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(57) ABSTRACT

An energy discriminating apparatus and method 1s disclosed
for use 1 connection with digital radiography and fluoros-
copy. In use of the detection system and method an x-ray
source 1s actuated to direct x-rays through a patient’s body,
the x-rays including both higher and lower energy radiation.
A first detector element, including a plurality of segments, 1s
positioned opposite the source to receive and respond pre-
dominantly to x-rays in a lower energy range, the remaining
X-rays, being generally of higher energy, passing through the
first detector element. A second detector element, also
including a plurality of segments, each segment including a
phosphor coating layer and a sensor, 1s positioned to receive
and respond to the higher energy radiation passing through
the first element. The sensors are coupled respectively to
cach detector element segment for substantially simulta-
neously sensing the response and spatial location, relative to
the detector elements, of radiation to which each detector
clement respectively responds. A filter element 1s interposed
between the first and second detectors to enhance discrimi-
nation 1n the energy response of the respective detector
clements. Particular preferred detector phosphor materials
are 1dentified. The sensors produce separately and simulta-
necously information representing patterns of relatively
lower and higher energy emergent from the patient’s body.
Digital data processing and conversion equipment responds
to the sensors to produce digital information representing
cach of said images, which can be digitally processed to
enhance 1mage characteristics.

35 Claims, 3 Drawing Sheets
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SPLIT ENERGY LEVEL RADIATION
DETECTION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

DESCRIPTION

1. Technical Field

This 1invention relates to the field of medical diagnostic
imaging and more particularly to an improved x-ray detector
for use 1n digital radiography and fluoroscopy. The detector
provides separate simultaneous representations of different
energy radiation emergent from a subject.

2. Background Art

Radiography and fluoroscopy are long well known diag-
nostic 1maging techniques.

In a conventional radiography system, an x-ray source 1s
actuated to direct a divergent area beam of x-rays through a
patient. A cassette containing an x-ray sensitive phosphor
screen and film 1s positioned 1n the x-ray path on the side of
the patient opposite the source. Radiation passing through
the patient’s body 1s attenuated 1n varying degrees in accor-
dance with the various types of tissue through which the
x-rays pass. The attenuated x-rays from the patient emerge
in a pattern, and strike the phosphor screen, which 1n turn
exposes the film. The x-ray film 1s processed to yield a
visible 1image which can be interpreted by a radiologist as
defining internal body structure and/or condition of the
patient.

In conventional fluoroscopy, a continuous or rapidly
pulsed area beam of x-rays 1s directed through the patient’s
body. An 1mage 1ntensifier tube 1s positioned 1n the path of
the beam opposite the source with respect to the patient. The
image 1ntensifier tube receives the emergent radiation pat-
tern from the patient, and converts 1t to a small, brightened
visible 1mage at an output face. Either a mirror or closed
circuit television system views the output face and produces
a dynamic real time visual 1mage, such as on a CRT, a visual
image for interpretation by a radiologist.

More recently, digital radiography and fluoroscopy tech-
niques have been developed. In digital radiography, the
source directs x-radiation through a patient’s body to a
detector in the beam path beyond the patient. The detector,
by use of appropriate sensor means, responds to incident
radiation to produce analog signals representing the sensed
radiation 1mage, which signals are converted to digital
information and fed to a digital data processing unit. The
data processing unit records, and/or processes and enhances
the digital data. A display unit responds to the appropriate
digital data representing the image to convert the digital
information back into analog form and produce a visual
display of the patient’s internal body structure derived from
the acquired 1mage pattern of radiation emergent from the
patient’s body. The display system can be coupled directly
to the digital data processing unit for substantially real time
imaging, or can be fed stored digital data from digital
storage means such as tapes or discs representing patient
images from earlier studies.

Digital radiography includes radiographic techniques in
which a thin fan beam of x-ray 1s used, and other techniques
in which a more widely dispersed so-called “area beam”™ 1s
used. In the former technique, often called “scan (or slit)
projection radiography” (SPR) a fan beam of x-ray is
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directed through a patient’s body. The fan 1s scanned across
to the patient, or the patient 1s movably interposed between
the fan beam x-ray source and an array of individual cellular
detector segments which are aligned along an arcuate or
linear path. Relative movement 1s effected between the
source-detector arrangement and the patient’s body, keeping
the detector aligned with the beam, such that a large area of
the patient’s body 1s scanned by the fan beam of x-rays. Each
of the detector segments produces analog signals 1indicating
characteristics of the received x-rays.

These analog signals are digitized and fed to a data
processing unit which operates on the data 1n a predeter-
mined fashion to actuate display apparatus to produce a
display 1mage representing the internal structure and/or
condition of the patient’s body.

In use of the “area” beam, a divergent beam of x-ray 1s
directed through the patient’s body toward the input face of
an 1mage 1ntensifier tube positioned opposite the patient with
respect to the source. The tube output face 1s viewed by a
television camera. The camera video signal 1s digitized, fed
to a data processing unit, and subsequently converted to a
tangible representation of the patient’s internal body struc-
ture or condition.

One of the advantages of digital radiography and fluo-
roscopy 1s that the digital image information generated from
the emergent radiation pattern incident on the detector can
be processed, more easily than analog data, 1n various ways
to enhance certain aspects of the 1image, to make the 1mage
more readily intelligible and to display a wider range of
anatomical attenuation differences.

An 1mportant technique for enhancing a digitally repre-
sented 1image 1s called “subtraction”. There are two types of
subtraction techniques, one being “temporal” substraction,
the other “energy” subtraction.

