance. The JFET employed

at the input of the amplifier, determines the amplifier input impedance

and develops the signal/noise ratio that will be evident at the output

of the amplifier. The operational amplifier primarily provides the gain.
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The placement of an external JFET at the input alleviates somewhat

the requirements for high input impedance for the amplifier. The

amplifier selected has relatively good specifications for all of these

characteristics but excels in gain.

Although many operational amplifiers have field effect transistors

at the input, an external junction field effect transistor was utilized

in this amplifier since they exhibit much lower noise figures than

insulated gate field effect transistors (metal-oxide-si 1 icon-field-

effect-transistor). The use of a discrete FET yields improved noise

characteristics in comparison to the fabrication in a monolithic design.

The particular JFET selected has a high common source forward

transconductance to common source input capacities ratio (Elad, 1969).

The ratio determines essentially the magnitude of change at the output

of the JFET per change at the JFET input. The JFET also has low noise.
A passive capacitor resistor network was added at the amplifier output

to differentiate the pulse to produce a pulse duration on the order of

50 ysec or less. The resultant pulse is bipolar but this is of little

consequence in this application since the output pulse is fed to the

analog to digital conversion device which is sensitive only to the

magnitude of the leading edge component of the pulse. The capacitor
resistor network also serves to remove the direct current voltage level

present at the output of the amplifier. A direct current voltage level

present at the output would complicate the design of the analog to digital
converter.

The power inputs to the amplifier are filtered by a resistor

capacitor network that serves to bypass ground loops and to smooth (by

integration) voltage fluctuations caused by wideband noise pickup.
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This research utilized a 5 x 5 matrix of CdTe detectors and hence

required 10 amplifiers. The 10 amplifiers were fabricated onto one

printed circuit board and hence it was necessary to pay particular

attention to guarding the inputs of the amplifiers to minimize feedback

caused by voltage and current fluctuations in adjacent amplifiers.

A state of the art commercial preamplifier and amplifier were procured

for use in testing the CdTe detectors. The commercial amplifiers offer

low noise and large signal to noise ratio and the ability to control the

integration and differentiation of the signal. When using the commercial

amplifiers, the photopeak energy resolution is largely determined by the

noise generated within the detector. The commercial amplifiers were

used as a reference device for testing the detector properties and for

comparison of the inexpensive amplifiers developed for use with the

matrix.

As shown in figure 11 and figure 12, the low cost charge sensitive

amplifiers developed in this research offer signal to noise ratio and

photopeak resolution comparable to the state of the art commercial

amp!ifier.

Analog to Digital Circuitry

The analog to digital converter was designed to produce a digital

output signal whenever an input signal exceeds some reference level and

hence indicate that a detection event occurred. The reference level can

be adjusted to represent the lower limit or threshold of a photopeak and

hence pulse height discrimination can be performed. The digital outputs

of the analog to digital converter circuits are inputs to the digital
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cont. on next page wm 012078

Figure 1.1 Amplifier Signal-To-Noise Comparisons
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Mod.TN-1705
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SIGNED Pre-Amp.
(followed by the same
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WM 012078

Figure 12 Amplifier Spectrum Comparisons
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logic circuitry. The converter was also designed to facilitate hybridiza¬

tion. Since the output of amplifiers servicing rows is of opposite

polarity to the output of amplifiers servicing .columns, it was necessary

to develop converters for negative input signals and positive input

signals, that would produce a positive logic pulse when the input signal

exceeded some reference level.

The converters consist of voltage comparators as shown in figure 13.

The output of the comparators is fedback to the input in order to create

hysteresis and hence prevent input signal noise from causing the output

to switch states several times as the input signal passes through the

reference voltage level. Hysteresis serves to speed up the circuit

switching time and cause the comparator to switch only once as the input

signal passes through the reference voltage level and hence prevent

chatter. Chatter is deleterious to this application since it could

ultimately be evaluated as multiple detection events. The voltage

comparator was selected because it has a fast response time and reasonable

input offset and input bias currents. Capacitors were added from the

outputs of the comparators to ground in order to alleviate oscillations

caused by the output signal from one comparator being fedback by stray

coupling to the input of an adjacent comparator. The comparators were

assembled onto a printed circuit board but the inputs were inadequately

guarded to prevent the oscillations. The comparator printed circuit

board was shielded from the amplifier printed circuit board (and other

boards) in order to alleviate oscillation problems encountered due to

feedback caused by stray coupling.
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For Positive Analog Input Signals
(Voltage supplies are filtered as shown on figure 10.)

