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@ Scanning radiographic apparatus and method. .

@ Visual display of dental or other radiographic images is
realized with an X-ray tube (13) in which an electron beam
{23) is scanned through an X-Y- raster in synchronism with
X-Y-sweep signals of a cathode ray display tube (17).

The intensity signal for the display is derived from an
X-ray detector {44) receiving X-rays passing through an
object (12) to be imaged.

The detector (44) is. arranged in a probe (14a) supported
relative to the X-ray tube (13) at any location and a plurality
of such probes (14a) of different configuration is provided to
change focal length, to accomodate to different detector
placements, to enhante patient comfort and to enable pro-

E _duction of.both periapical, and wider angle pantomographic
dental images. High image definition with reduced radiation
dosage may be provided for. Mounting means enable-
changes of collimator (29a) in conjunction with changes of
the probe to change focal length.
A control circuit {16) modifies the X-Y-sweep signals and
modulates electron beam to correct for image distortions.
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SCANNING RADIOGRAPHIC APPARATUS AND METHOD.

This invention relates to radiographic appar-
atus and procedures and more particularly to scanning
¥-ray systems which produce signals which may be used
to present a visible image at a cathode ray tube screen
or the like.

The present invention was initially develops=-.
for usage in dental and medical radiology, and to faciil-
tate descripftion the invention will be herein diconssed
with reference to this particular field of use. As wii_
he apparent, the apparatus may also be advantageously
adapted to various other rgdiographic operations.

The procedure which has been most commonly use..
by dentists to obtain radiographic images of the teeth.
structure or the like of patients produces what 1is caliz.
periapical X—réy radiograph. In this known procedure ar
X—-ray film packet is inserted into the patient's mouth u:._

1]
4

the teeth or other anatomical structure to be imaged. Tui=

e

procedure makes use of an X-ray tube of the form which
ates X-rays at a fixed point on an anode and in which ©iae
X-rays radiate out from that fixed point. The tube is - -
vided with a shield cone which is directed at the filim
packet through the teeth or other structures to be ima::
Preclise positioning of both the {11m packet and .the sni-.
cone 1s necegssary to obhtailn uselul X-ray imarges.

Although the conventional periapical X-ray proos-
dure is very extensively uséd, it 1s subject to several

serious disadvantages. The need to insert and retain a

BAD ORIGINAL



0000079

-2
relatively large film packet in a patient’'s mouth, for ex-
ample, often causes discomfort or gagging and may not be
tolerable to certain patiehts such as small children and
elderly persons. Further, ﬁo visible image is available to
the dentist until the film packet has been removed and sub-
jected to time-consuming development procedures. An instan-
taneous radiographic image can be much more useful to the-_
dentist.

Another very serious problem is that undesirably
large radiation dosage exposures of the patient are needed
in order to produce a complete set of dental X-ray images..
This is in part a result of the véry Tow detection efficiency
of the unscreened X-ray film commonly used for dental X-ray
operations.

Techniques for reducing radiation exposure have
heretofore bean developed utilizing screened film in which
detection efficiency is greatly improved by disposing an
image-intensifying phosphorescent material in. contact wifh
the X-ray film emulsion surface. Owinf to several disadvan-
tages of 1ts own, such as reduced image definition, the
screened film procedure has not proved to be practical in
many situations. :

The problem of high radiation exposure in dental
radiology is often aggravated by a need to repeat the X-ray
imaging process. It may be found that the critical alignment
requirements were not met during the original exposure or
errors 1n developing the exposed X-ray film may be made, both
of which are fairly éommon occurrences. ) '

In part to alleviate the radiation exposure problem,
another procedure known as the pantomographic image technique
has been developed and has been extensively utilized in the
recent past by dentists and oral surgeons. In thils procedure
panoramic or wide angle X-ray imapges are produced by gener-
ating a narrow linear X-ray beam which 1s revolved during the
exposure about an axis of rotation situated within the pa-
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tient's head. The X-ray tube is essentially a conventional

one .at which X-rays are generated at a small fixed point on

an anode. Radiation generated at this point is collimated by

a first slit which 1s parallel to the axis of rotation and

then passes through the patient's head and then through a
second similar collimating slit situéted in front of a screened
film caésette.which is rotated .in synchronism with the rota- -
tional movement of the X-ray beam. The tube and détector mo-
tion causes the X-ray beam to sweep across thé intervening
anatomical structures. Upon development of the film, a pano—v
ramic two-dimensional strip image is produced of curved anatom-
;cal structures in the patient's head such as the mandible or

maxillsa. )
Although a significant reduction of patient radiation

doéage may be realized in comparison with periapical proce-
dures, the conventional pantomographic image technique is it-
.self subject to seVeral disadvantages. It is necessary that
the X-ray beam pass through the entire skull of the patient,
even if it-is only desired to obtain an image of a portion of
the skull such as the dental arch. Consequently, unwanted
images are superimposed upon the desired image data. This
makes interpretation of the image more -difficult and detracts
from the general quality of the image by obscuring desired
data to some extent with undesired information. Moreover,
radiation exposure remalns undesirably high as the X-ray beam
must neceséafily penetrate through the entire skull.
Anatomical structures which are not of pafticqlar'interest
are'theréby necessarily subjected to radiation dosage which
does not contribute any useful information but instead de-
tracts from the quality of the desired data. Further a
significant amount of X-ray scattering occurs during passage
of the X-ray beam through the patient's entire head creating
a background fog in the 1image on the developed film which
undesirably limits the range of contrast in the image and

which may cause loss of definition.
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Additrional losses of definition and contrast arise
from the presence of the intensifying screen in front of the
F;Pay film. linderlying and supplementing these contrast limi-
iations peculiar to the pantomographic image technique i1s the
undesirably limited grey scale latitude of X-ray film in gen-
eral. S5till [further, a long exposure time, %&pically about
20 seconds, is needed to complete a full mouth pantomogrqph;c
image. As a result, problems often arise from patientrmotion
or equipment vibration with consequent blurring of the result-
ing X-ray images. This-tends to be particularly severe when
the patient is an infant or _young child. Finally, a consider-
able degree of distortion of the depicted objects is normally
present in the conventional pantomographic image.

A radically different form of radiographic imaging
system that alleviates or eliminates much of the disadvan-
tages of prior techniques and apparatus is disclosed in Ap-
plicant's United States Patent No. 3,949,229 and Applicant's
copending application Serial No. 663,988 filed March 4, 1976.
Applicant's copending appiications Serial No. 674,059, filed
April 5, 1976, and Serial No. 673,908, also filed March 14,

1976 are also directed to scanning X-ray systems of this
generai kind. _

The general form of scanning X-ray system disclosed
in the above-identified prior patent and copending applica-
tions dispenses with the use of film as an X-ray detection
medium andrprodUCes signals which may be used to produce a
visible image on the screen of a cathode ray tube display-
device including instantaneous images if desired. Radiation
dosage of the patlent 1is substantially reduced. The system
may be utilized to image only a selected portion'of a éubject
such as a patient's dental arch for example without including
superimposed data from other reglions of the subject. Image
data may be 2lectronically stored on magnetic tape or by any
of various other data storage means and the image data may
also readlly be processed by various electronic enhancement
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techniqueé to further improve image quality or to emphasize
specific image characteristics.

A system of the general type described in the above-
described patent and copending applications uses a scanning
X-ray tube in which an electron beam is systematicélly;swept
fA a raster pattern on a broad target or anode plate?%o pro-.
duce a moving point source of X-rays. The region of the sub-
ject Wthh is" to be imaged is situated between the anode plate
of the X-ray tube and an X-ray detector which- is small in re-
lation to the size of the raster pattern and which may there-
fore readily be situated in the oral.cavity or the like of a
dental or medical patient or in similarly constricted interior
spaces of an inanimate subject. The raster sweep signals of
a cathode ray tube display are coordinated with the scanniné
action of the electron beam in the X-ray tube and a signal
derived from the X-ray detector output is applied to the in-
tensity signal terminal of the cathode ray tube. As a result,
a visible radiographic imagerof the region of the subject
situated between the X-ray source and the detector is pro-
duced on the screen of the display device.

In order to be most useful for dental and medical
usages and forrcertain other radiological operations where
similar problems may be encountered, a scanning X-ray system
of this gemeral type should possess certain specific capa-
bilities. First, radiation dosage should be minimized to the
extent poséible while producing an imége of high definition
and contrast range. Sécond the dentist or other operator
should be able to position the X-ray detector very precisely
relative to the X-ray tube at any of a plurality of different
positions within the patient's mouth, or in other constricted
spaces, with a minimum of difficulty and with maximum patient
comfort )

Further, 1t 1s highly desirable that the effectilve
focal length of the system be readily and pretisely change-
able in order to obtaln images of diffgrent dggrees of mag-

N
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Still further, such a system should minimize opti-

“d.a siistoriions and other Torms ol image degradation, which

2nr e presant in apparatus of this general form, in order

to facilitete dimage interpretation.

e

Summary of the Invention

This invention is a scanning X-ray system for pro-
ducinz signals that may be used to present high-quality
radiographic imagés on the screen of a cathode ray tube
with relatively low radiation dosage of the subject and-
having structural provisions which greatly facilitate Ehe
obtaining of radiographs of different forms and radiographs
taken from different locations, including locations within
a patisnt's body or other constricted areas, with a single
X-ray tubes and accessories.

