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(72) Inventor:- JOHN MAPES HOUSTON"

(54) X-RAY DETECTOR ARRAY

(71) We, GENERAL ELECTRIC COMPANY, a corporation organized and existing
under the laws of the State of New York, United States of America, of 1 River Road,
Schenectady 12305, State of New York, United States of America, do hereby declare the
invention, for which we pray that a patent may be granted to us, and the method by which it is
to be performed, to be particularly described in and by the following statement.-

This invention relates to ionization chamber, x-ray detectors. More specifically, this
invention relates to multi-cellular x-ray detectors which comprise two-dimensional arrays of
high pressure ion chambers for use in computerized tomography systems.

In computerized x-ray tomography a spatial distribution of x-ray intensity must be trans-
lated into electrical signals which are processed to yield image information. Detectors for use
in such systems must efficiently detect x-ray, electromagnetic energy with a high degree of
spatial resolution. The information rate in tomography systems is generally limited by the
recovery time of the x-ray detectors. It is desirable, therefore, to utilize x-ray detectors
characterized by fast recovery times, high sensitivity, and fine spatial resolution. Proposed
tomography systems employ arrays of hundreds of such x-ray detectors. A multicellular
construction, wherein multiple, spatially separated x-ray detection cells are incorporated ina
single assembly, provides an economic means for the production of such systems.

Arrays of ionization chambers are typically used to measure the distribution of intensity in
computerized transverse axial tomography equipment. In a typical application of such
equipment, a moving x-ray source is repeatedly pulsed to transmit x-ray energy along a
plurality of distinct coplanar ray paths which pass through a body undergoing examination.
Energy transmitted through the body is detected in an ionization chamber array and inter-
preted, by the use of a digital computer, to produce cross-sectionul images of the internal
body structures in the plane of examination. A typical tomographic diagnostic procedure
involves the production of images in a series of closely spaced, substantially parallel planes

'passing through a region of the body. Successive scans may be accomplished by translating

either the patient or the x-ray equipment along an axis passing through the body. A
three-dimensional reconstruction of internal body structures may, thus, be determined from
the set of images produced.

The rate of production of tomographic images in such systems is necessarily limited by the
time required to accomplish the physical rotation and translation of the mechanism. Typi-
cally, one second or more is required to accumulate the data necessary to produce an image in
a single plane. Reconstructions of large body regions will, therefore, often be confused by
movement of the patient, or of his internal body organs, during the course of an examination
procedure. '

The present invention provides an x-ray detector array for selectively responding to x-ray
radiation arriving from an anticipated direction, comprising a gaseous medium substantially
opaque to electromagnetic radiation at x-ray frequencies; a plurality of substantially planar
cathodes disposed in said gaseous medium; a plurality of substantially planar anode assemb-
lies isolated and spaced from said cathodes disposed in said gaseous medium, each of said
anode assemblies lying approximately equi-distant between two of said cathodes, and means
for applying electric potential between said cathodes and said anode assemblies; each of said
anode assemblies comprising a plurality of conductive strips disposed on one or more surfaces
of a planar dielectric sheet, said strips being arranged to be disposed substantially parallel to
said anticipated direction.
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X-ray photons interact with the gas, which will be under high pressure and have a high
atomic weight, to produce photoelectron-ion pairs in the presence of the electric potential
between the cathodes and anode assemblies. The electrons thus produced are collected on

-the anode assemblies, which may be disposed in a plurality of measurement planes arranged

to lie substantially parallel to the direction of the x-ray radiation and perpendicular to the
dielectric sheet,each measurement plane thus comprising a two-dimensional array of posi-
tively charged electrodes producing electric currents which vary in proportion to the x-ray
intensity in the vicinity of those electrodes.

In a computerized tomography system, the detector array of the present invention may
thus be used simultaneously to record x-ray transmission data in a number of parallel planes.
Data for two or more tomographic images may thus be produced in parallel. The time
required for a whole body tomographic examination and the distorting effects of patient
movement are thereby reduced.