Temporal, sometimes called “mask mode” subtraction, 1s
a technique that can be used to remove overlyimng and
underlying structures from an image when the object of
interest 1s enhanced by a radiopaque contrast agent, admin-
istered 1ntra-arterially or mmtra-venously. Images are acquired
with and without the contrast agent present and the data
representing the former 1mage 1s subtracted from the data
representing the latter, substantially cancelling out all but the
blood vessels or anatomical regions containing the contrast
agent. Temporal subtraction 1s, theoretically, the optimum
way to 1image the enhancement caused by an administered
contrast agent. It “pulls” the affected regions out of an
interfering background.

A principle limitation of digital temporal subtraction 1s the
susceptibility to misregistration, or “motion” artifacts
caused by patient movement between the acquisition of the
images with and without the contrast agent.

Another disadvantage of temporal subtraction is that 1t
requires the use of a conftrast material and changes in the
contrast caused by the agent must occur rapidly, to minimize
the occurrence of motion caused artifacts by reducing the
time between the first and second exposure acquisition.
Temporal subtraction 1s also not useful 1n studies mmvolving
rapidly moving organs such as the heart. Also, the admin-
istration of contrast agents 1s contraindicated in some
patients.

An alternative to temporal subtraction, which 1s less
susceptible to motion artifacts, 1s energy subtraction
Whereas temporal subtraction depends on changes in the
contrast distribution with time, energy subtraction exploits
energy-related differences 1n attenuation properties of vari-
ous types of tissue, such as soft tissue and bone.
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It 1s known that different tissues, such as soft tissue
(which is mostly water) and bone, exhibit different charac-
teristics 1n their capabilities to attenuate x-radiation of

differing energy levels.

It 1s also known that the capability of soft tissue to
attenuate x-radiation 1s less dependent on the x-ray’s energy
level than 1s the capability of bone to attenuate x-rays. Soft
fissue shows less change in attenuation capability with
respect to energy than does bone.

This phenomenon enables performance of energy sub-
traction. In practicing that technique, pulses of x-rays having
alternating higher and lower energy levels are directed
through the patient’s body. When a lower energy pulse 1s so
generated, the detector and associated digital processing unit
cooperate to acquire and store a set of digital data repre-
senting the 1image produced in response to the lower energy
pulse. A very short time later, when the higher energy pulse
1s produced, the detector and digital processing unit again
similarly co-operate to acquire and store a set of digital
information representing the 1image produced by the higher
energy pulse. The values obtained representing the lower
energy 1mage are then subtracted from the values represent-
ing the higher energy image.

Since the attenuation of the lower energy x-rays by the
soft tissue 1n the body i1s approximately the same as soft
fissue attenuation of the higher energy x-rays, subtraction of
the lower energy 1mage data from the higher energy image
data approximately cancels out the information describing
the configuration of the soft tissue. When this information
has been so cancelled, substantially all that remains in the
image 1s the representation of bone. In this manner, the
contrast and visibility of the bone 1s substantially enhanced
by energy subtraction.

Energy subtraction has the advantage, relative to temporal
subtraction, of being substantially not subject to motion
artifacts resulting from the patient’s movement between
exposures. The time separating the lower and higher energy
image acquisitions 1s quite short, often less than one sixtieth
of a second.

Details of energy subtraction techniques 1n digital radi-
ography and fluoroscopy are set forth in the following
technical publications, all of which are hereby incorporated
specifically by reference:

Hall, A.L. et al: “Experimental System for Dual Energy

Scanned Projection Radiology”. Digital Radiography proc.
of the SPIE 314: 155-159, 1981;

Summer, F.G. et al: “Abdominal Dual Eneregy Imaging”
Digital Radiography proc. SPIE 314: 172-174, 1981;

Blank, N. et al: “Dual Energy Radiography: a Preliminary
Study”. Digital Radiography proc. SPIE 314: 181-182,

1981; and

Lehman, L.A. et al: “Generalized Image Combinations in
Dual kVp Digital Radiography”, Medical Physics 8:
659-667, 1981.

Dual energy subtraction has been accomplished, as noted
above, by pulsing an x-ray source 1n a digital scanning slit
device at two kVp’s, typically 120 and 80 kVp, and
sychronizing the pulses with a rotating filter which hardens
the high kVp pulses by filtering out the lower energy x-ray.
This results 1n the patient and x-ray detector sequentially
seeing high energy and low energy beams from which the
mass per unit area of bone and soft tissue can be solved for.

In energy subtraction, it 1s desirable that the two energy
levels should be widely separated. This 1s necessary 1n order
to accurately define the masses per unit area of bone and soft
tissue.
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With a slit scanning device, such as described above,
sequentially pulsing the x-ray tube at 120 and 80 kVp 1s
technically difficult and gives rise to very difficult problems
in a practical clinical device. The switching frequency has to
be on the order of 500 Hz. and insufficient photons (x-ray
energy per pulse) results when the highest capacity x-ray
tubes are combined with realistically narrow slit widths and
scanning times.

In connection with CT (computerized tomography)
applications, a two layer energy sensitive detector has been
proposed. In this proposal, a first calcium fluoride layer 1s
provided for sensing lower level x-ray radiation, and a
seccond downstream sodium 1odide layer senses higher
energy radiation passing through the first layer. Light caused
by radiation 1n each of the two layers 1s separately sensed by
respective photomultiplier tubes.

DISCLOSURE OF THE INVENTION

The disadvantages and problems of the prior art are
alleviated or eliminated by the use of an energy discrimi-
nating radiation detector including three elements. The
detector includes a first element predominantly responsive to
radiation of a first energy range, and a second element
positioned behind the first, responsive to radiation 1n a
second and higher energy range, along with a radiation filter
interposed between the first and second elements.

Thus, an energy sensitive x-ray detector system for use in
digital radiography 1s provided. For each picture element of
the radiographic projection, the detector provides two read-
ings from which the mass per unit area of bone and soft
tissue through which the x-ray beam passes can be deter-
mined.