The ¥-ray tube has an electron gun, a broad tar-
get ancde plate and deflector means for sweeping the electron
beam on the anode plate to produce a moving X-ray origin
point. An X-ray detector 1s positioned in spaced-apart re-
laticnship to the X-ray tube on the opposite side of the
portion of a subject which 1is to be radicgraphed. The de-
tector then precduces output signals 1hdicative of variations
f radiation transmissiveness within the region of the sub-
ject which ‘is scanned by the moving X-ray origin point.
Raster scanning at a cathode ray tube may be coordinated
with the scanning atction of the X-ray tube while the inteﬁ-
sity of the cathode ray tube display 1is modulated by the
X-ray detector output signals to produce the desired vis-
ible rad!fcgrenhic image on the screen of the cathode ray
tube.

In one aspect, the inventlon greatly facilitates

the positioning and support of the ¥X-ray detector at any
of a variety of different positions in the oral cavity of

BAD ORIGINAL
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a dental patient or at any of varioué other internal or
external bositions relative to a dental patient, a medical
patient or an inanimate object which is to be imaged. For
thié purpose a series of X-ray detebtors are provided, each
being situated within a separate one of a series of long
narrow probes of differet lengths and configuratioﬁéf .EBach
probe has a base end relegéably engageable 1n an attachment
means situated on the X-ray tube and which contains means
for receiving output signal data from the detector through
the probe. Emplacement of a detector at any of a variety
of different positions in or adjacent to a patient or other
subject is then easily and'quickly aécomplished.by selecting
an appropriate one of the series of probes of different length
and configuration. Adaptability of the system to production
of any of a variety of different radiographs of different
regions of the subject may be still further enhanced by pro-
viding a plurality of the probe attachment means at different
locations on the X-ray tube.

In another aspect,ithe invention provides for ob-
taining radiographic images with very low radiation dosage
whille providing high definition and high contrast in the
image. A radiation collimator is disposed between the X-ray
tube and the subject to absorb X-rays that are not directed
towards the X-ray detector and therefore could not contribute
meaningful data to the deslred image. In a preferred and
highly advantageous form the collimator is- an element formed
of lead gléss-or the like having a lafge number of véry
minute spacedéapart radiation-transmissive passages which
have axes convergent at the position of the X-ray detectors™
Utilization of lead glass for the collimator‘enables the
providing of a very large number of extremely small and
closely spaced radiation-transmissive passages, thereby
énhancing definition in the image, inasmuch as éollimatqrs
of this kind can readily and economically be produced by
fiber optical techniques. 1In a preferred form, a plurality



TSNS AFTEHSE T

0000079

o

Tocil marners ere nprovided esach bteing mountable aft the
{2 = 01 the X-vray tube by disengageable pesitioning means.

T is enabhies guick changes of the focal length of the sys-

tem, to rravide for changing the depree nf magnification,
ainee S T wator may readily be remaved and replaced ..
with <. -ther in which the radiation passares are convergent =

on a i~ re dlistant or a closer ¥-ray detector as might be .
desi==2d. To shift the location ol the detector itself in
conjuaction with such a change of collimator and focal
'length, the series of pfobes discussed above include a
numb=r of probes which situéte the X-ray detector at dif-
ferirg distances from the X-ray tube as determined by the
different convergence points wof the collimators.

In still another aspect, the inventicn provides
for the reduction or elimination of several forms of optical
distortiornn and image degradation whirh can oftherwise be pres-
ent in portions of an image produced by a system cof thils
general tvpe and which can complicate the process of inter-
preting the image. Means are provided, for example, for de-
linezarizing the scanning action of the electron beam within
the X-ray tube Lo compensate for variable magnification ef-
2rent portions of the image which can otherwise

=h

be irherent in the geometry of such a'system. Further means
may he provided to increase electron beam current in the
A-ray tubz as the beam moves away from a centered position on
the ancde late. This -compensates for the fact that X-rays'
travaeling toward the detector must pass through an increasing <<
amount of target material as the X-ray origin polnt moves away
fror the axis of the tube and may also be used to compensate

for inverse sa.Jdare law attenuatlion of the X-ray beam. Sfill
further, .gcans may be provided to change the energy of the
elescron beam In the tube at different areas of the scanning
raster to compznsate for differences in radiolucence of d4dif-

ferent regions of the subject whlich 1s being lmaged. Such a

-

3
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nounced difference in the thickness of the molar teeth of
a dental patient as opposed to the more forward teeth in the
dental arch. ,

The several aspects of the invention briefly de-
scribed above are preferably jointly utilized in a single
system and then coaggﬁto enable the production of high-gquality
images with very low radiation doses of the subject and furi,
ther provide a high degree of édaptability of a single in-
strument to the production of different forms' of image, and
to different orientations of the X-ray tube and detector
relative to a subject. HoWever, eaéh of the above-described
aspects may also be utilized ihdependently of the others in
a4 scanning X-ray system in circumstances where all of the

several advantages of the invention may not be required.

- Brief Description of the Drawings

In the accompanying drawings:

Figure 1 is a broken-out view of a scanning X-ray
system in accordance with.the invention as utilized for dental
radiography with portions of the X-ray tube and the detector
probe being broken ocut to illustrate internal structure and
with certain electrical circuit components of the system
being shown in schematic form,

Figure 2 is a frontal view of the face of the scan-
ning X-ray -apparatus of Figure 1,

Figure 3 is a dliagrammatic sectional view of a
portion of a radiation collimator used 1in the apparatus of
Figures 2 and 3 better 1liustrating the construction and oper-
ational effects of the collimator, taken along line III-III
of Figure 2,

. Figure 4 ié another diagrammatic section view of
the collimator of the apparatus of Fipgures 1 and 2 taken
along line IV-IV of Figure 2 at right angles 'to the plane of
Figure 3,

5:
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Figure 5 is a partially broken-out view of fhe
foarward portion of an X-ray tube essentially similar to that
i Pigures 1 and 2 illustrating how the focal length of the
s¥stem may be selectively changed by'replacement of the
¥-ray probe and X-ray collimator, __

Pigure 6°is a perspective view of the forward por-
tion of an ¥-ray tube similar to that of Figures 1 and 2 but
emploving a modified form of detector probe particularly
adapted for the production of periapical dental X-ray images,

Figure 7 further illustrates the utilization of
the invention for the productibn of periapical dental X-rays,

Figure 8 is another perspective view of the forward
portion of an X-ray tube esserntially similar to that of Fig-
ures L and 2 i1llustrating the usage of a different form of
{-ray detector probe mounted at a different location on the
face of the X-ray tube,

Figure 9 is a diagram illustrating how certain op-
tical distortions can arise in a scanning X-ray system in
the absence of corrective mechanisms,

Figure 10 1s a diégram further clarifying one form
af optical distortion which can arise in a scanning X-ray
cystem when the scan departs from the central axis of the
svstem in a first or X direction,

Figure 11 is a diagram 1llustrating a related
Torm of distortion which can arise in such a system as the
ccan departs from the central axis in an orthogonal or Y
Glrection, :
Flgure 12 1s a diagram 1llustrating how still other
forms of distortion can arise 1n the absence of corrective
provisions,

Figure 13 1s a circuit diagram of electrical com-
ronents of the scanning X-ray system of the preceding figures
including distortlon correction means,

Figure 14 1is a circuit dlagram i1llustrating an

example of a sultable, more detalled circuit for certain -
S
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componenté shown in block-form in Figure 13,

Figure 15A is a diagram illustrating the X axis
sweép frequency wave form utilized for the X-ray tube and
display'device of thevsystem of the preceding figures,

Figure 15B is a diagram illustrating a mddification
of the wave form of.Figure 15A, pridr to application ts- the
X-ray tube, in order to compensate for the form of opﬁical
distortion which can otherwise occur if .a linear X axis
sweep 1is utilized in the X-ray tube,

Figure 15C is a diagram illustrating a modification
of the Y axis sweep wave fbrm’which is made to Qompeﬁsate,
for a form of distortion which can otherwise occur upon de-
parture of the electron beam of the X-ray tube from the axis
of the system in the Y scan direction, and

Figure 16 illustrates a modification of the X-ray
tube and detector probe of the invention embodying still an-

other means [or alleviating image distortion effects.