Analog
Input

For Negative Analog Input Signals
(Voltage supplies are filtered as shown on figure 10.)

Figure 13 Analog To Digital Converters
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Digital Circuitry

The digital circuitry was developed to meet the following criteria:

1) To identify, based on the digital outputs of the row

and column circuitry the individual detector in which

a detection event occurs and to make that data

available for input to a microcomputer.

2) To eliminate from consideration, those events in which

more than one row signal or more than one column signal,

or both, occur within some coincident time frame.

The digital circuitry was designed such that the only events that

are collected as data are those in which one row signal and one column

signal occurred simultaneously (within some coincident time period) and

hence identify that a detection event occurred in a particular detector

(see figure 14). When a data input line goes high (after some quiescent

period when all inputs are low), the circuitry (after a brief wait for

coincidence), latches the data present. If the data consist of one X

signal and one Y signal, then that data are entered into a storage

device for subsequent transfer to a microcomputer port. If the data

are not acceptable or after completion of the data transfer, the process

starts again. The time frame in this particular device is not of

great importance since there are only 25 detectors supplying signals

and since the microcomputer requires a relatively long period of time

to input data.

The dual monostable multivibrators (one shots) A, B, C, D and E

serve to produce one 9.1 psec pulse each time that any of the XI - X5

comparators or Y1 - Y5comparators produce a transition from logic 0 to

logic 1 at the one shot input while the one shot output is low. The



PACKAGE DESICIMAT10H «saimón
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I,J,K,FF,GC CD 4042 Quad docked D latch
L,M,AA,B8 CD 4030 Hex buffer

i,T CD 4071 8 Input NOR gat*
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Figure 14 Dig ital Circuitry (Page 1 of 2)
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9.1 ysec period of these one shots allow sufficient time for subsequent

data processing to be performed prior to the consideration of another

event. The one shots do not reset upon the application of each new

pulse and hence additional input pulses applied to a one shot during

the high period of the one shot will be ignored. The one shot outputs

are fed to OR gates G and H and to latches I, J, and K. When pin 1 of

OR gate G goes from low to high, one shot F enables (after a coincident

time delay of up to 5 ysec) the latches I, J, and K. The data present

at the latch inputs are held at the latch outputs for the 2.0 ysec of

the enable pulse (which allows time for subsequent data processing). It

is important that the only timé that one shot F will trigger is after

one shot A, B, C, D and E outputs have all been low and then one or

more low to high transitions start the analysis of another event.

Once the data have been latched in I, J, and K, they are buffered

through buffers L and M.

The output of the buffers is fed to AND gates 0, P, Q, R, OR gates

U and V, and NAND gate S, which in combination with NOR gates N and T

and AND gates W and X produce a high output at pin 1 of AND gate W if

data are present and the data consist of one X and one Y signal.

The outputs of buffers L and M are also fed to a diode matrix that

reduces the X data from 5 lines of decimal data to 3 lines of binary

data and likewise for the Y data. The diode matrix design could be

directly upgraded to a 16 x 16 matrix, by reducing 16 decimal lines to

4 binary lines on the X and Y axes and utilizing all 8 of the parallel

port input lines (rather than the 6 used in this application). When

pin 1 of AND gate W goes high, one shot Y is triggered, which enables

latches FF and GG to latch the data present on the X and Y binary data
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lines. The output latches of FF and GG are buffered through buffer BB

to the inputs of first in first out serial memories (FIFO) CC and DD.