The energy sensitive x-ray detector employs a low atomic
number phosphor screen or discrete array of phosphor
segments coupled to a photodiode array, followed by a high
atomic number of phosphor screen or discrete segment array
similarly coupled.

An energy sensitive segment of an element of the detector
system consists of a low atomic number phosphor coating
layer coupled to a first photodiode, followed by a high
atomic number phosphor coating layer coupled to a second
photodiode. The low atomic number phosphor preferentially
absorbs the low energy photons emerging from the patient
and transmits most of the higher energy photons, a larger
percentage of which are absorbed in the second (higher
atomic number) phosphor.

Placing an appropriate filter between the two phosphor/
photodiode arrays increases or hardens the effective energy
of the x-ray spectrum incident on the second phosphor and
results 1n a greater and more desirable energy separation
between the x-ray spectra absorbed in the two phosphor
layers.

In accordance with another embodiment, a split energy
radiation detector 1s provided including a first energy
responsive element comprising a quantity of phosphor mate-
rial including one of yttrium oxysuliide and zinc cadmium
sulfide, and a second energy responsive element positioned
to receive energy passing through said first element, said
second element including one of gadolinium oxysulfide and
cadmium tungstate.

In accordance with another specific aspect of the
invention, the radiation filter interposed between the two
clements or layers 1s made of a material containing copper.

In accordance with a broader aspect of the invention, there
1s provided a split energy radiation detector screen compris-
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ing a deck of separate detector elements at least partially
mutually superposed, each element being capable of pro-
ducing information spatially locating radiation incident on
the screen.

These and other aspects of the present invention will
become more apparent from a consideration of the following,
description and of the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a plan pictoral and block 1illustration of a system
Incorporating the present invention;

FIGS. 1A—-1E are detail views illustrating a portion of the
system of FIG. 1;

FIG. 2 1s a side view illustrating a portion of the system
llustrated 1n FIG. 1;

FIG. 2A 15 a detailed side view 1llustrating a portion of the
system of FIG. 1;

FIG. 3 1s a perspective view of an alternate embodiment
of a portion of the system of FIG. 1.

FIG. 3A 1s a graphical description of a preferred feature
of the portion of the system illustrated in FIG. 2.

FIG. 4 1s a graphical representation of operating charac-
teristics of the portion of the system illustrated i FIG. 2;

FIG. § 1s a block diagram 1illustrating another system
incorporating an embodiment of the present invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

FIG. 1 1illustrates a slit projection type of digital radiog-
raphy system 1n which the present mnvention 1s incorporated.
The system S scans a thin fan beam of multi-energetic x-rays
over a patient’s chest and separately detects a pattern of
x-rays ol different energies emergent from the patient’s
body. Information represented by the detected x-rays 1s
processed and displayed to 1llustrate a representation of an
image of the patient’s internal body structure or condition.

More specifically, the system S includes an x-ray source
X affixed to mounting structure M for projecting a thin fan
beam B of x-rays through the body of a patient P, to strike
an aligned array D of detector segments. The fan beam B 1s
coniined by a forward slit K to substantially a vertical plane.
The detector array D constitutes a vertical stack of indi-
vidual detector segments E, described 1n more detail below,
and aligned with the vertical plane defined by the beam B.
An aft slit J attached to the detector D receives and aids in
the definition of the planar beam B.

The x-ray source X 1s mounted on the structure M to
rotate about a vertical axis, defined in FIG. 1 as extending
into the paper. Mechanical linkage L couples the x-ray tube
X to the detector array D and causes the detector array D to
scan behind the patient’s body 1n the directions of the arrows
A, A", in order to maintain the detector D aligned with the
beam B throughout the scanning rotative motion of the x-ray

tube X.

The x-ray source X 1s controlled to emit either a continu-
ous beam or a rapid succession of x-ray pulses 1n the form
of the fan beam B. The x-ray tube X and the detector D are
synchronously scanned, about a vertical axis, across the
patient from one side of his body to the other. The detector
output 1s periodically sampled. Each sampling produces
signals representing a line of 1mage mformation. Over the
course of the scan from side to side, signals are developed
describing a plurality of lines, which together constitute an
arca 1mage of the patient’s mternal body structure.
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Details of some aspects of a digital radiography system
such as described above are set forth 1n the following
publications, hereby expressly incorporated by reference.

Arnold, B.A. et al, “Digital Radiography: An Overview”
Proc. of S.PI.E. Vol. 273, Mar. 1981;

Kruger, R.A. et al, “A Digital Video Image Processor for

Real Time X-Ray Subtraction Imaging” Optical Engineering
Vol. 17 No. 6 (1978).

The detector D separately detects x-rays of different
energy ranges 1impinging on the detector array. An element
of the detector array, by way of two sets of leads 01, 02,
transmits analog signals representing detected x-rays within
lower and higher energy ranges, respectively.

The signals on the lead sets 01, 02, are provided to an
analog-to-digital converter C which digitizes the outputs and
feeds them to a digital processing and receiving unit DPU.
The DPU processes these digitized output signals to con-
struct a digital representation of an 1mage of the patient’s
internal body structure scanned by the x-ray beam B, on a
line-by-line basis. Digital signals from the DPU are con-
verted to analog form by way of a digital-to-analog
converter, and fed to a display unit T, which 1n response,
produces an 1mage 1n visual form corresponding to the
image representing signals from the DPU.

Optionally, digital storage means can be provided in
conjunction with the DPU in order to digitally store the
image representations for future use. In such event, the
digitally stored signals can be played black through the
DPU, converted to analog form, and their corresponding
images displayed at a later time on the display apparatus T.

FIGS. 1A and 1B illustrate (in simplified form, for clarity)
particular configurations of the face of the detector array D,
as viewed from the right in FIG. 1. In FIG. 1A, for example,
it 1s seen that the detector D comprises a linear vertically
stacked elongated array of detector segments E.