Description of Preferred Embodiments

Referring initially,to Figure 1 of the drawings,

a scanning X-ray system 11 is shown which greatly facilitates
the obtaining of a variety of different forms of dental radio-
graph including the providing of instantaneous high-quality
images with relatively low radiation dosage of the patient.
The apparatus 1s depicted in Figure 1 as utilized to produce

a pantomographlc image of the left half of the lower dental
arch of a subject 12. As will hereinafter be discussed, the
same apparatus may then be qu;ckly and convéniently adjusted
to provide additional images for completing a set'of panto-

mographilc images, to provide one or more periapical images of

‘individual teeth of particular interest and may also easily

be used to produce images of other anatomical structures or

of inanimate objects.
Salient components of the scanning X-ray system 11
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include a scanning X—ray-tube 13 of specialized construction,
an X-ray detector probe 1lU4A extending outwardly from the face
of the tube and bheing supborted thereby and an electrical
control and sipnal processing circuit 16 including a cathode
ray tube or other type of X-Y display device 17 of the form
having a screen I at which visible images are dI¥splayed in
response to X and Y axis sweep frequency signals received

at terminals X and Y respectively and in response to intén—
sity signals received at another terminal Z. Oscilloscopes,
television receivers and the like of known construction may

readily be utilized as the display device 17.

.~ X=ray tube 13 includes a vacuum enclosure 19, formed

of glass or other suitable electrically insulative material,
which defines an evacuated region 21. Vacuum enclosure 19
has a relatively narrow end containing an electfron gun
22 of suitable knavnconstruction for producing and ac-
celerating an electron beam 23 towards an opposite target
end of the énclosure. The target end of enclosure 19 is
larger than the electron gun end and is preferably of
rectangular configuration where the system 1is to be used
primarily for dental X-ray operations. The target end of
vacuum enclosure 19 is formed at least in part by a tar-
get anode plate 24 having at least an inner surface 26
consisting of one of the electrically conductive metals
which produce X-rays upon being bombarded by high-energy
electrons, copper, tungsten and tantalum being examples
of metals sultable for the target anode surface 26.
Contrast in the 1lmage is enhanced if the X-rays which
reach the detector are monochromatic or nearly so. This
may be arranged for by an appropriate selection of the.
thickness of the target anode plate 24 since elemental
target materials tend to be more transmissive of their
own characteristic X-rays than of other ¥X-ray wavelengths.
Vacuum enclosure 19 is disposed within a hous-
ing 27 to support and protect the enclosure and to enable
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the mdunﬁing of additional components on the tube as will
hereinafter he described. Housing 27 may be formed of
radiation-absorbent material such as steel or of any of
various”knqwn plastics which contain a sizable admixture
of a heavy radiation—absorbent metal or, as in thié ex-
ample, of plastic h@&?hg a layer 27" of radiation-absorber
at the outer surface. As best seen by referring to Figure .
2 in conjunction with Figure 1, housing 27 has a rectangular
collimator receiving opening 28 in the region of the face of
the tube which opening conforms in size and configuration with
the target anode plate 26 of the tube. An X-ray collimator .294,
which will hereinafter be discussed in more detail, is received
and supported in opening 28. _

To generate a moving point source of X-rays, elecfron
beam 23 is swépt in a raster pattern on target anode plate 26.
The electron beém movement includes a repetitive sweep movement
back and forth across the anode surface 26 in a first direction
which is parallel to the-plaﬁe of Figure 1, and which is
herein designated the X-axis direction. At the same time,
the electron beam is also swept at a slower rate back and
forth in an.orthogonal direction which in this example is
normal to the blane of Figure 1 and is herein designated
the Y-axis direction. The combining of these two movements
causes the electron bheam to sweep successively along a series
of substantlally parallel lines which jointly defline a rec-
tangular raster pattern area on surfaée 26 of the -anode plate.
Sweeping of the.electron beam in this manner-is accomplished
with deflector means which may be of known internal construc-
tion; an annular magnetic Beam'deflector 31 being utilized -
in this example., Magnet deflector 31 may be of the form
having four magnetic poles angularly spaced in quadrature,
of which a single pole 32Y and winding 33Y appears in Fig-
ure 1, and having an annular ferromagnetic yoke 34 which
encircles each of the poles. Deflector 31 is disposed co-
axially,éround.the vacuum enclosure 19 between the electron
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gun 22 and target anode pldte 26 within an annular grobve-Bé
in the inside surface of housing 27.

Under certain circumstances it may be desirable
to selectively change the focal length of the scanning X-ray
system by making certain adjustments which will hereinafter
be explained in more detail. One adjustment which compen-
sates for an optical distortion which could otherwise occur
upon a change of focal length requires the providing of ﬁeans'
for selectively shifting the axial position of the area in
which beam deflection occurs so that the beam deflection area
may be moved further from target anode plate 26. or closer to
the target anode place. To enable such an adjustment in this’
example, the annular groove 3? in which deflector 31 is
situated is of greater length along the axis of the tube
than is the deflector itself so that the deflector may be
moved in the axial direction towards the target anode
plate 26 or toward the electron gun 32 as desired. To
facilitate such movement of the deflector 31 and to hold the
deflector at a selected axial ponsition, tats 37 extend ra-
dially outwardly from opposite sides of the .Jeflector through
slots 38 provided in housing 27 for that purpose. A boss 39
is formed on housing 27 adjacent the forward end of each
slot 38 and one of a pair of disengageable screws U1 extends
through each tab 37, through a series of annular washers U2
and engages in a threaded bore 43 in the adjacent boss 39.

Thus by temporarily -disengaging screws 41 and add-
ing or removing washeré 2 as necessary, and then replacing
the screws, the deflector 31 may be located and fixed at any
desired axial position within the limits established by the
length of groove 36. In instances where frequent changes of
the axlal position of the deflector 31 may be desirable, more
quickly operated axlial positioning means of any of various '
forms may be utilized in place of the screws U1, the threaded
rotatable telescopling sleeve mechanisms commonly used for

changing the focal length of photographic cameras by axial



0000079

-15-
movement of lenses being one example. It should also be noted
that while this example of the invention utilizes beam deflec-
tion means of the magnetlic variety, electrostatic beam deflec-
tion may also be used.

Considering now a suitable construction for the
probe 14A, X-rays produced at target anode plate surface 26
and transmitted through collimator 2§A converge at a rela-
tively small X-ray detector 44 situated at the distal end of
the probe 14A at a location on the central longitudinal axis
of the X-ray tube. The location of detector 44 is spaced
from the face of the tube, including collimator 29A, to enable
positioning, of the subject 12 which is to be imaged between
the collimator and detector. Thus X~-rays received at the de-
tector 44 must first pass through the anatomical region or
the like which is to be imaged. Definition in the image ié in
part a function of the difference in size between the raster
pattern area at target anode plate 26 and the radiation-sensi-
tive area of the detector U44. Accordingly detector 44 should
preferably have a radiation-sensitive area as small as possible
consistent with the need to obtain an adequate count rate from
the amount of radiation which is received. A form of radiation
detector 44 highly suited for this purpose, in view of a very
high detection efficiency and a minimum of structural complica-
tion, 1s a scintillation crystal of any of the known suitable
forms such as sodium iodide doped with thallium, bismuth ger-
"manate or calcium fluoride. For clarity of 1illustration, the
scintillation crystal detector Ul is necessarily-depicted in
Figure 1 as béing somewhat larger than 1s USually optimum in
actual ﬁractice, crystals measuring less than one millimeter
in sigze being typical. Scintilllation crystals of this kind
respond to individual X-rays by producing scintillations of
- visible light which .may be converted to electrical X-ray
count signals by photosensitive means. To fﬁrther-optimize
definition 1n the image, detector sciptillatpr 4l preferably
is formed 1n the shape of -a sector of a sphefe-and i1s situated
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coaxially with the axis of the X-ray tube with the apex of.
the sector being most distance from the X-ray tube and being
A% the point of convergence of the X-rays from target anode
plate 26 that are transmitted through collimator 29A.

In addition to supporting and positioning the
X-ray detector 44, the probe 1U4A also transmits the X-ray
count signals produced by the detector to a photomuléiplier
tube U6 of known internal construction which in this eXa@ple
is situated adjacent the small end of vacuum enclosure 19 '
within housing 27, the housing having a protruding portion
47 formed to receive the photomultiplier tube. For this
purpose the probe 14A is primarily formed of a light pipe
core U8 of light—transmissive‘pnterial, the detector 44 scin-
tillation crystal being partially embedded in or otherwise
optically coupled to the light pipe core 48 near the end of
the core which is remnte from the X-ray tube. To prevent
ambient external light fraom affecting the optical X-ray count
signals, a cdating 49 of opaque material encloses all surfaces
of the core U8 and of the X-ray detector 44 which would other-
wise be exposed to ambilent light. To reduce spurious X-ray
count signals from radiation arriving at detector 44 from di-
rections other than that of the collimator 29A, an additional
inner lining 49 of lead or other highly radiation-absorbent
material may enclose the end portion of the core 48 in the
region of detector 4l except for the surface of the detector
which faces the X—fay tube.