In order that the invention may be clearly understood, preferred embodiments thereof will
now }ll)e described by way of example only with reference to the accompanying drawings, in
which:-

FIG. 1 is an ionization chamber array of one embodiment of the present invention;

FIG. 2 is a top sectional view of a collector electrode used in the array of FIG. 1;

FIGS. 3 and 4 are alternate embodiments of a collector electrode which provides low
interelectrode capacitance; and

FIG. 5 is an alternate embodiment of the ionization chamber array of FIG. 1.

X-ray photons will interact with atoms of a heavy detector gas to produce electron-ion
pairs. The x-ray photons are, generally, absorbed by a gas atom which emits a photoelectron
from one of its electronic levels. The photo-electrons move through the gas interacting with
and ionizing other gas atoms to produce a shower of electrons and positive ions which may be
collected on suitable electrodes to produce an electric current flow. If, for example, xenon gas
at approximately 10 atmospheres pressure is irradiated with 60 KEV x-ray photons, photo-
electrons will be ejected from the 34.5 KEV xenon k shell at approximately 25.5 KEV. The
25.5 KEV photoelectrons, having a range of approximately 0.1 mm in the xenon, will
produce approximately 800 electron-ion pairs each. If these electron-ion pairs are produced
in a region between two electrodes of opposite polarity, they will drift along electric field lines
to the electrodes and yield a net electric current flow between them. The electric current flow
between the electrodes is thus a function of the total number of x-ray photons interacting in
the vicinity of those electrodes. »

The probability of detection of an x-ray photon is a function of the atomic number of the
gas and the number of gas atoms lying between the collector electrodes. Thus, high sensitivity
detectors may be constructed from a gas of high atomic weight at a relatively high pressure.
Detector sensitivity may also be increased by increasing the spacing, and therefore the
number of gas molecules, between the electrodes. Increased electrode spacing, however,
increases the distance the electron-ions pairs must drift for collection and thus tends to
increase the recovery time of the detector. An increased electric field gradient between the
electrodes will tend to increase the electron-ion drift velocity and thus shorten the detector
recovery time. Furthermore, it is well known that an excessive electric field gradient will
cause avalanche gas breakdown and will create highly nonlinear responses in detection
sensitivty. ;

The detectors of the present invention operate with eleectric field gradients which are
insufficient to cause electron multiplication: that is, they may be characterized as ionization
chambers and not as proportional counters. The production of electron-ion pairs described
above is attributable solely to energy transfer from the ejected k-shell photoelectrons and is
not caused by collisions of electrons or ions moving under the influence of the impressed
electric field. The values of electric field gradients which are suitable for use in jonization
chamber detectors are well known in the art and are more-fully described in Medical
Radiation Physics, W.R. Hendee, Year Book Medical Publishers, Chicago, at chapters 4 and
17. The detectors of the present invention operate with electric field gradients between
approximately 10 v/mm and approximately 1000 v/mm.

An £-shell will generally drop to fill the opening which is produced by the emission of the k
shell photoelectron from a heavy atom. The energy difference resulting from the drop of the
electron from the € to the k shell levels is radiated in the form of a secondary x-ray photon. In
xenon gas, for example, the € to k energy level shift produces 29 KEV x-ray photons. The
range of these secondary photons in a high pressure gas is generally much larger than the
range of photoelectrons. By way of example, in xenon at 10 atmospheres pressure 25.5 KEV
photoelectrons have a range of approximately 1 mm while 29 KEV x-ray photons have a
range of approximately 20 mm.