An alternative embodiment to the vertical linear detector
array shown 1n FIG. 1A 1s illustrated in FIG. 1B. This 1s
known as a “staggered” array. The staggered array consists
of two side-by-side vertical columns of detector segments E,
E'. One of the vertical columns, however, is slightly verti-
cally displaced with respect to the other, by a distance equal
to one-half the height of a single detector segment.

FIGS. 1C-1E illustrate i simplified form several embodi-
ments of the detector configuration of FIG. 1A as viewed
from the right side 1n FIG. 1A. FIGS. 1C-1E, however, are
not intended to show the dual layered structure of the
detector segments, which will be later discussed 1n detail,
such as 1n connection with FIG. 2A. The detector arrays are
divided mto individual segments in one of three ways. In one
embodiment, shown 1n FIG. 1C, the detector array D com-
prises an elongated vertical screen strip 10 of particles of
radiation sensitive material which are glued together with a
binder and affixed to a backing of a suitable material such as
polyester. The radiation sensitive material respnds to inci-
dent radiation to produce light. Behind the radiation sensi-
tive screen 10 1s a vertical array of adjacent photodiodes 12.
Each photodiode responds to radiation-caused light 1n the
screen 10 to produce an analog electrical signal indicating
brightness of the flash caused by the sensed radiation events.
Each of the photodiodes 12 responds primarily to light from
radiation events occurring within a portion of the screen
material 10 located adjacent the photodiode.

Special “cellularized” detector configurations are 1llus-
trated 1n FIGS. 1D and 1E. Cellularized detectors have the
advantage of reducing the effects of energy scatter within the
detector array.
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In the form 1illustrated 1in FIG. 1D, the detector screen 10
1s grooved as illustrated for example at reference character
14, and the grooves are 1mpregnated with a reflective
material, such as aluminum oxide, to reduce the effects of
light within the screen 10. The grooves are aligned with the
junctions between each of the adjacent photodiodes 12.

Another form of cellularized detector arrangement 1s
llustrated 1n FIG. 1E. In that embodiment, rather than
utilizing an homogeneous screen, with or without grooves,
separate crystalline portions 16 of radiation sensitive mate-
rial are employed. Each crystal 1s matched to an adjoining
photodiode and separated from adjacent crystals by a reflec-
five layer. The size of each of the crystals corresponds to the
size of its adjoining photodiode 12.

In all of the foregoing detector arrangements, the photo-
diodes are adhered to the screen portion 10 by a mechanical
pressing operation, which can optionally be aided by a small
quantity of adhesive, and/or a small amount of optical
coupling grease to enhance the degree of optical coupling
between the screen 10, or crystals 16, and the photodiodes

12.

As pointed out above, 1t 1s desirable, when practicing the
energy subtraction 1mage processing technique, to be able to
separately represent different energy radiation which
impinges on the detector segments. Herein 1s disclosed a
particular dual layered, energy discriminating structure for
cach detector segment which facilitates achievement of this
goal.

FIG. 2 illustrates a particular layered detector segment
structure for use as a component of an energy sensitive
radiation detector array D. The detector responds to radia-
tion incident upon 1t, transmitted 1n a downward direction
with respect to FIG. 2, to produce two outputs at leads 18,
20. The output at lead 18 represents radiation incident upon
the detector segment having an energy level 1n a lower
energy range. The output at the lead 20 represents the
detector segment’s response to i1ncident X-ray radiation
having an energy level 1 a second, higher energy range.

The detector segment includes a first elemental layer 22
primarily responsive to lower energy x-rays, and a second
clemental layer 24 responsive to higher energy x-rays. Each
of the layers 22, 24, includes a phosphor coating layer 26,
28, respectively, and a photodiode 30, 32, each respectively
optically coupled to the phosphor layers 26, 28.

The choice of materials for the phosphor layers 26, 28, 1s
significant. For example, preferred phosphor material for the
first phosphor layer 26 include yttrium oxysulfide, and zinc
cadmium sulfide. Alternative phosphors are barium sulfate,
bartum cadmium sulfate, lanthimum oxysulfide and bartum
fluorochloride.

For the second phosphor layer 28, preferred phosphors are
gadolinmum oxysulfide and cadmium tungstate. Alternative
phosphor materials for the phosphor layer 28 include cal-
cium tungstate and barium lead sulfate.

A preferred phosphor coating weight for the first phosphor
layer 26 1s about 20 to 100 milligrams (mg) per square
centimeter (cm®).

Preterred phosphor coating weights for the second phos-
phor layer lie 1 the range from approximately 50 to 1000
mg/cm”.

The detector segment described above as embodying this
invention 1s useful not only in linear detector element arrays
such as used in scan or slit projection radiography, but also
in larger area detector screens used in digital radiography
systems incorporated divergent, “area” x-ray beams. In the
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latter case, a phosphor matrix embodying the detector can
consist of either a single integral x-ray intensifying screen,
a cellularized intensifying screen, or a cellularized matrix of
individual phosphor crystals.

The segments have equal square dimensions 1n each layer.

The dimensions of the individual cell segments, where a
cellularized structure 1s used, are equal to the photodiode
matrix array spacing, such that each individual photodiode
1s congruent with 1ts cell segment.

The cell segment dimensions are greater in the second
layer of the detector than in the first. The relationship
between cell segment dimensions 1n the first and second
layers 1s expressed by the following:

(D2/D1)=(F2/F1)

where
D2=the second detector photodiode, dimension;

D1=the first detector photodiode dimension;

F2=the distance from the x-ray source focal spot to the
second detector layer 24, and

Fl=the distance from the x-ray focal spot to the first
detector layer 22 (see FIG. 3A for a graphical illustra-
tion of these values).