Probe 14A has-a base end 51A releasably securable
in any selected one of a serles of attachment means 52A, 52B,
52C and 52D situated at different positions on the X-ray tube.
As best seen by referring to Figures 1 and 2 in conjunction,
attachment means 52A in this example 1s situated at one side
of the collimator-receiving opening 28 at the mid-plane of
the X-ray tuhe while a second essentially similar attachment
means 52B is provided at the same plane on the opposite side
of the collimator-receiving opening. Another attachment
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means 52C 1is located_below the center of the collimator-
receiviﬁg opening 28 while still another such attachment
means 52D is situated above the center of the opening.

Attachment means SQA may ineclude a cylindrical
passage 53-penetfatina for a distance into the faqe of
housing 27 and shaped to receive base portion 51A of probe
14A. In orde?¥ to assure that the probe enters tﬁzypasgzge
53 only in an orientation which s;tuates the X-ray detectpy
44 at the central axis of the X-ray‘tube, a linear rib or key
54 is formed on base portion 51A of the probe and is received
in a conforming axially extending slot 56 in the wall of pas-
sage 53. To assure that the probe 1s firmly and fully seated
in the attachment means with fhe X-ray detector 44 being situ-

‘ated at the point of convergence of radiation transmitted

through colimator 59, detent means mAay be provided which in
this example consist of a plunger 56 axially slidable in a
passage 57 at right angles to passage 53 and having a spheri-
cal end surface suitahle for engaging a conforming spherical
cavity in the side wall of the base portion 51A of the probe
l4A. Plunger 56 is biaéed towards passage 53 by a compression
spring 58 and snaps into ‘detenting position when the probe
has been fully inserted while enabling easy removal of the
probe when it 1s to be replaced with a probe of different
configuration or when 1t is to be shifted to a different on

=)
~

of the attachment means 52.

In order to retract the plunger 56 as the probe 14A
is being inserted in passage 53 and to provide for efficient
coupling of optilical signals to photomultiplier tube 46, the
end 59 of the base portion 51A of the probe 1UA is a
projecting end of the light pipe core U8 having a conical

conflguration.

Each of the other attachment means 52B, 52C and

w

ach

(

52D may have a similar construction except insofar as
such attachment means has a different angular orientation
with the keyway slots 56 of each attachment means always
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being adjacent the'cnilimafbr-receivinﬁ opening 28 and the
detent means always being on the outward side.

To transmit Y-ray count data optical signals from
end 59 of probe 14A to the photosensitive surface of photo-
multiplier tube 46, a light pipe 61 is disposed within
housing 27 and has- 3@ broad hase portion 62 disposed against—
the photosensitive surface 6f the hhoto tube 46. Forward
from base portion 62, the light pipe 61 divides into four
arms 63A; 63B, 63C and 63D. Arm 63A has a forward end ex-
tending into the inner énd of passage 53 of attachment means
52A and has a conical indentatinn receiving the bointed end
59 of the base 51A of probe 1UA. To facilitate the transmis-
sion of optical signals across the boundary, the juncture
between end 59 of the probe and the forward end of arm 63A
of light pipe 61 may be coated with silicone srease or other
known materials suitable for such purpose. The other arms
53B, A3C and 63D of the light pipe A1 extend to the other at-
tachment means 52B, 52C and 52D respectively in an essentially
similar manner. '

To prevent external light (rom entering the passages
53 of the ones of the attachment means 52 which are not coupled
to probe 14A during an operation of the system, opaque closure
plugs 64 are inserted in the passages 53 of such attachment
means- and are disengasgeably retained therein by the same detent
plungers 56B which otherwise engage a probe.

The probe 1l4A depicted in Figures 1 and 2 is de-
signed te facllitate the obtaining éf nantomographic 1lmages
embracing a sizable portion of a2 dental arch of a subject
12. Such 1mages are usually a panoramic image of approxi-
mately one-half of the dental arch. For such purposes, it
is usually rreferable to locate the X-ray detector Ul in the
ceneral vicinifty of the patient’'s third moliar tooth at ﬁhe
opposite side of the dental arch. To effect this detecter
a minimum of discomfort to the patient this

disposition with

particular probe 14A has an essentially quarter circular con-

'BAD ORIGINAL
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figuration between the linear base portion 51A and the imme-~
of the detector 44 so that it curves around the
patient's face and extends A small distance into

diate region
front of the
the opposite side of the mouth.

'In order to ohtain a complementary pantomographic
image of the other side of the dental arch of the subject 12,

closure 64 is removed from attachment means S6B and the probe

14A is removed from attachment means 52A. The probe is then

rotated and inserted into attachment means 52B, and the clo-
sure 64 is then inserted into attachment means 52A. The probe

14A then extends from the. opposite .side of the face of the
X-ray tube 13 as depicted by dashed lines lﬂA"in Figure 1,

the X-ray detector 44 again being situated at the same cen-

-tered position as before. The X~-ray tube 13, including the

probe 1UA, may then be rotated around to the opposite side of

the patient or Alternately the patient may be turned to locate

the detector Ul in an essentially similar manner but at the

other rear molar 65L of the dental arch.
Basically, the ability of a scanning X-ray system

11 of this general form to produce a radiographic image of

a subject 1s not dependent on the presence of a collimator

294 since only X-rays which are directed towards the minute

detector U4 can contribute to the image. The primary func-

tion of the collimatcr 29A.is to minimize radiation dosage

of the subject. In addition, the collimator acts to erhance

contrast in the image by reducing spurious counts at detector
LY from scattered radiation, X-ray fluorescence and the like.
As a practical matter, the collimator 29A may detract somewhat
frem definition In the image as compared with a similar scan-
ning X~-ray system mnot naving -a collimator but the magnibﬁde

of this effect can easily be kept within acceptable limits and

made Insignificant since any reduction of definition

may be
less than the in-

caused by the collimator may be made to be
definition limitations of the 1lmage display device 17.

herent
matter of reducing patient radiation dosage 1s generally

As the

BAD ORIGINAL
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a more critical one, it is usually desirable in dental or med-
ical usages to operate system 11 with the collimator 294 in

place.
The collimater 29A of this invention is of a special-

ized construction which provides for a high degree of reduction

of patient radiation exposure while minimizing any?gﬁnsequent

loss of image definition. 1In particular, the collimator-29A

includes a collimation element 67 formed of lead glass or bfﬁer4
radiation absorbent material having similar properties. Colli-
mation element 67 is formed with a large number of spaced-apart
radiation transmissive passages 68, of very small cross-sectional
for transmitting X-rays which originate at target'surfacéf'

area,
The passages 68 are aligned in

26 towards the detector 4474
directions which are convergent at the X-ray detector bli.

In other words, each of the passages 63 extends along a sepa-
rate radium of a hypotheticzl sphere having the apex end of

detector U4 as =z center.

Referring now tc Figure 3, the impact of the elec-
tron beam 23 on target anode place 26 causes X-rays 69 to

be emitted in all directions from the point of impact. The

effect of the collimator 29A is to absorb those of the X-rdys
69 which are emitted in the general direction of‘thg;patient

put which are not traveling precisely towards the detector 44
and therefore cannot contribute useful information tdf@he de-

sired 1mage. The collimator has a similar effect on sécpndary

X-rays which may be produced by i1nteraction of a primaﬂ&xx—ray
69 with material behind or within the collimater.