The FIFOs serve to assemble incoming data at one clock rate and transfer

the data out at a different clock rate. Each FIFO is a 64 word x 4 bit

storage device. Attempts to input data into the FIFO when all 64

registers are full are ignored. The FIFOs can easily be ganged to create

a composite FIFO of any dimension desired. When high, pin 1 of AND gate

W (after a delay through one shot AA for data set up) enables FIFOs CC

and DD to latch the data at their inputs. After data have been accepted

into the serial memory of the FIFOs, the FIFOs generate through NAND

gate EE a reset pulse that resets one shot Y to be ready for the next

data transfer.

Once data are entered in the FIFOs, data automatically "bubbles"

to the FIFO output. The microcomputer parallel input port (an eight

bit port) has two control signals that readily interface with the output

control lines of the FIFOs. The output ready lines of FIFOs CC and DD

activate NAND gate EE to create through buffer AA and one shot HH, a

ly sec pulse that pulls low the parallel data ready (PDR) line of the

microcomputer indicating that valid data are present at the port. The

microcomputer, under program control, inputs the data from the parallel

port and stores the data in memory for subsequent processing. Once

the data transfer into the microcomputer is complete, the parallel

input acknowledge line (PIAK) goes low to signal the FIFOs that the

data transfer is complete and that another data transfer may be initiated.

A master reset signal is activated by a switch, through one shot Y.

The FIFO memories are cleared and the FIFO control lines are initialized

when the master reset signal is activated.



51

The time frame for selection of a valid event is not very critical

in this application since the microcomputer uses in excess of 33 ysec

per data transfer. Complimentary metal oxide semiconductor (CMOS) devices

were utilized since they have low power consumption and good noise im¬

munity and since the data transfer time is not critical. Processing

time in the digital circuitry could be greatly reduced by employing

transistor-transistor logic (TTL) devices throughout and by incorporating

faster FIFOs.

Microcomputer

The microcomputer was selected to meet the following criteria:

1) To have sufficient hardware capabilities to readily input

data from a parallel port and store the data in memory with

minimal external interfacing.

2) To have compatible software available that can handle

moderately sophisticated tasks.

3) To be S-100 bus compatible.

4) To be based on a widely utilized microprocessor.

5) To have a cathode ray tube (CRT) terminal to facilitate

communication and programming.

6) To have the minimum cost consistent with 1 through 5 above.

The Sol 20 microcomputer, manufactured by Processor Technology

Incorporated was selected. It offers an Intel 8080 microprocessor

based microcomputer, uses the S-100 bus and provides both parallel and

serial standardized port interfaces with connectors, and an audio

cassette interface capable of controlling two recorders. It includes

a monitor program capable of operating programs written directly in
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machine code. The microcomputer includes a serially encoded ASCII

keyboard and CRT that are useful not only in programming the micro¬

computer but also in utilizing the CRT terminal as a remote terminal

(via an acoustical coupler modem) to the local AMDAHL 470 system or

other compatible system. For more sophisticated programming require¬

ments, data can be transferred from the microcomputer memory to the

AMDAHL 470 and vice versa. A BASIC (Beginners All Purpose Symbolic

Instruction Code) program language that can be loaded in random access

memory (requiring approximately 5000 bytes of memory) is included. The

BASIC language has sufficient computing capability to operate the camera

built in this research. It facilitates transfer of program control

between BASIC to machine code programming.

A BASIC program was developed that allowed data from the parallel

port to be entered into memory. Each of the detectors was associated

with a particular memory location. Each time that data were entered from

the parallel port, that particular memory location was incremented and

the resultant sum examined to see whether a predetermined maximum count had

been achieved in that channel. The program was designed such that when

any one of the channels reached some predetermined count, data collection

would terminate. The program also included the capability of collecting
data from a flood or plane source and storing that in a separate memory

area for use in correcting for the individual sensitivities of the

detectors. Under program control the image memory or calibration memory

may be initialized (set to zero). The calibration matrix can be inverted

and multiplied by the image matrix, to develop a corrected image matrix.