This relation applies 1rrespective of whether a slit projec-

fion or area screen 15 employed.

It 1s desirable that the phosphor material selected for the
first phosphor layer 26 have a primary absorber atomic
number lying in the range of 39 to 57. The corresponding
desirable atomic number range for the phosphor materials’
primary absorber selected for the second layer 28 1s 56 to 83.

The capability of the detector structure of this invention to
distinguish between incident x-rays of differing energy
ranges can be enhanced by the interposition of a filter layer
36 between the first and second layers 22, 24. A preferred
filter material 1s one containing copper, such as brass. A
preferred filter thickness, where brass 1s used, 1s approxi-
mately 0.5 millimeters (mm). The range of practical brass
filter thicknesses 1s from about 0.2 mm to about 1.0 mm.
Alternative filters can comprise either single or multiple
filter elements made of material ranging 1n atomic number
from approximately 24 to 38.

When a detector element constructed in accordance with
the presently indicated preferred embodiment 1s used, a
desirable energy spectrum for the x-ray source 1s from about
80 kVp to 150 kVp, or even higher, if tube technology

permits.

The degree of spacing between the first and second layers
22, 24 of the detector segment 1s not particularly critical.
Spacing between the first and second layers can suitably
vary from almost physical contact to about 3 or more
centimeters (cm). The spacing between the filter layer 36
and the first and second layers 22, 24 1s not critical either.

As mentioned above, figures such as FIG. 1C show a side
view of the detector array D 1n a form simplified for clarity.
FIG. 1C 1s simplified in that i1t shows only one of the two
detector elements or layers which each contain a plurality of
detector segments as defined by the dimensions of the
photodiodes 12.

FIG. 2A 1s provided to show the dual detector element
(layer) structure which is the present subject. FIG. 2A shows
how the detailed structure of FIG. 2 appears, when incor-
porated into a linear detector array D. FIG. 2A represents a
side view of such an array.

FIG. 2A1llustrates the two detector elements or layers 22,
24 one positioned behind the other with respect to the
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incident radiation from the source. Each element includes
respectively a coating layer of phosphor 26, 28, and a set of
photodiodes respectively indicated at 30, 32. Between the
clements 1s located the filter element 36.

Each photodiode has a lead emergent therefrom for trans-
mitting 1ts analog radiation indicating signal to the appro-
priate one of the lead groups 01, 02, as described generally
above. For purposes of clarity, only representative leads are
shown 1n FIG. 2A.

The application of the split energy radiation detector of
this invention 1s by no means limited to a linear array of
detectors, for use 1n slit projection digital radiography, the
environment described 1n detail above. The present 1nven-
tion can also be embodied 1n a so-called “area” detector, 1.¢e.,
a relatively large rectangular radiation detector covering a
relatively expansive portion of the patient’s body, designed
for use with so-called “area” beams, which diverge from the
source to expose the radiation detector simultaneously over
its entire face. One layer of such an area detector is 1llus-
frated 1n FIG. 3, 1t being understood that such an arca
detector mncludes two such layers, one behind the other.

Other types of areca detectors exist in which use of this
invention 1s advantageous. One such area detector includes
a first phosphor layer of relatively low atomic number, as
described above, coupled to a radiographic film layer,
behind which 1s a second higher atomic number phosphor
screen coupled to a second piece of film. Also, 1nstead of the
f1lm portions, photoconductive or thermoluminescent plates
could be used.

The principles analogous to the construction of the cel-
lularized and uncellularized detectors described above 1n
conjunction with FIGS. 1A through 1E can also be applied
o area detectors as well.

Where such an area detector 1s used, the decoding elec-
tronics for locating the sites of radiation events across the
face of an area detector are more complicated than in the
case of the linear detector array discussed above. Details of
a system for accomplishing this, which could analogously be
applied to an area detector embodying this invention, are set
forth 1n publication entitled “A Practical Gamma Ray Cam-
era System Using High Purity Germanium™ published 1n the
February 1974 1ssue of IEEE Trans Nuc Sc1 and prepared by
the Ohio State University Department of Nuclear Engineer-
ing under the auspices of a National Institute of Health
contract. This publication 1s expressly incorporated by rel-
erence herein.

As may be implied by the above incorporated publication,
the present invention 1s applicable to radiation detector
technology employing other than phosphor materials which
convert radiation events 1nto light energy. The principles of
this invention can be incorporated as well mto radiation
detection technology utilizing other types of radiation sen-
sitive material, such as solid state materials which convert
incident radiation into electrical signals which represent
radiation 1ncident on the material, without the need for
converting such energy to the form of light.

Energy Sensitive Experiment and Results

The arrangement of the first and second detector layers
employed 1n the experiment was 1n effect as shown 1n FIG.
2. A Lucite and aluminum phantom 38 was employed to
simulate soft tissue and bone. The experimental results are
tabulated 1n Table 1 for a typical 120 kVp radiation level and
plotted 1n FIG. 4. Note how the 1so-Lucite and 1so-aluminum
lines are more distinct when the brass filter 1s inserted
between the first and second detector layers. From the data
in Table 1 the relative uncertainty in estimating the thickness
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of Lucite and aluminum can be calculated and these results
are tabulated 1n Table 2. Note that the ability to discriminate
Lucite and aluminum 1s improved when the brass filter is
inserted between the first and second detector.

The first phosphor layer was a 43 mg/cm® coating of
yttrium oxysuliide. The second phosphor layer was a 110
mg/cm* coating of gadolinium oxysulfide.