As may be seen by reference tao Figure 4, which is
a cross section of the collimator 294 taken at rigﬁt angles

to the plane of Filgure 3, the radiation transmissive passages

68 are convergent toward detector U4 when viewed in an orthogo-
nal plane as well as in the plane of Figures 1 and 3 and thus

the effect of the collimator is to intercept X-rays 69 which
are directed towards the subject 12 other than the particular

X-rays 69' which are directed exactly towards detector Ui,

'BAD ORIGINAL



i 0000079

-21- -
regardless of the anpular direction in which the unusable
X-rays 69 deviate from a line extending towards the detector.
Referring again to Figure 1, the X-rays produced
o 4 at target anode plate 24 by impact of the electron beam 23
%L? include X-rays of various different énergies and -the lowest
. energy component of the X-ray spectrum 1s of little or minimal
value insofar as the production of the desired image 4s con-
cerneé. _To.avoid unnecessary exposure of the patient to these
low-energy X-rays, one or more absorbent filtering means °
formed of a Tow~atomic-number material, such as aluminum .
for example, may be situated between the target anode plate
26 and the patient. 1In this-example a first such filter
_layer 71, which may typically be two or three millimeters
*.f of aluminum or equivalent radiation absorber, is disposed-
against the forward surface of the target anode plate.
Additional suppression of low-energy X-rays may be provided
for by dispésing another laver 72 of filter material on the
surface of cocllimator e cment A7 which is closest to the
target anode plate and by providing still another layer of
such material 73 on the outer surface of the collimator ele-
ment. The outér léyer 73 of filter material has the further
beneficial effect of absorbing scattered .X-rays araising from
scattering effects within éhe collimator 294 itself. For
similar reasons, the radiation transmissive passages 68 may
be filled with a material such as aluminum or any of various
suitable plastics which absorb very ‘low-energy X-rays in
order to further reduce radiation dosage from XQPay scatter-
ing within thé collimator. Thus it should'be understood
that thé radlation-transmissive passages 68 are not neces-
sarily unobstructed open passages nor are they necessarily
transmissive to all forms of X-rays. The term radiation-
transmissive passage 1s hereln used to define a zone through
the collimator which is transmissive to X-rays of a desired
energy but not necessarily transmissive to qther things.
A collimator element 67 having the physical char-

BAD ORIGINAL



-
“*,

R S SR

0000079

22~
acteristics descrihed abhove may be manufactured by very
precise drilling of the passages 68 through a lead glass
element and if formed in this manner, laser beam drilling
techniques may be preferred 1n order to enable the providing
of a_very large number of closely spaced passages 68 of a
very minute cross-sectional area. As a practical matter it
is preferable to form the collimator element 67 by fiber .
optical techniques similar to those heretofore used for ﬁanu—
facturing microchannel plates as used for example in night-
vision devices and image-intensifiers. 1In one such_technique,
for example, the element 67 is initially formed by disposing
a large number of tubular lead glass rods in parallel rela-
tionship with the passages th(ough the rods being initially
filled with a water- or acid-soluble core material. The array
of glass rods is then fused by heating and is then drawn, in
which process interstices between fthe adjacent glass rods are
eliminated and cross-sectional size is reduced. The fused
array, known as a boule, is then cut transversely to produce
an element of the desired thickness. The resulting fused ar-
ray 1s then etched to remove the soluble core material from
the passages and the faces are polished to form the desired
microchannel plate. Elements can be produced by these tech-
niques in which the passages 68 are typically about 25 microns
in diameter and have a center-to-center spacing of about 37
microns. After processing to the extent described above, the
collimating element has passages 68 which are parallel rather
than convergent. To produce the desired convergence, a sag-
ging process may be used in which the microchannel plate 1s dis-
posed on a sphere having a center at the point towards which the
passages are to converge. The element 1s then heated ﬁo a tem-
perature where sagging occurs either as a result of the wéight
of the mass of the microchannel plate or if necessary with the
ald of externally applied pressure. This sagging causes
the plate to conform to the surface of the sphere which
deformation has the effect of causing the intitlally parallel
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passages 68 to now be convergent at the center of curvature
of the sphere.

As will hereinafter be discussed in more detail,
the primary effect of this sagging 1s to produce the desired
convergence of the radiation-transmissive passages 68. The
spherical curvature of the collimator element €7 as a whole
as depicted in Figure 1 is also produced by the sagging oper--
ation and may have an advantage in many cases in that it
enables closer fitting of the X-ray source against curved
exterior portions of the patient's anatomy suéh as the curva-
ture in the jaw region. However, in other instances the
collimator element 67 need not have an overall curvature but
can be planar provided that the internal passages 68 have
fhe desired convergence, an example of such a flat collimator
being herelnafter described. If the collimater is to be flat,
it may be produced by a somewhat different rrocess which does
not involve the sagging step. In particular, a fused array
of hollow lead glass capillary tubing may be heated and drawn
into the form of a long cone both to reduce passage size and
to produce the desired convergence of all passages towards a
single point. A desired flat section of the cone may then be
produced by transverse cuts, with the resulting flat end sur-
faces being polished to produce the finished collimator ele-
ment. This technique is capable of producing passages 68
down to around 200 microns in diameter without difficulty
although with care still smaller passages may be produced.

In instances where 1t will not be necessary to
change the focal length of the X-ray tube, defined as the
distance'betﬁéen the detector U4 and the target anode plate
24, the collimator 29A may simply be permanently mounted in
position at the face of the X-ray tube. The embodiment of
Figure 1 utllizes a releasable collimator 29A so that the
collimator may be removed and replaced with anbther colli-
mator in which the passages 68 converge at a point further
out from or close} to the target anode plate depending on
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whether focal length is to be increased or decreased. For '
this purpose the collimator element 67 is disposed in a rez-
tangular frame 74 which fits into the collimator-receiving
opening 28 at the face of the tube and which is disengageably
retained therein by threaded screws 76 and which is prefer-
ably formed of radiation-absorbent material. As best seen
in Figure=>2, screws 76 extend into the foreward g;de portions
of housing 27 and enter a short distance into appropriately
located bores in the side of the collimator frame 74. Thus
by disengaging the'screws 76, the collimator 29A may be re-
moved from opening 28 and another collimator of different
focal length may be inserted and may be held in place by re-
engaging thé screws. Screws 76 may be replaced by mofe elab-
orate but more quickly operatéd latching means in instances
where frequent changes Qf focal length are contemplated.

Referring again to Figure 1, a pantomographic image
of the 1left side of the dental arch of a subject 12 will be
produced on screen 18 of X-Y display device 17 by coupling
the output of‘an X-sweep frequency generator or oscillator 77
to both the X-sweep terminal 78 of beam deflector 31 and to
the X-sweep terminal 79 of the display 17. The output of a
Y-sweep frequency generator 81, which produces a repeti-
tive sweep wave form of substantially lower frequency
than that of the X-sweep frequency generator 77, is
coupled to the Y-sweep signal terminal 82 of the beam
deflector 31 and also to the Y-sweep terminal 83 of the
display device 17. Accordingiy, the electron beam 23 is
caused to repetitively sweep through a raster pattern on .
target anode plate 24 and the electron beam sweep of the
display device 17 1s coordinated with that of the source.
Circuits for this purpose will hereinatter be described
in more detail.

The X-ray count signals produced at detector
44 vary in number in the course of this scanning action

in accordance with variations of the radiation—trans-
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missiveness .+ .. - _aence of ohe particuiar nortion
of the patirmi - contomy which is being intercepted by
“-rays 69' 5t 10 aucceessive - ime in the course of the
ceanning qed o Trie count -~iiv.ale, which are initially

aptical sisne iv, are transmitt -1 oy light pipe core U8 of

nrobe 14A ant ‘hen by the int. i light pipe 42 of the
X-ray tube ' . photdémultiplie: ' . -~ 6 where the count
signal-duta S translated int- - . elecprical volta, o
signal. Thre matput signal te .. 4 84 of photomuiti, .
tube U6 is cunled to the Z -+ rensity signal wer.

86 of disp]n;rﬁevice 17 throas . rideo type of an

87. Thus su:eessive pointg i - visible imagp zf
.screen 18 of device 17 have - jepeee of 1llumina! ' ir-

tensity deteirmined by the raai-* 1 i transmissiveneas: ot
the corresnronding points in tt+e repion of the patient '=
anatomy which is being scanned -1ad the image at =screern
18 constjtutFR the desired radiographic image. If each
complete scanning raster is completed within the peribd
of eye persistence of the human biovisual system, the
image may be viewed directly at screen 18. The image
may also be viewed in that manner, without regard to
such scanning time limitation, if a long persistence
cathode ray tube screen 18 is used and preferably one '
of the adjustable persistence type. To provide a perma-
nent record or to provide the viewable image itself where
a relatively long scanning time and short persistence
screen 18 prevent'direct viewing, a camera 18' may be
used to.photoéraph the screen with the exposure time
being equal to that required for at least one.complete
scanning raster. ) ' .
Sultable additional cnmponenfs for the above-
described control circuit 16, hy which various elgcﬁronic
image enhancement ftechniques may be utilized if desired
and by which radiographic Image data may be .stored on mag-
netic tape or the 1ike inatead of atilizing the cumbersome

-BAD ORIGINAL



0000079

-26~

conventional film storage, are described in applicant's
prior United States Patent No. 3,949,229 and may be em-
bodied in the present systém if desired. The electrical
control circuit 16 of this example will hereinafter be de-
scribed in more detail in connection with certain additional
provisions which may be employed 1In the circuit to alleviate
forms of optical distortion in the image which can otherwise
be present. '

Certain structural arrangements have been mentioned
above for the purpose of selectively changing the focal length
of the system. A focal length adjustment may be needed where
a single instrument is to be used for the production of both
wide-angle panoramic pantomogqaphic images and also periapical
dental radiographs or other images in which a smaller portion
of the subject 1s to be imaged at a larger magnification.
This 1s accomplished by feplacing the probe 14A with another
probe which locates the detector 44 further out from the
target anode-plate 24 when focal length is to be increased
or which locates the detector closer to the target anode
plate when focal length 1s to be decreased. When the loca-
tion of the detector Ul is changed in this manner, collimator
29A must also be replaced with another collimator having
radiation transparent passages 68 convergent towards the
new location of the detector 44, Still another adjustment
may also be made in conjunction with such a change of probe
and collimator. 1In particular, 1f the region within the
X-ray tube where the electron beam 23 is being deflected
from the central axis of the€ tube 1s spaced from'the targét
anode plate 24 a distance substantially different from the
spacing of the detector 44 from the target anode plate é
distortion of the image can occur. Although such distor-
tion can be tolerated in many instances, it may be reduced
or eliminated if in conjunctlon with the above-described
change of probe and collimatof to select a different focal
length, the axtal position of the deflector 31 1is also

Tae
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shifted by the previously described means so that the elec-
tron beam deflection region and the detector 44 remain
substantiaily equidistant from, of in constant distance
ratio to, the target anode plate surface 26.