The numerical elements of the calibration matrix and the corrected image

matrix can be displayed on the CRT.
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The program also divides the image array into sixteen levels of

gray (coded 0 through 15) and formats the data in random access memory

for eventual use by a videographics interface. The sixteen gray levels

are derived by defining sixteen levels between 0 counts and the maximum

number of corrected counts per channel and assigning each matrix element

a value of 0 through 15 based on its corrected value.

Videographics Interface

The "Dazzler" videographics interface, manufactured by Cromemo

Incorporated, was utilized since it is the only interface readily avail¬

able that will read the random access memory of a S-100 compatible device

and display the data (properly formatted) in a 64 x 64 matrix with 16

shades of gray at each matrix location. The Dazzler does not require

servicing by the microprocessor during operation.

The Dazzler requires only 2048 bytes of computer memory. The

computer memory is scanned using direct memory access. The data in the

computer memory are formatted onto a TV screen to give a 64 by 64 matrix

with 16 shades of gray available at each matrix location. The Dazzler

output is a standard composite video signal that goes directly to a

monitor or television video amplifier. The microprocessor does encounter

some wait states caused by the Dazzler (while it reads the memory),

but this does not interfere with accurate program execution.

"In displaying the pictures, a compromise should be made between

contrast and gradation. Contrast should not be amplified far beyond

the point at which statistical variations become visible" (Anger, 1967,

p. 542). Gradation refers to the number of different gray tones used
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and contrast refers to the ability to visibly distinguish between two

gray tones. Sixteen shades of gray are more than adequate in this

application, since brightness and contrast controls on the CRT may be

varied to derive the most meaningful image.

Summary

The camera described below was designed and constructed.

Twenty-five CdTe detectors were mounted on a printed circuit board

to form a 5 x 5 matrix. Each detector is located within an individual

hole of a collimator composed of individual square tubes of tantalum.

The collimator was designed for use with Tc-99m photons. The X and Y

outputs of the matrix are amplified in a one-stage amplifier and sub¬

sequently examined in a pulse height threshold device in an analog to

digital converter. Events representative of one X and one Y event

occurring within some coincident time frame, as judged by the digital

circuitry, are available for input to a microcomputer. A microcomputer

controls the input data, provides for image data collection, correction

and subsequent display via a videographics interface. The resultant

display is a 5 x 5 image consisting of variations of 16 shades of gray.
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RESULTS

The performance of the camera is best illustrated by images of

several pattern sources. Appropriate pattern source images, as recorded

by polaroid photographs of the video monitor, are presented in subsequent

figures. For comparison, images obtained with a conventional Anger

camera (Ohio Nuclear Series 100 Anger Camera) are also illustrated on

some of the figures.

A calibration matrix (a matrix of calibration factors obtained by

imaging a uniform plane source) is as shown in figure 15. The wide

variation evident in the matrix is discussed in the next chapter.

The resolution of the camera is illustrated for a point source in

figure 16. Figure 17 also demonstrates the resolution of the camera.

The two parallel lines are oriented along two rows of detectors with the

centers of the lines roughly aligned with the centerlines of the

detector rows. The resolution is essentially perfect in this configura¬

tion since adjacent rows represent the extremes of the gray scale.

Figure 18 is a representation of the same 1 ines rotated through approximately

45°. The lines are centered around the central axis of the detector

matrix.

Figures 19 and 20 represent the limit of resolution for the matrix

constructed in this research. Figures 19 represents two equal strength

line sources that are just slightly further apart (3.5 mm) than the

physical dimension of one collimating tube (2.9 mm). Note that the
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Source: Uniform plane (flood)

CALIBRATION DATA MATRIX

XI X2 XI

H 2.00 1.34 6.29

J2 1.77 1.00 1.57

Í1 1.35 1.68 1.98

3£k 1.27 1.16 1.23

JE 1.29 2.11 2.71

•Data not applicable¡detector removed

Figure 15 Calibration Data Matrix

m X5
2.48 4.57

1.33 1.30

1.77 4096.00

1.48 1.36

1.53 2.65

DUE TO NOISE

cn
O'»
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Exposure Conditions:

Source: Tc-99m point source (1mm diameter)
Geometry: close to collimator

Scales: arbitrary and unequal

+

XY CdTe Cameba

-POINT CENTERED

OVER ONE DETECTOR

Anger Camera
-HIGH RESOLUTION

COLLIMATOR (1A0 KEV)

Figure 16 Point Source Images



Exposure Conditions

Source: Tc-99m parallel line source (1mm diameter,
6mm apart)

Geometry: close to collimator

Scales: arbitrary and unequal

Activities: lines have equal specific activities

XY CdTe Camera

-LINES ALIGNED

WITH ROWS

-LINE LENGTH EXCEEDS
SENSITIVE AREA

Anger Camera

-HIGH RESOLUT
COLLIMATOR KEV)

Figure 17 Parallel Line Source Images (6mm-Aligned)



Exposure Conditions:

Source: Tc-99m parallel line source (1mm diameter,
6mm apart)

Geometry: close to collimator

Scale: arbitrary

Activities: lines have equal specific activities

XY CdTe Camera

-lines rotated A5°
W.R.T. ROWS

-LINE LENGTH DOES NOT EXCEED

SENSITIVE AREA

Figure 18 Parallel Line Source Image (6mm-Rotated)



Exposure Conditions:

Source: Tc-99m parallel line source (1mm diameter
3,5mm apart)

Geometry: close to collimator

Scales: arbitrary and unequal

Activities: lines have equal specific activities

ii I
XT CdTe Camera Anger Camera

-LINES ALIGNED -HIGH RESOLUTION
WITH COLUMNS COLLIMATOR (190 KEV)
-LINE LENGTH EXCEEDS

SENSITIVE AREA

Figure 19 Parallel Line Source Images (3.5mm-Aligned)



Exposure Conditions:

Source: Tc-99m parallel line source (1mm diameter,
2.5mm apart)

Geometry: close to collimator

Scales: arbitrary and unequal

Activities: specific activity of one line is twice
THAT OF THE OTHER LINE

I

XY CdTe Camera

-LINES ALIGNED

WITH COLUMNS

-LINE LENGTH EXCEEDS

SENSITIVE AREA

«
-HIGH RESOLUTION

COLLIMATOR (1A0 KEV)

Figure 20 Parallel Line Source Images (2.5mm-Aligned)
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center column does show some activity since the edges of both lines

overlap into the center column. Figure 20 illustrates that two line

sources of different activities can be imaged although the distance

between the lines (2.5 mm) is less than the physical dimension of one

collimating tube if the lines are oriented over two adjacent columns.

Degradation of image quality is observed by the introduction of 0.43

inch and 0.93 inch of Plexiglass scattering media between the lines

and the detector matrix is illustrated in figure 21 and figure 22. As

discussed subsequently, scattered radiation was not accurately discriminated

against. Geometry also contributes to the image degradation.

It was interesting to note during use of parallel line sources,

that air bubbles created within the device when the lines were loaded

could be diagnosed by the camera as shown in figure 23.

The sensitivity of the camera is qualitatively illustrated in

figure 24. The image was acquired in a counting time of approximately

3.8 seconds.

To illustrate the ability of the camera to image volume sources,

a thyroid phantom was imaged. The thyroid image represented in figure

25 is actually the composite of 36 images. Each image was normalized to

a common time frame by correcting for counting time and for decay of

the radioactivity. The 5 mm cold spot in the upper left hand corner is

somewhat spread out. This occurred because the cold spot was located at

the juncture of four composite images. Subsequent images of the cold

spot, with the cold spot centered over the detector matrix produced a

much sharper and better defined image.

The response of the camera was checked for paralysis by utilizing

a variety of uniform plane source activities (to a maximum of 0.146
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mCi/cm^ of 99mTc). The counting rate was directly proportional to

source activity and no paralysis was evident.

The coincident time period was varied from near 0 to 5 yseconds

with no apparent change in image quality.

The background count rate was so low as to be inconsequential.