Secondary photons which are produced by the fluorescence of the heavy gas atoms upon
excitation by incident x-ray photons are absorbed by other heavy gas molecules in the
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detector and are indistinguishable from incident x-ray photons. Thus, photons which are
produced by fluorescence in the region of one electrode cell may travel through a multicell
detector to the region of another electrode cell where they will be detected in the same
manner as incident x-rays. The k shell fluorescence effect may, therefore, be seen to
contribute to the degradation of spatial resolution in multicell, ionization chamber detectors.
FIG.1 illustrates an embodiment of a multicell, x-ray detector of the present invention. A
pressure vessel (not shown) contains a detector gas 16 at high pressure. One side of the

pressure vessel defines a thin window which is substantially transparent to the electromagne- -

tic radiation at x-ray frequencies. The window may be constructed from any of the materials

which are well known and commonly used for that purpose in the radiation detection arts; for .

example, aluminum, plastics resin, or a matrix of plastics resin reinforced by low atomic
number metals. The term “substantially transparent”, as used herein means that the proba-
bility of x-ray radiation interacting with the window material is much less than the probability
of that x-ray radiation interacting with the detector gas 1 6. In the illustration of FIG. 1, x-ray
radiation enters the detector array in a direction which is substantially perpendicular to the
plane of the drawing.

The detector gas 16 fills the pressure vessel and is chosen to be substantially opaque to
electromagnetic radiation at x-ray frequencies. As used herein, the term “substantially
opaque” means that the probability of x-ray radiation interacting with the detector gas 16 is
much greater than the probability of that electromagnetic radiation interacting with the
window. The gas type, gas pressure, and electrode spacing are chosen using methods well
known to the art so that a large fraction (typically more than 70 percent) of the incident x-ray
photons are absorbed within the gas. The detector gas 16 may, typically, comprise a rare gas
of high atomic number, for example, xenon, krypton, argon, or a molecular gas comprising

atoms having an atomic weight greater than that of argon (i.e. 39.9); at a pressure from

approximately 10 atmospheres to approximately 100 atmospheres.

A plurality of planar cathodes 10 are disposed in the gas 16 within the pressure vessel. A
plurality of segmented anode assemblies 12 (more particularly described below) are disposed
equi-distant between the cathodes 10. The cathodes 10 and the anode assemblies 12 are
supported by bolts 20 and separated by insulators 18. Grounded guard rings 22 may be
inserted, if desired, into the insulators 18 between the cathodes 10 and the anode assemblies
12 to drain currents which might otherwise flow along the insulators and introduce measure-
ment errors. The cathode structures 10 are maintained at a negative voltage with respect to
ground by a voltage source 24.

The electrodes in the descriptions of the preferred embodiments of the present invention
have, for ease of description, been referred to as “‘cathodes” and “anodes”. It is to be
understood, however, that the polarity of the electric potentials applied to these detectors
may be reversed without affecting the principles of operation of the disclosed invention and
that the “anode” structures may be operated at an applied potential which is negative with
respect to the “cathode” potential. The terms “cathode” and “anode”, as used herein and in
the appended claims, mean electrodes of opposite polarity.

The anode assemblies 12 each comprise a plurality of separate strip-like anode elements
14a through 14f disposed on the surfaces of a thin dielectric sheet 15 in a direction substan-
tially parallel to the direction of the incident x-ray beam. Individual anode elements are
arranged in groups along planes lying perpendicular to the cathode plates 10 and the
dielectric sheets 15. Thus, anode elements 14a and 14b define a first plane through the array
while anode elements 14c and 14d define a second plane and anode elements 14e and 14f
define a third plane. Any number of anode elements may be incorporated in an array to
define a large number of separate detector planes. However, limitations imposed by the x-ray
source intensity, the cost of the electronic circuitry, and the resolution limiting effects of x-ray
fluorescence will generally limit the number of planes in a practical detector to two or three.
The anode elements 14a, 14c, and 14e of FIG.1 comprise the anode structure for a single
detector cell while the anode elements 14b, 14d, and 14f comprise the anode elements for an
adjacent cell. The number of individual parts and the complexity of the detector array are,

however, substantially reduced by affixing the elements 14a through 14fona single dielectric .

sheet 15. The dielectric sheet may typically comprise mica, silicone resin reinforced with glass
fiber, or any other material which is commonly used for that purpose in the detector arts.