Figure 5 depicts the forward portion of the X-ray
tube 13 after adjustmenfs have been made as dlscussed above
in order to increase the focal length. Thus in Figure 5,
the original probe has been replaced with a new probe 14B "
which may have an internal construction essentially similar
to that of the probe described above except that it is of
greater length to position the detédtor 44B further out
from the face of the tube. The curvature of the probe 14B
‘may also be modified as necessary to maximize patient com-
fort. Similarly, the original collimator has been replaced
with a second collimator 29B in which the radiation-trans-
missive passages 68B have a different angular orientation in
order to be convergent at the new, more distant, location
of the detector 4UB. I¢ may be observed that collimator 29B
also differs from that depicted in Figure 1 by being of the
flat configuration previously described.

The forms of probe 14 described in connection with
Figures 1 to S are primarily designed for production of pan-
tomographic dental X-rays and have been shown and described
as being mounted at one lateral side or the other of the
face of the X-ray tube. For other purposes, such as the making
~of periapical dental X-rays, the probe may have a cbnsiderably
different configuration and may be attached td the X-ray tube
at a different location. Figure™6 depicts the forward por-
tion of the X-ray tube 13 as adjusted to pfovide for the making.
of periapical X-ray images of individual teeth or of a small
number of individual teeth of the lower jaw of the patient.
" In particular, a modified probe 1l4C 1is moﬁnted on the face
of the X-ray tube at the particular attachment means 52B which
1s situated above the central axls of the tube. The modified
ppobe.lﬂc has a different configuratipn from the previously
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described probe and extends directly forward from the face of
the tube and has a slight downward curvature towards the re-
mote or distal end of the probe. In this example this situ-
ates the detector U4UC at a differing distance from the face

of the tube than in the case of the other probe and therefore
a different collimator 29C is utilized which has a correspond-
ingly changed focal length as hereinbefore described. )

The same modified probe 14C may then be used to
make periapical X-rays of teeth of the upper jaw by removing
the probe from attachment means 52D and remounting it in the
lower attachment means 52€ below the coliimator 29C as shown
by dashed lines 14C' in Figure 6. Use of the apparatus of
Figure 6 to make a periapical g—ray image of the upper in-
cisor teeth of a patient, with the probe at dashed line posi-
tion 14C' is depicted in Figure 7. In particular, the X-ray
tube 13 may be positioned directly in front of the patient's
upper jaw with the probe 14C' extending into the patient's
mouth and slightly upwardly to locate the detector ULC of
the probe directly behind the upper front incisor teeth of
the subject 12.

In order to support the X-ray tube 13 including
probe 14C', a mounting bracket 88 may be secured to housing
27 at the underside of the housing in tﬁis instance for con-
nection to suiltable support means 89. The support means 89
in this example is a semi-rigid tubular gooseneck of the form
which can be bent to different configurations by applying
sizable force but which is otherwise—sufficiently rigid to.
support the X-ray tube 13 in a selected posit?%n.and orienta-
tion. 1In instances where the weight of the X-ray tube 13 or
other causes require a non-bendable support, scissors bfackets
or the like of the known forms used to support more conven-
tional dental X-ray tubes may be used. Support means 89 may,
if desired, attach to a housing 91 which contains electrical
control circuiﬁ components of the system in which case con-
ductors for coupling the electrical components of the tube’
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with the rest of the cirruit may be situated within the sup-
port tube 89. 7 '

The examples of the invention described above have
utilized replaceable probes having lengths and configurations
designed to facilitate the making of certain specific forms
of dental radiograph. It should be understood that ofher
probes 14 may be prbvided with different lengths and éonfigu-
rations suitable for making other types.of radiograph either
with invivo subjects or in connection with X-ray inspection
of inanimate objects such as metallurgical castings for.
example. Figure 8§, for example,:illustrates the forward
portion of the X-ray ﬁube 13 supporting still another probe-
14D which is designed for facilitating the making of a médi—
cal X-ray image of the central region of a patient's head
and showing, among other anatomical features, the bony struc-
ture of the ear. For this purpose, the probe 14B may be
mounted in one of the side attachment means at the face of
the tube, attachment me-.s 52B in this case. Probe 14D is
of greater length than those previously depicted and described
and is shaped to curve around the head of the patient and to
enter a small distance into the ear canal at the side of the
patient's head opposite from the face of the X-ray tube. As
will be apparent, a varlety of other probe conflgurations may
be utilized- to locate the detector at appropriate positiods
elither at the opposite side of a patient from the X-ray source
or within any of various body cavities and openings into which
probes may be inserted. Similarly, probes having still other
configurations may be provided to locate the detector within
cavities of manufactured industrial parts, such as castings,
for example, which are to be inspected by X-ray imaging.

Reference has been made to the fact that the basic

electrical control system insofar as hereinbefore described

may under certain cilircumstances result In the presence of forms
of optical distortion in the visible image at: the display de-
vice 17. Distortions may be tolerated in the image, at least
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for many purposes provided that the dentlst, doctér or other
interpreter of the image is aware of the distortions and makes
appropriate allowances in ihterpreting the data. However, it
is obviously preférable to reduce or ilinimate such distor-
tions to the extent possible 1in order to simplify the task of
imgééﬁinterpretation. The present invention furthé?'provides.
control circuit componetns for this purpose.

Components for eliminating a distortion which could
otherwise arise from changing the relative spacing of the
detector and the tube electron beam deflection region from
the target anode plate have already been described. Several
other forms of image distortion or image degradation can occur
unless corrections are provided for. These include both geo-
metrical distortions arising from variations of degree'of ’

magnification at different areas of the image and image inten-
sity variations arising from unwanted variations of the amount
of radiation which reaches the subject or the detector at dlf-
ferent times or at different areas of the scanning raster.

Considering variable magnification effects first,
it should be appreciated that convenient adjustment of the
degree of magnification of the subject in the 1mage 1s one of
the advantages of & scanning X—réy system of this general typel
This can be done in either of two ways. A first method is to
increaserr decrease the size of the scanning raster at the
visual display device 17 relative to the scanning raster size
at the X-ray tube 13. The other method is to change the posi-
tion of the subject relative to the-target anode plate 24 and
detector U4, If the subject 1s positioned relatively close to
the detector U4 it is highly magnified in the image although
the field of view is reduced. Convérsely, if the subject 1is
repositioned closer to the target anode plate 24 and further
from the detector 44, magnification is decreased but a wider-
angle view 1s obtained.

The first method of magnification control can readily

be effected simply by adjusting the beam deflection controls
of either the X-ray tube 13 or the visual display device 17

BAD ORIGINAL
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or both. The second method is accomplished by simply moving
the X-ray tube 13 and probe 14 relative to the subject or vice
versa. . '
The problem of variable magnification at different

regions of the image arises in part from the same factors

which underliexthe.second method of magnification adJustmgﬁt

described above. By referring to Figure 9, it is readily ap-
parent ‘that the several teeth of the dental arch 12 which are
being displayed in the image have different relative positions
between the target anode plate 24 and the detector U4U. Teeth
near the center of the image area are relatively close to the
target anode plate 24 and relatively distant from the detector

‘Ul as compared with the teeth nearer the sides of the image

area. Thus, in accordance with the factors discussed above,
the teeth will exhibit different degrees of magnification in
the image in the absence of a correction.