The X Y CdTe camera had substantial imaging capabilities as il¬

lustrated in the preceding figures. The results achieved as well as

difficulties encountered in achieving those results are discussed in

the next chapter.
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Exposure Conditions:

Source: Tc-99m parallel line source (1mm diameter,
6mm apart)

Geometry: 0.43 inches of Plexiglas scattering media
IMPOSED BETWEEN COLLIMATOR AND SOURCE

Scale: arbitrary

Activities: lines have equal specific activities

XY CdTe Camera

-LINES ALIGNED

WITH ROWS

-LINE LENGTH EXCEEDS

SENSITIVE AREA

Figure 21 Parallel Line Source Image (0.43 Inches
of Scattering Media)



Exposure Conditions:

Source: Tc-99m parallel line source (1mm diameter,
6mm apart)

Geometry: 0.93 inches of Plexiglas scattering media

IMPOSED BETWEEN COLLIMATOR AND SOURCE

Scale: arbitrary

Activities: lines have equal specific activities

XY CdTe Camera

-LINES ALIGNED

WITH ROWS

-LINE LENGTH EXCEEDS

SENSITIVE AREA

Figure 22 Parallel Line Source Image (0.93 Inches

of Scattering Media)
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Exposure Conditions:

Source: Tc-99m parallel line source (1mm diameter,

5mm apart)

Geometry: close to collimatot

Scale: arbitrary

Activities: lines have equal specific activities (with
ONE AIR BUBBLE EVIDENT)

|
I I

XY CdTe Camera

-LINES ALIGNED

WITH COLUMNS *BUBBLE (Air)
-LINE LENGTH EXCEEDS

SENSITIVE AREA

Figure 23 Parallel Line Source Image (Bubble Evident)
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Exposure Conditions:
Source: Tc-99m parallel line source 1mm diameter,

5,5mm apart)

Geometry: close to collimator

Scale: arbitrary

Activities: left line-68/^Ci
RIGHT LINE-13S/UtCI

Imaging Time: 5.8 seconds

,i

XY CdTe Camera

-LINES ALIGNED

WITH COLUMNS

-LINE LENGTH EXCEEDS

SENSITIVE VOLUME

Figure 24 Parallel Line Source Image (3.8 Seconds)
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Exposure Conditions:

Source: Picker thyroid phantom (Tc-99m)

Geometry: close to collimator

Scales: arbitrary and unequal

XY CdTe Camera Anger Camera

-composite of 36 -high resolution
images collimator (190 keV)

-pinhole collimator gave

equivalent results

Figure 25 Thyroid Phantom Images



CHAPTER 6

DISCUSSION OF RESULTS

The X Y CdTe camera concept offers the advantage of direct digital

localization of detected events, improvement of pulse height resolution

and attenuation of scatter within the detecting medium. As shown in the

previous chapter, the X Y CdTe camera produced images superior to other

existing devices. The images indicate that line source detection can

essentially be limited to the detectors directly beneath the line and

that imaging time is shorter than the other cameras tested. The per¬

formance of the X Y CdTe camera, however, was not without limitations.

The performance of the camera was limited by two important problems

1) The photopeak pulse heights of the individual CdTe detectors

varied by a factor of approximately two. The detector rows

were grouped according to pulse heights (i.e., each row had

detectors with similar pulse heights); however, as a result,

each detector column had a spectrum of photopeak pulse heights

ranging from very low to very high. Pulse height discrimina¬

tion for all columns was established at a level low enough

to accommodate detection of events in the detectors with very

small pulse heights. As a result, the detectors having

larger pulse heights produced a lot more counts than detectors

having small pulse heights.

2) Although at one time there were 25 detectors that exhibited

photopeaks, after a relatively short usage time, several of

69
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the detectors became noisy when operated at a field strength

of 325 V/cm. In order to utilize the detector matrix the

bias voltage had to be reduced to 150 V/cm which precluded

spectrometry. When operated below 325 V/cm, the signal to

noise ratio is greatly reduced (particularly for those

detectors exhibiting small photopeak pulse heights initially)

and photopeak resolution capabilities are lost. The reason

for the noisy performance is essentially undetermined.