TABLE 1

Experimental Results for a Constant,
Typical Exposure Ievel

Brass Lucite Aluminum
(cm) (cm) (cm) (Ry) (R>)
0 0 0 3167 3809
2.54 0 1662 2466
5.08 0 917 1451
8.89 0 398 679
10.16 0 309 2.59 529 3.18
11.43 0 235 415
10.16 | 275 491
10.16 2 249 455
10.16 4 209 2.22 400 2.40
10.16 8 150 308
0558 0 0 3196 2293
2.54 0 1697 1390
5.08 0 945 338
8.89 0 408 400
10.16 0 312 2.47 316 3.06
11.43 0 242 249
10.16 1 282 298
10.16 2 255 278
10.16 4 211 2.21 248 2.29
10.16 8 154 197
TABLE 2

Lucite and Aluminum Discrimination for
10.2 ¢m of Lucite and 4 mm of aluminum

Brass filter Lucite Aluminum % Lucite % Aluminum
Thickness Resolution Resolution Resolution Resolution
0 mm 0.24 cm 0.102 cm 2.4 19.0

0.56 cm 0.16 cm 0.05 cm 1.6 12.5

A split energy level radiation detector such as 1illustrated
in detail 1n FIG. 2 1s also applicable in conventional radi-
ography systems as a phototimer. FIG. § 1llustrates such a
system. An x-ray source 30 directs a beam 51 of x-ray
through the body of a patient P and onto a conventional
radiation screen 52. A split level radiation detector 54,
constructed 1n accordance with the structure detailed in FIG.
2 1s positioned as a phototimer behind the screen to receive
that portion of the X-ray energy from the beam 51 which
passes through the screen 52.

The phototimer 54 produces, on leads 33, 55, signals
indicating the amount of received energy 1n separate lower
and higher energy ranges, respectively. These separate
energy 1ndicating signals are fed to a dual level energy
integrator 56.

The energy 1ntegrator 56 includes circuitry for separately

integrating the amount of energy, over time, indicated by the
outputs on the leads 53, 55.

When the integrated energy values developed by the
integrator 56 accumulate to a predetermined criteria, the
integrator 56 produces a signal to a tube control circuit 58
which terminates operation of the source 50 1n response to
the accumulation of the particular predetermined integrated
energy criterian.
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The energy criterian governing the time of X-ray exposure
can be selected 1n accordance with known principles by
those with skill in the art. This criterion can be defined as the

accumulation of a predetermined amount of energy 1n either
of the sensed energy ranges, or can be a function of both
sensed energy levels.

It 1s to be understood that this description of one embodi-
ment of the present invention 1s intended as 1llustrative, and
not exhaustive, of the invention. It 1s to be further under-
stood that those of ordinary skill in the relevant art may
make certain additions, deletions and modifications to this
embodiment of the invention as described herein, without
departing from the spirit or the scope of the invention, as
described 1n the appended claims.

I claim:

1. [An] In an imaging system, an energy discriminating
radiation detector comprising:

(a) a first element comprising a first material of a kind

which 1s preferentially responsive to penetrative radia-
tion of a first energy range;

(b) a second element comprising a second material dif-
ferent 1n kind from said first material and of a kind
which 1s preferentially responsive to penetrative radia-
tion of a second energy range extending higher than
said first energy range and which 1s positioned to
receive radiation which has penetrated through a por-
tion of said first element; [and]

(c) a filter of penetrative radiation interposed between said
first and second elements; and

(d) means coupled to said elements for producing an
image of a portion of an object from radiation emerging
from the object and incident on the first and second
elements.

2. The detector of claim 1, wherein said filter contains

COppET.

3. The detector of claim 1, wherein said filter comprises
brass.

4. The detector of claim 2 or 3, wherein said filter 1s
selected to have a thickness of from about 0.2 mm to about
1.0 mm.

5. [The detector of claim 1,] An energy discriminating
radiation detector comprising:

(a) a first element comprising a first material of a kind
which is preferentially responsive to penetrative radia-
lion of a first energy range;

(b) a second element comprising a second material dif-
ferent in kind from said first material and of a kind
which is preferentially responsive to penetrative radia-
lion of a second energy range extending higher than
said first energy range and which is positioned (o
receive radiation which has penetrated through a por-
tion of said first element; and

(¢) a filter of penetrative radiation interposed between
said first and second elements;

wherein each said element comprises:

[(a)] a phosphor layer, and

[(b)] a photodiode optically coupled to the phosphor.
[6. A split energy radiation detector comprising;:

(a) a first energy responsive element comprising a layer of
phosphor material including one of yttrium oxysulfide
and zinc cadmium sulfide; and

(b) a second energy responsive element positioned to
receive energy penetrating through said first element,
said second element 1including a second phosphor layer
comprising one of gadolintum oxysulfide and cadmium
tungstate.J
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[7. The detector of claim 6 further comprising;

a copper containing filter element mterposed between said
first and second elements.}
[8. The detector of claim 6, wherein:

(a) said first phosphor layer has a coating weight of about
20 to 100 mg/cm?, and

(b) said second phosphor layer has a coating weight of
about 50 mg/cm* to 1000 mg/cm= .}

[9. A digital radiography system comprising;:

(a) an x-ray source for directing x-rays along a path;

(b) a split energy radiation detector spaced from the
source to receive x-rays from said source, said detector
comprising:

(1) a first element comprising a first material of a kind
which 1s preferentially responsive to radiation of a
first energy range and being located in said path;

(i1) a first sensor for sensing radiation response of said
first element;

(i11) a second element at least partially positioned to
receive source radiation passing through said first
clement, said second element comprising a second
material of a kind which 1s preferentially responsive
to radiation of a second energy level extending
higher than said first range;

(iv) a second sensor for sensing radiation response of
said second element; and

(c) interpretive circuitry coupled to said sensors for at
least partially digitizing information from said sensors
and producing from said digitized information a rep-
resentation of at least a portion of internal body struc-
ture of a subject when interposed in said path.}

10. The system of claim [9] 74, wherein said first material
includes one of yttrium oxysulfide and zinc cadmium sul-
fide.