A second factor '..ich can cause variable magnifica-
ftion at different areas of the 1lmage arise from the fact that
if the rate of scénning of the electron beam along the target
anode plate 24 is uniform, then the effective rate of scanning
along the subject to be imaged may not be uniform. Referring
again to Figure 9, the teeth of the dental arch 12 to be
imaged in this example are situated approximately along a
circular arc A having a radius R and having a center of curva-
ture D at the detector 44, If the electron beam of X-ray
tube 13 1is scanned in the X-direction, that is in the plane
of Figure 9, at a uniform speed, the effective scanning rate
along arc A 1s variable.  Effective scanning fate is slowest
along the central portions of. arc A which are closest to being
parallel to the target anode plate 24 but progressively

~increases toward the end portions of arc A which increas-

ingly curve away from the plane of the target anode plate.
In the absence of correction, the practical effect 1is that
the céntral teeth occupy a.disproportionately large amount
of.the image 1n the X or lateral direction or, in other words,
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tend to be more greatly magnified in the X diregtion than afe

the teeth nearer the sides of the image.
Both of the variable magnification effects described

be reduCed"or'substantially eliminated by delinear-

scanning sweep speeds in both the X and the Y di-

above may

izing the
réections in either=the X-ray tube 13 or the visual display

device 17 in order to compensate for the effects described
It is preferable to delinearize the scanning action

abaove.
of the X-ray tube 13 for this purpose, and electrical circuits
for this purpocss will be hereinafter described. In order to

best understand the operation of such circuits, a more mathe-
matical analysis of the above-described effects is required.
In Figure 9, point Q designates the center of the
target anode plate 24 which is the point of impact of the un-
deflected electron beam along the axis of the tube and defines
point of the coordinate system for the following

the origin
Foint P represents an arbitrarily chosen point of

equations.
electron beam impact on the tarsget anode plate in the course
of a scanning raster. The letter D designates the position
of the detector UL at the center of curvature of arc A along
which the teeth to be imaged are situated, while R is the radius
of the arc. C designates the fixed distance of arc A from
point O along the central ray path 0-D while V is a wvariable
representiﬁg the distance of arc A from the momentary electron
beam 1lmpact point P. X 1s a variable representing the dis-
placement of point P from point O in the X-scan direction and
8 1s a variable represehting the angle formed by ray lines
0-D and P-D. S 1s the coordinate distance of ray line P-D
from ray line 0-D measured along arc A.

From basic trigonometric relationships, it may be

seen that:
(1) X = (R + C) tan ©

(2) S = Re
From (1) and (2), it follows that there 1s a non-
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linear relationship between S and X since S varies linearly
with 6 while X varies as the tangent of 6. Thus if the eleé-
tron beam sweep rates of both the X-ray tube 13 and the visual
display device 17 are-constant, image distortion occurs wherein
teeth closer to the central ray path O-D are more'gfeatly mag- - .
nified than teeth which a®® further away from path 0-D. In
order to remove this particular form of distortion, 8, rather
than X, 1is caused to vary in a'liheéf manner in the course of
each X-direction scan. This is accomplished by éausing the
electron beam sweep rate,_in the X-direction, to vary as a func-
tion of the tangent of 8, suitable electrical circuit means for
this purpose being hereinaftef described. A similar correction
may be applied to correct for curvatures in the orthogonal‘or
Y-direction when the configuration of the subject makes it.
adviéable.

Considering now suitable corrections for variable
magnification effects in the Y-direction, that is at right
angles to the plane of Figure 9, for a subject having the
configuration of dental arch 12 it should be assumed, to
avoid unnecessary complication of the present analysilis, that
all of the teeth lying along arc A have the same vertical
height in the Y-direction. Figure 10 1s a diagrammatic sec-
tion view taken along line X-X of Figure 9 or in other words
along a vertical plane containing the central ray path O-ﬁ.

The tooth T1 which that plane intercepts requires a Y-direc-
tion sweep7distance of YO in order to be fully imaged and is
magnified by the factor (R + C)/R for the reasons hereinbe-
fore discussed. Filgure 11 is a diagrammatic section view
taken along 1line XI-XI of Figure 9 or in other.words aldng-
a vertical plane contalning the ray path P-D. The different
tooth T2 which the p}ane of Figure 11 intercepts requires a
'Y—direction sweep distance of Yp in order to be fully imaged
and 1s magnified by the factor (V + R)/(C + R) relative to
the magnification of tooth Tl. Thus while the teeth T1 and
T2 of Fipgures 10 and 11 respectively are actually of the same



0000G79

3L
height, tooth T2 is more greatly magnified in the image thaﬁ
is tooth Tl. By analyzing this effect for a sefjes of addi-
tional vertical planes, it may be seen, referring back to
Figure 9, that objects of constant height such as the teeth
are assumed to be in this case pnd which lie along arc A be-~-
come increasingly more magnified in the image as S increases
in either directjoﬁ from the central ray path 0-D. This ef-
fect may be reduced or eliminated by delinearizing the Y-
direction electron bheam sweep rate in the X-ray tube 13.' The
Y-sweep rate corrcction needed for this purpose is derived
as follows: . ) :
Referring to Figures 10 and 11, it may be seen that:

b - V+R_
e C + R

(3)

From Figure 9, it may be seen that:
Vv + R
(4)
C + R
Combining (3) and (4) gives:

= sec 6

(5) —£ = sec o

The objective of the correction is to cause all
teeth in the image to exhibit the same helght YO since as pos-
tulated for the present analysis, that is the actual fact.
Mathematically this may be derived as follows:

The djsplacement in Y fhat passes through the origin
0 variles with time:

(6) Y o = F(t)
In this example, F(t) is a triangular wave function owing to
the lack of significant curvature of the teeth in the vertical
direction.

Combining (5) and (6) gives:

(7) Yp = F(t) sec 8
Thus the Y-direction sweep rate of the electron beam
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in the X;ray tube 13 should be delinearized and caused to vary
as a secant function of 8, circuit means for this purpose being
hereinafter described. '

Use of the secant function for this purpose results
from the disposition of the teeth along an arc A having a
constant radius of curvature R. If the object or series of
objects to be imaged lie along a path having some other con-
figuration wherein the radius of curvature is not constant, but
instead varies as a function of 8, then a more complicated func-
tion than the secant function must be generated by essenﬁially
similar trigonometric anaiysis. .

Considering, now techniques for correcting those
‘forms of image degradation which are not geometrical in nature
but instead cause undesirable variations in intensity or con-
trast in different regions of the image, reference should
again be made to Figure 9. Like many other subjects, the
teeth which are to be imaged in this example are of different
thickness along the ¥-ray paths from the target anode plate
24 to detector UU4. Thus the X-ray energy level best suited
for producing a clear image of one tooth may not be the value
best suited for imaging others of the teeth which have a
different radiolucence. In the example of Figure 9, the
teeth tend to increase in thickness and therefore in radio-
opacity from the front of the patlent's dental arch 12 towards
the back or, in the deplcted geometry, in the direction of
increasing 8. In other words, the X;ray absorbency'of the
subject to be.imaged is lowest at the extreme minus & portion
of the X-dlrection scan and tends to increase as the angle o
approaches 1ts maximum poeitive value.

Clarity of the image may be enhanced by changing the
energy of the electron beam within the X-ray tube 13 in the
" course of the scanning action in a programmed manner which
compensates for the variations of radiolucence of different
reglons of the subject which have beeh described above, cir-
cult means for this purpose being hereinafter described. In
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the example of Figure 9, this may take the form-of proérés;
sively increasing electron heam energy, in the course of each
X-scan, as a function of 8. 1If a more precise compensation is
desired, the energy change in the course of each scan need not
be a continuocus gradual. rise but may consist of a se;;es of
stepped increases or decreases each determined by the radio-
lucence of the particular tooth or portion of a tooth being:
imaged at successive Stages in the scan. Alternately, an ac-—
ceptable degree of éompensation may often be achieved by simply
changing electron beam energy level once in the course of each
scan at the stage where the scaﬁ passes between the relatively
thick back or molar teeth and the more radiation-transparent
anterior teeth.