Throughout the research, a number of CdTe detectors failed

(exhibited no photopeak or became excessively noisy). The

crystal surfaces exposed in cutting were not lapped or

polished after cutting but then the original crystals were

not lapped and polished on all sides either (particularly the

ends of the crystals). The surface preparation done on the

original crystals was done by hand and was rather crude.

The effect of the two problems discussed above was that there was

a very large variation in detector sensitivity that could not be

balanced out by adjusting discrimination levels and elimination of

scatter events by pulse height discrimination was not possible (which made

elimination of scatter by the placement of detectors within the col¬

limating holes even more important).

The wide variation in detector sensitivities made conventional

analysis of plane sensitivity, modulation transfer function, line spread

function, etc., impractical due to the rather large statistical varia¬

tion in the less sensitive detectors. The variation in detector

sensitivities is illustrated in figure 15. The ability to measure line

spread function wasn't crucial; however, since as shown previously the



71

full width at half maximum is essentially the width of one matrix

element, and the resolving capabilities of the camera are rather easily

i 11ustrated.

The performance of the camera was compared to the rotational

parallel plate imaging device (PPRID) designed and constructed at the

University of Florida (Luthmann, 1978). Although the ultimate sensitivity

possible with either device has not been determined, it is possible to

establish that the PPRID has superior sensitivity to a conventional

Anger camera (see figure 26) since it can resolve two parallel lines of

75 yCi each in 9.4 sec. As shown in figure 24, the camera developed in

this research can resolve two lines of 138 yCi and 68 yCi in only 3.8

sec. Although the ability of both cameras to resolve two parallel lines

appears to be about the same, the resolution of the camera described

herein is somewhat superior in that the transition from the no-activity

regions to full-activity regions is absolute (i.e., goes immediately

and directly from the lightest gray scale to the darkest gray scale).

The PPRID camera produces a multitude of gray levels around and between

the two lines (not evident in figure 26 due to photographic technique),

such that the full width at half maximum encompasses more than the width

of one matrix element. Although both cameras seem to have about the

same ability to resolve parallel lines, thyroid phantom cold spots, etc.,

in all cases the image is somewhat superior for the camera described

herein since the contrast is superior. This would be expected since

the PPRID depends upon a computed reconstruction of the image from a

multitude of related images. The PPRID camera also has positioning

errors associated with it that do not have a direct analogy in this

camera. The radiologic image is directly measured by the X Y CdTe camera

described herein and hence should produce better images.
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Condition: Radioactive Lines at Face of Collimator
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25 Profiles •, 3/8 sec / Profile
Total counts: 9525
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Total counts: 10,000

0
Measuring time: 9.4 sec.
25 Profiles; 3/8 sec./Profile
Total counts : 6401

Measuring time: 15.6 sec.
Total count: 5000

Figure 26 PPRID and Anger Camera Comparisons
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In summary, the X Y CdTe camera developed excellent resolution

and sensitivity. The direct digital localization was primarily

responsible for the success; however, in the absence of pulse height

resolution capabilities, the attenuation of scatter between elements in

the detector matrix became more important.



CHAPTER 7

CLINICAL FEASIBILITY

A clinically significant device should have a large enough sensitive

area to perform large organ studies or be large enough to be scanned or

composited to assimilate large organ images. Anger cameras have sensitive
2

areas as large as approximately 1000 cm . Some of the considerations

for a clinical device are discussed below.

1) The matrix of a clinical device could be composed of sub¬

groups. This is dependent upon the number (or volume) of

CdTe detectors that can be operated in a row without

serious degradation of signal to noise ratio or pulse

height resolution. During testing of the small crystals

after cutting operations, it was demonstrated that at least

five of the small crystals could be operated in a row.or column

while still maintaining a distinguishable photopeak. The

manufacturer of CdTe has demonstrated that four to eight

detectors for a total aggregate volume of approximately

2 x 2 x 50 mm can be operated and still maintain a dis¬

tinguishable photopeak. The photopeak resolution of the

aggregate is substantially worse than any of the individual

detectors due to statistical signal to noise degradation

and due to the fact that no two detectors have essentially

the same photopeak pulse height which requires that the

detectors be roughly grouped according to pulse height
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magnitude and according to noise. It should be noted

that the noise of the original crystals available varied

from 25 to 200 nA.