11. The system of claim [9] 74, wherein said second
material includes one of gadolinium oxysulfide and calcium
tungstate.

12. The system of claim [9] /4, further comprising: an
x-ray filter layer between said first and second elements.

13. The system of claim 12, wherein said filter layer
contains copper.

14. [The system of claim 9,) A digital radiography system
COMPriSing.

(a) an x-ray source for directing x-rays along a path;

(b) a split energy radiation detector spaced from the
source to receive x-rays from said source, said detector
COMPILSING.

(1) a first element comprising a first material of a kind
which 1s preferentially responsive to radiation of a
first energy range and being located in said paih;

(i) a first sensor for sensing radiation response of said
first element;

(iif) a second element at least partially positioned to
receive source radiation passing through said first
element, said second element comprising a second
material of a kind which is preferentially responsive
fo radiation of a second energy level extending
higher than said first range;

(iv) a second sensor for sensing radiation response of
said second element,; and

(¢) interpretive circuitry coupled to said sensors for at
least partially digitizing information from said sensors
and producing from said digitized information a rep-
resentation of at least a portion of internal body
structure of a subject when interposed in said path;

wherelin said sensors each comprise a photodiode.
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15. [The system of claim 9,] A digital radiography system
COMprising:

(a) an x-ray source for directing x-rays along a path;

(b) a split energy radiation detector spaced from the
source to recetve x-rays from said source, said detector 5
COmprising:

(1) a first element comprising a first material of a kind
which 1s preferentially responsive to radiation of a
first energy range and being located in said path;

(i) a first sensor for sensing radiation response of said 4,
first element;

(iif) a second element at least partially positioned to
receive source radiation passing through said first
element, said second element comprising a second
material of a kind which is preferentially responsive
fo radiation of a second energy range extending
higher than said first range;

(iv) a second sensor for sensing radiation response of
said second element; and

(¢) interpretive circuitry coupled to said sensors for at
least partially digitizing information from said sensors
and producing from said digitized information a rep-
resentation of at least a portion of internal body
structure of a subject when interposed in said path;

wherein said sensors each comprise a photodiode; and
wherein said x-ray source 1s capable of simultanecously
producing x-rays 1n both said energy ranges.

16. The system of claim [9] /4, wherein each of said
clements 1s substantially planar, one said element being
substantially behind the other with respect to the source.

[17. An imaging method comprising the steps of:

(a) directing x-rays through a subject to be imaged, said
x-rays including both higher and lower energy radia-
tion;

(b) separately detecting higher and lower energy
x-radiation emergent from the subject by passing said
radiation successively through scintillators comprising
respectively different kinds of materials each preferen-
tially responsive to radiation of a different one of said
lower and higher energy ranges, including sensing
responses of said scintillators;

(c) at least partially digitizing information derived in said

detecting step;

(d) processing said digitized information; and

(e) utilizing said processed digital information to produce 4s

a representation of internal structure of the subject.]

[18. The method of claim 17, wherein said digital pro-
cessing step includes a step of subtracting information
obtained 1n said lower energy sensing step from information
obtained in said higher energy sensing step.] 50

[19. The method of claim 17, wherein said sensing step
comprises producing information 1n response to radiation
incident on a plurality of separate detector elements, said
information mcluding spatial location representation of said
incident radiation with respect to a said sensing element.] 55

20. [An] In an imaging system, an encrgy discriminating
radiation detecting method utilizing first and second detector
clements, a first of said elements being preferentially respon-
sive to radiation of a {first energy range, a second of said
elements being preferentially responsive to [energy] radia-
tion of a second energy range extending higher than said first
energy range, said method comprising the steps off;]-

(a) directing radiation extending over both said first and
second energy ranges through a subject;

(b) positioning said first element to receive incident 65
radiation emergent from the subject for response
thereto;

15

20

25

30

35

40

14

(c) positioning said second element to receive radiation
from the source passing through said first element,

[and]

(d) filtering radiation transmitted through said first ele-
ment prior to the arrival of said energy mcident upon
sald second element; and

(e) producing an image of a portion of the subject from the
radiation emerging from the subject and incident on the
first and second elements.

21. A radiographic system comprising:

(a) an X-ray source;

(b) a radiation detector positioned to receive x-rays from
the source;

(c) a phototimer comprising:

(1) an energy discriminating detector located to receive
X-rays from the source and to produce signals indi-
cating x-ray energy received 1n each of two energy
ranges, and

(i1) circuitry coupled between the discriminating detec-
tor and the source for controlling the source as a
function of the x-rays detected 1 said two energy
ranges.

22. A radiation 1maging system comprising:

(a) a source of penetrative radiation;

(b) a dual energy detector assembly comprising two
side-by-side columns of individual detector elements,
one column being staggered with respect to the other by
a distance equal to less than the dimension of a single
detector element taken along the direction of 1its
column, and additional detector elements positioned
behind said columns, relative to said source;

(c) mounting structure for maintaining said source and
said detector assembly sufficiently spaced to provide a
subject examining space and for maintaining said
detector aligned continuously 1n said penetrative radia-
tion when produced by said source;

(d) power means for actuating said source to direct
penetrative radiation through the subject examination
space and incident onto the detector assembly;

(e) means coupled to said detector elements for producing
an 1mage of a portion of a subject, when located 1n the
subject space, from radiation emergent from said sub-
ject.

23. The system of claim 22, wherein said staggered
columns of detector elements are offset with respect to one
another by a distance equal approximately one-half the
height of a single detector element taken 1n a direction along
its column.