FIG. 2 is a sectional view through an anode assembly 12. The individual anode element
strips 14a and 14b are connected to wire leads 25 which pass through the back wall of the
pressure vessel 26 in insulating bushings 27. Each individual anode segment 14a through 14f
is connected to ground through a current measuring circuit 28. The current measuring circuits
28 are, typically, located outside the pressure vessel and may comprise electronic circuits
which convert the current flow from the anode segments into signals which may be utilized
and processed in a digital computer. '

The cathode plates 10 are constructed from metals which are substantially opaque to
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electromagnetic radiation at x-ray frequencies. Metals of high atomic number, for example,
molybdenum, tantalum or tungsten, are suitable for use as the cathodes. By way of illustra-
tion only, in a typical detector the cathode plates are constructed from 0.05 mm molybdenum
or tungsten sheets.

Photons of x-ray radiation enter the detector through the window in directions substan-
tially parallel to the anode assemblies 12 and the cathode plates 10. The photons intereact
with the gas 16 in the regions between the anode assemblies 12 and the cathode plates 10.
Electron-ion pairs which are produced by interaction of the gas 16 with the photon drift along
electric field lines between the anode elements and cathodes are collected thereon to produce
electric current signals. The electric current flowing from a particular anode element 14a-14f
is proportional to the number of x-ray photons interacting with the gas 16 in the space
between that anode and the adjacent cathode 12.

This detector is relatively insensitive to the resolution limiting effects of k-band, x-ray
fluorescence. Any x-ray photons which are produced by fluorescence in the region between
an anode assembly 12 and a cathode 10 must pass through a cathode plate 10 before they
would be capable of producing electron-ion pairs which would drift to an adjacent anode
assembly. As indicated above, the cathode plates 10 are constructed from material which is
substantially opaque to x-ray photons and the incidence of fluorescent x-ray photons with
sufficient range to produce current in adjacent cells is thereby greatly reduced. The anode
assemblies 12 and cathode structures 10 of the present embodiment lie parallel to the
direction of photon incidence. The plates of the anodes 15 and the cathodes 10 may,
therefore, be spaced relatively close together yielding a detector with a short recovery time,
while the length of the plates may be increased to produce a detector of high sensitivity. By
way of illustration only, in a typical detector, the anode assemblies 12 and cathode plates 10
are mounted on 2 mm centers. The parallel cathode plates of this detector embodiment also
serve to absorb incident photons which are scattered from external objects (i.e. tissue under
examination) and which enter the detector at an oblique angle.

‘The individual anode elements 14a-14f of the anode assembly 12 are arrayed on opposite
sides of a thin dielectric sheet 15. Considerable electrical capacitance therefore exists
between paired electrode elements (i.e. 14a and 14b) on opposite sides of the dielectric sheet
15. This additional capacitance may tend to load or otherwise interfere with integrating
circuits and preamplifiers which are typically incorporated in current measuring circuits 28
and thus may tend to slow the response time of those circuits. FIGS. 3 and 4 are an alternate
anode assembly (12) embodiment which provides decreased interelectrode capacitance.
Individual anode elements 30a, 30b, 32a, and 32b each comprise a group of parallel
conductive strips 34 deposited on the surface of a dielectric sheet 15, i.e., anode element 30b
comprises a plurality of parallel conductive strips 34 which are separated by spaces 35.
Typically, the width of the strips 34 is equal to the width of the spaces 35. The strips 34 in each
element are electrically connected in parallel and to ground through a current measuring
circuit. The strips on one side of the dielectric sheet 15 (i.e., strips 36 of the element 32b) are
disposed opposite the spaces between the strips of the element on the opposite side of the
array (i.e., spaces 35 between the strips 34 of element 30b). The capacitance between the
elements on opposite sides of the dielectric sheet is thereby substantially reduced. In a typical
array, each strip is approximately 0.25 mm wide, approximately 2.5 cm long and may be
produced by a screen printing or etching process.