2) The size of a subgroup would essentially be determined by

the properties of the detectors available (i.e., limited

by noise and photopeak resolution considerations for

crystals in rows). A microcomputer system with two 8-bit

parallel input ports could easily handle a 256 x 256 matrix.

A 256 x 256 matrix would be adequate for clinical devices (even

at 1 mm x 1 mm element dimensions).

3) The size of the crystals and associated, insulation and

shielding between detectors could be reduced to produce

finer resolution. The ultimate size limitation depends upon

the ability of a manufacturer to mass produce small

crystals with consistent detection properties. A reduction

in the size of a matrix element requires an attendant increase

in associated electronics.

4) The crystals could ultimately be mounted directly on a

silicon substrate which could facilitate alignment of the

crystals, handling of large numbers of crystals and lead wire

attachment. Orientation could be established such that the

negative electrode is irradiated so as to take full advantage

of electron mobility (in comparison to hole mobility).

5) The concept of placing attenuating media between detectors

could be altered such that narrow strips of shielding could

be placed between the detectors rather than inserting the

detectors into the actual collimator tubes. This would enable
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the ability to use several collimator designs (as is done

on the Anger camera) without sacrificing the absorption of

scatter radiation between detectors.

6) The analog portion of the circuitry could be redesigned to

make the voltage output independent of the position of charge

deposition (and hence increase the proportion of detections

indicative of full energy photon detection). By utilizing

a circuit time constant that is much much shorter than the

collection time for electrons, the slope of the output

pulse (dV/dt) would be proportional to the number of ion

pairs produced and the magnitude of the output becomes:

V = R(dq/dt).

The output voltage pulse is proportional to the current flow

and hence its height is a measure of the number of ion pairs

created (Price, 1964). The closed loop gain of an amplifier

with such a short circuit time constant would be very low and

hence a second amplifier stage might be required. Design

considerations for low noise second stage amplifiers are

available (Arbel, 1968). Alternately, a precision microvolt

comparator could be used. The use of a very short circuit

time constant would facilitate higher sensitivity (higher

count rate) since pulse duration would be shorter. The

performance of the detectors and the performance of the as¬

sociated analog circuitry could be improved by cryogenic

operation (Elad, 1969).

7) Means for adjusting the timing of each analog to digital

electronics circuit would be useful in order to synchronize

the response to a given input pulse.
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8) High speed TTL FIFOs are currently available that input

clock rate capabilities in excess of 10 MHZ. By ganging

large numbers of these relatively inexpensive memories, it

would be possible to store data as fast as the detector

matrix produces it and hence maximize camera sensitivity.

The data could later be transferred into computer memory at

the much slower rate required for that data transfer.

9) The image might be improved by inserting interpolated data

between actual detector measured data, based on the average

of measured data from adjacent elements. This could tend to

smooth out the transition of data between measured data

elements. An alternate gray level calculation scheme could

also be used. Rather than simply identifying sixteen levels

between zero and the maximum count obtained, it is possible

to define sixteen gray levels between the minimum count and

maximum count or base the image around an average count.

These procedures will not alter the basic data upon which the

image is based, but may produce an image that is aesthetically

more pleasing or easier to visualize. It should also be noted

that color images can also be produced.

The basic clinical feasibility of a camera based on the

concept of constructing a large matrix of small detectors depends

upon the availability of large numbers of small detectors that

have essentially the same radiation detection properties. The

variability that exists, even in specially selected or grouped

CdTe detectors, is too large to fabricate a CdTe matrix camera



78

at this time. The recent availability of intrinsic germanium

detectors (1 mm x 1 mm x 7 mm) might make a large camera

feasible. However, the uniformity of radiation detection

properties and the pulse height resolution of a large series

of the detectors is unknown.

The direct digital localization of detected events and

the attenuation of scatter radiation in the detector plane

offer great promise for clinical devices. The availability

of large numbers of small detectors with uniform detection

characteristics would make the camera clinically feasible.
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