24. An energy discriminating radiation detector compris-
Ing:

(a) a first component comprising a first material of a first

kind which 1s preferentially responsive to penetrative
radiation of a first energy range;

(b) a second component comprising a second material
different in kind from said first material and of a kind
which 1s preferentially responsive to penetrative radia-
tion of a second energy range extending higher than
said first energy range, said second component being
positioned to receive radiation which has penetrated
through a portion of said first component, and

(c) means coupled to said first and second components to
produce electrical signals representing radiation when
incident respectively on said first and second compo-
nents.

25. The detector of claim 24, [wherein: said filter com-

prises] further comprising a filtering material having an
atomic number 1n the range of 24-58.
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26. The detector of claim 24, wherein:

said first component comprises a phosphor layer compris-
ing an element having an atomic number lying in the
range of 39-57.
27. The detector of claim 24, wherein said second com-
ponent COmprises:

a phosphor layer comprising an element having an atomic
number lying within the range of 56—83.
28. The detector of claim 24, wherein one of said first and
second components comprises:

a phosphor layer proximate and aligned with a layer of
light sensitive film.
29. The detector of claim [24] 7, wherein one of said first
and second [components] elements comprises:

a phosphor layer; and

wherein said means for producing an image comprises a
photoconductive plate, said phosphor layer being
proximate and aligned with a portion of said photo-
conductive plate.

30. The detector of claim [24] 7, wherein one of said first

and second [components] elements comprises:
a phosphor layer; and

wherein said means for producing an image comprises a
thermoluminescent plate, said phosphor layer being
proximate and aligned with a portion of said thermolu-
minescent plate.

31. The detector of claim 24, further comprising:

a filter of said penetrative radiation interposed between
said first and second components.
32. The detector of claim 31, wherein:

said filter comprises material having an atomic number in
the range of 24-58, and a thickness i1n the range of
about 0.2 mm to 1.0 mm.

33. the detector of claim 24, wherein said second material
comprises material having a primary radiation absorber
having a higher atomic number than that of said first
material.

34. The detector of claim 24, wherein:

(a) said first material comprises one of yttrium
[oxysulfite] oxysulfide, zinc cadmium sulfide, barium
sulfate, barium cadmium sulfate, [lanthium oxysulide}
lanthanum oxysulfide and barrum fluorochloride,

(b) said second material comprises one of gadolinium
oxysulfide, cadmium tungstate, calcium tungstate and

barium lead sulfate.
35. The detector of claim 24, wherein:

(a) said first material comprises a first layer of phosphor
material having a coating weight of about 20 to 100
mg/cm?, and

(b) said second material comprises a second phosphor
layer having a coating weight of about 50 mg/cm” to
1000 mg/cm®.

36. The detector of claim 24, wherein:

(a) said first component comprises a portion of a first
scintillator material, and

(b) said second component comprises a portion of a
second scintillator material.

J7. The detector of claim 24, further comprising:

a portion of penetrative radiation filtering material inter-
posed between said first and second components and
being capable of absorbing substantially all radiation
incident on said filter element lying within said first
energy range, while not absorbing substantially all such
radiation of said second energy range.
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38. A method for detecting area distribution of differing
energy levels of penetrative radiation, said method compris-
Ing:

(a) detecting preferentially lower energy radiation by

passing 1t through a first detector element including a
scintillator and a plurality of segments;

(b) detecting higher energy radiation by transmitting
radiation emergent from said first detector incident onto
a second detector element including a scintillator and a
plurality of segments;

(c) filtering penetrative radiation emergent from said first
detector before said second detecting step, and

(d) producing information in said first and second detect-
ing steps spatially locating radiation over an arca with
respect to at least one of said detector elements.

39. An energy discriminating radiation detector compris-

ng:

(a) a first component comprising a first phosphor material

including a primary radiation absorber having an
atomic number lying the range of 39-57;

(b) a second component comprising a second phosphor
material aligned with said first phosphor material to
receive radiation when said radiation has penetrated
through a portion of said first component, said second
phosphor material including a primary radiation

absorber having an atomic number lying within the
range ol 56—83, and

(c) means coupled to said first and second components for
producing electrical signals representing radiation
when 1ncident on said detector.

40. An energy discriminating radiation detector compris-

Ing:

(a) a first component comprising a first material of a first
kind which 1s preferentially responsive to penetrative
radiation of a first energy range;

(b) a second component comprising a second material
different in kind from said first material and of a kind
which 1s responsive to penetrative radiation of a second
energy range extending higher than said first energy
range, sald second component being aligned with said
first component to receive radiation when said radiation
has penetrated through a portion of said first
component, and

(c) means coupled to said first and second components to
produce ceclectrical signals representing penetrative
radiation when incident on said detector.

41. A radiation 1maging system comprising:

(a) a source for propagating penetrative radiation along a
path from a focal spot;

(b) a detector assembly spaced from said source and
interposed 1n said path, said detector assembly com-
pPrising:

(1) a front array of individual detector elements, each
front array element including a penetrative radiation
sensitive receiving face having a discrete geometry,
said front array element faces being located at sub-
stantially a distance F, from said focal spot;

(i1) a rear array of individual detector elements, each
said rear array element including a penetrative radia-
tion sensitive receiving face having a discrete
geometry, wherein each element of said rear array 1s
substantially aligned behind a corresponding ele-
ment of said front array, with respect to said focal
spot, and 1n which each rear array element has a
receiving face which has a larger arca then the
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receiving face of 1ts corresponding aligned front

array element, said rear array receiving faces being

located at substantially a distance F, from said focal
spot, and

(¢) circuitry coupled to said detector arrays for producing

a representation of radiation when incident on said

detector elements.
42. The system of claim 41, wherein:

(a) said receiving faces of said detector elements of said
front and rear arrays have similar geometry, and

138

(b) a dimension D, of one of said front array elements 1s

related to a corresponding dimension D, of one of said
rear array elements by the following relation:
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