The guard rings 22 (FIG. 1) need not be formed as separate structures within the detector
array. FIG. 5 is an alternate embodiment of a detector array wherein guard electrodes 40 are
disposed on the surface of the dielectric sheets 15, adjacent the insulators 18. Thus, the guard
electrodes 40 may, if desired, be disposed on the dielectric sheet 15 in the same manner as the
anode elements 14a-14f. :

The detector arrays of the present invention allow the rapid recording of x-ray transmission
data in a plurality of parallel planes and thus permit high speed, high resolution tomographic
examinations. The array contains a relatively small number of individual components which
may be contained in a single pressure vessel to provide a compact structure which may be
easily aligned in x-ray equipment.

WHAT WE CLAIM IS:- :

1. Anx-ray detector array for selectively responding to x-ray radiation arriving from an
anticipated direction comprising a gaseous medium substantially opaque to electromagnetic
radiation at x-ray frequencies; a plurality of substantially planar cathodes disposed in said
gaseous medium; a plurality of substantially planar anode assemblies insulated and spaced
from said cathodes disposed in said gaseous medium, each of said anode assemblies lying
approximately equi-distant between two of said cathodes, and means for applying electric
potential between said cathodes and said anode assemblies;

each of said anode assemblies comprising a plurality of conductive strips disposed on one or
more surfaces of a planar dielectric sheet, said strips being arranged to be disposed substan-
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tially parallel to said anticipated direction.

2. An array according to claim 1, wherein the planes of adjacent anode assemblies are
substantially parallel.

An array according to claim 1 or claims 2, wherein each of said cathodes comprises

material which is substantially opaque to electromagnetic radiation at x-ray frequencies.

4. Anarray according to any one of claims 1-3 wherein the conductive strips in said anode
assemblies are disposed in a plurality of measurement planes arranged to lie substantially
parallel to said anticipated direction and lying perpendicular to said dielectric sheets.

5. An array according to claim 4, wherein at least one of said strips in each of said anode
assemblies is disposed in each of said measurement planes.

6. Anarray according to any one of the preceding claims, wherein said strips are disposed
on opposing surfaces of said dielectric sheet.

7. An array according to claim 6, wherein each strip of a first surface of said dielectric
. sheet is disposed opposite a strip on a second surface of said dielectric sheet.

8. An array according to claim 6, wherein each of said conductive strips comprises a
plurality of conductive segments electrically connected in parallel, each of said segments
being spaced from adjacent segments to define a plurality of gaps therebetween.

9. An array according to claim 8, wherein the segments on a first side of said dielectric
sheet are disposed opposite the gaps of a second side of said dielectric sheet.

10. An array according to any one of the preceding claims, wherein current measuring
means is connected in series with each of said conductive strips and with said means for
applying electric potential.

11. An array according to claim 10, wherein said means for applying electric potential is
adapted to operate said detector array in the ionization chamber mode. ‘

12. An array according to claim 10 or claim 11, wherein the magnitude of said electric
potential is less than the magnitude of electric potential which will cause or maintain an
avalanche multiplication in said gaseous medium.

13. An array according to any one of claims 10-12, wherein said current measuring
function to maintain said conductive strips at substantially ground potential.

14. Anarray according to claim 13, wherein said means for applying electric potential is a
voltage source connected from said cathode to ground potential.

15. Anarray according to any one of the preceding claims, wherein said gaseous medium
comprises elements having an atomic weight greater than or equal to the atomic weight of
argon and wherein the pressure of said gaseous medium is between 10 atmospheres and 100
atmospheres. :

16. An array according to claim 15, wherein said gaseous medium comprises xenon.

17. An array according to any one of the preceding claims, wherein said cathodes
comprise molybdenum, tantalum or tungsten.

18. Anarray according to any one of the preceding claims, further comprising grounded
guard electrodes disposed on the surfaces of said dielectric sheets and insulating means
disposed between each of said guard electrodes and an adjacent cathode.

19. Anx-ray detector array substantially as hereinbefore described with reference to and
as shown in the accompanying drawings.

J.A. BLEACH,
Agent for the Applicants.

Printed for Her Majesty’s Stationery Office, by Croydon Printing Company Limited, Croydon, Surrey, 1980.
Published by The Patent Office, 25 Southampton Buildings, London, WC2A 1AY,from
which copies may be obtained.
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