Essentially similar programming of beém energy at
different regions of thé scanning raster may Be used where the
subject is something other than the teeth of a dental patient
but which also exhibits pronounced differences of thickness
and/or of radiation absorbency at different regions. While
the foregoing discussion of varying X-ray energy has dealt
with variations in the X-direction, similar steps may be
taken in conjunction with the scanning action in the orthog-
onal or Y-direction if the characteristics of the subject
make it desirable. Thus, with reference to Figure 10, elec-
tron beam energy may be varied in a continuous or stepped
mannef or in a combination thereof as a function of angle ¢
as determined by variations of>radiqlucence of the subject in
the Y-direction. | o

To enhance image clarity, it may also be desirable
to assure that the radiation flux intensity applied to the
subject throughout the scanning action remains substantially
constant aside from the deliberate variations to accommodate
to variations of radiolucence as described immediately above.
In the absence of corrections, non-uniform irradiation of the
subject at different regions of the scanning raster  may occur
simply as a result of the faqt that the X-rays originate at
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different points on the target anode plate 24 at different
fimes in each scanning raster. Two different effects create
such a non-uniformity. A first such effect is the attenuation
of a rdadiation flux with distance in accordance with the well-
known inverse square law. Referring again to Figurg 9, it may
be seen that ray path P-D is longer than the central ray path__
0-D and in general the distance which X-rays must travel from
the target anode plate 24 to detector U4 progressively in-
creases from the center of the X-scan towards each extremity
of such scan. This is also true of scanning action in the
Y-direction. Owing to inverse square law attenuation this
will cause count rate variations at the detector Ul even if -
a subject of uniform X-ray opacity is being imaged or if
there is no X-ray absorber at all betweeﬁ the X—ray source
and the detector. More specifically, as the electron beam
moves away from the central point 0, there is a fall-off in
X-ray count fate at detector Ul which varies as a function
of the ratio: (R + C)2/r2, where r 1s the distance of the
detector 44 from the momentary point of impact of the elec~
tron beam on target anode plate 24. This rélationship does
not take into account the second effect which causes an un-
wanted variation of X-ray count during the scanning action
and which will now be discussed.

In particular, the target anode plate 24 at which
X-rays originate has a finite thickness which 1s not evident
in Figure 9 but which may be seen by reference to Figure 12
whereln such phickness, designated T, has been gfeatly exag-
gerated for clarity of illustration. An arbltrary point of
eleéctron impact on target anode plate 24 is' identified by the
letter E in Figure 12 and its coordinates are shown as r, ©
and @ with such coordiﬁates and other symbols having the same
-meaning as in the previous figures and discussion except that
it should be understood that r, the distance from the X-ray
origin point to detector LU, inecludes.the thickness T of the
target anode plate. ‘
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X-rays originating at point O at the center of the
scanning raster pass directly through the target anode plate 24

to reach the detector 44 and are attenuated to some specific

degree because of ahsorption by the target ancde plate material.

X-rays originating at an off-center point such as E must pass
obliquely through the _thickness T of the target anode plate
and are therefore attéﬁuated to a greater degree. The effec-
tive length of the X-ray path through the target anode'pléte;
designated Tr’ progressively increases towards the extremities
of the scan in both the X and the Y directions. Thus a cor-
responding unwanted variation of X-ray count rate occurs at
detector U4l unless a correction is provided.

Correction for both the inverse square law form of
X-ray count variation and the variabhle effective target thick-
ness form of ¥X-ray count variation, may be realized by varying
the electron beam current within the X-ray tube 13 during the
scanning operations to adjust radiation flux in such a manner
as to compensate lor these effects. Considering now the elec-
tron beam current variation needed for this purpose, it has
been previously pointed out that insofar as the inverse sQuare
law effect alone is concerned, X-ray count rate at the de-
tector U4 varies as a function of the ratio (R + 0)2/r2. When
the variable absorption effect in the target anode plate effect
1s also taken into account the unwanted variation of X-ray
count may be represented by the following relationship:

(8) I/T_ = [(R + C)2/rf1e™VTr

where I = X-ray fiux to the detector
from arbitrary point E,
I = the minimally attenuated X-ray
flux to the detector along the
central ray path 0-D,
u = the linear absorption coefficient
of the target anode plate material

and wherein the other terms have the previously

described meanings.

I,

>
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Referring to Figure 172, it may be seen from

trigonometric relationships that

(9) T, =T sec # sec §

Since the objective is to cause a constant flux of radi—
ation to be received at the detector, in the absence-of
a subject to he imaged, from=sll positions on the target
anode plate, that ié for all values of Yp and 6, the right
side of express (8) must be multiplied by a correction
factor K which will cause the left side of expression (8),
that is I/IO, to be a constant for all values of Yp and 8.
The correction faction K may be expressed as:

(10) K = K(Y_,8) = rleuTr

For small amounts of X-ray attenuation, the

following approximation is acceptably valid:
(11) &YTr 2 (1 + uT,)

comblning expressions (10) and (11) gives:
(12) K = v=(1 + uT,)

From Figure 10, 1t may be seen that:

2 2 2
(13) r,° =Y, + (R +C)

and
(14) sec g = rO/R+C

Therefore from (9) and (14) it may be seen that:.

(15) T, = (r /R+C) (T sec @)
From Figures 9, 10 and 11, it may be seen that:
. (16) re = rogsec2 a)

Substituting expressions (15) and (16) into (12) glives:

(17) K = Po2sec297[l + uTrO sec 8/(R+C)]

which represents the variation of electron beam current in
the course of each X-direction scan which is needed to com-—
pensate for the unwanted variation of X-ray count at detector
44 which has been previously described. Suitable circuilt

BAD ORIGINAL
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means for varying electbon beam current in accordance with this
relationship (17) will be hereinafter described.

The several different forms of potential optical dis-
tortion and image ciarity degradation described above may be
greatly reduced or eliminated by delinearizing the rate of the
Flectron beam sweep in the X-ray tube 13 in both the X and Y
directions and by modulating electron beam energy and current
in accordance or in approximate accordance with the sévérél
mathematical functions which have also been described above.

A suitable electirical -control circuit for accompliéhing each
of these corrections is depicted in PFigure 13. '

Referring now to Figure 13, electron beam generéting 
and controlling elements of the X-ray tube 13 include a cathode
101 which emits electrons upon heing heated by a filament 102
in the conventional manner and which has a terminal 101' to
which a high negative electrical potential is applied from a
high-voltage supply 103 in order to produce an electrical field
which accelerates the electrons towards the grounded target
anode plate 24 of the X-ray tube. Maintaining the cathode 101
at a high voltage while grounding the anode 24 is the reverse
of the conventional arrangement in X-ray tubes and offers the
advantage that a dental or medical patient or an electrically
conductive inanimate object may be placed very close to the
face of tﬁe X-ray tube or even against the face of the X-ray
tube without creating a risk of electrical shock. Where this
is not a problem, the cathode may be grounded and a positive
high voltage supply ma& be connected to the anode plate, .if
desired. The high voltage supply 103 1s of the programmable
form in which the magnitude of the output voltage dellvered to
cathode 101 1s adjustable by varying an input voltage éignal
50 that the electron beam energy may be modulated in the course
of the scanning action as will hereinafter be discussed in
more detail.

The electron gun 22 of X-ray tube 13 also has a con-

trol grid 105 with a terminal 105' to which a voltage may be
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applied for the purpose of mndulating electron beam current as
will also be discussed in more detail. The electron gun 22
may also have further elements such as a first anode 104 and ul-
torfocusing grid 106 which are not utilized in accomplishing the
image corrections of the present invention but which are pres-
ent for their conuventional purposes. As previously.deSCPibed,
the X-ray tube 13 also has an X-beam deflection coil 33X and
a Y-beam.deflection coil 33Y for.contrplling the point of im-
pact of the electron beam on target anode plate_Zu, the coils
respectively having an X-deflection signal terminal 78 and a
Y-deflection signal terminal 82. '

The control.circuit is further provided with a regu-
. lated DC power supply 107 having a first output te@minal B+ at
which a constant positive voltage is provided for operating--
other components of the circuit and a second output terminal B-
at which a constant negative voltage is provided for similar
purposes. To avold excessive complication in drawing, fthe powsn
supply connections to most components of the circuit are not
depicted where such connections may be of the conventional kncwn
form.

The X-sweep frequency generator 77 has an output
terminal 77' connected to the X-sweep frequency terminal
79 of the visual dlsplay device 17 and may be of the known
construction which generates a ramp signal output wave form
of the type depicted at T77W which cyclically oscillates in a
linear manner between a maximum negative voltage and a maxil-
mum positive yoltage at a frequency corresponding to the
desired X-sweep or scan frequency at both the X-ray tube 13
and the visual display device 17. Similarly, the Y-sweep
frequency generator 81 has ah output terminal 81 coupléd to
the Y-sweep frequency terminal of'visﬁal display device 17
and 1s of the known form that produces a ramp signal 81W sim-
ilar in general form to that of the X—sWeep frequency generator
except insofar as it has a substantially lower frequency as
‘determined by the number of horizontal scan lines which are

BAD ORIGINAL
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desired in the scanning raster. The difference between the
X and Y-sweep frequencies is normally much greater than ap-
pears from the wave forms 77W and 81W in Figure 13, it being
impractical to 1llustrate the actual difference because of
space limitations in the drawings.
] Optical X-ray count signals originating é?{the de-
tector UL are converted to electrical signals by photomulti-
plier tube 46 as previously described. The X-ray count signal
output terminal 84 or photomultiplier tube U6 is coupled to
the Z or intensity signal terminal 86 of the visual display
device 17 through an adjustable»gain amplifier 108 and then
through one input of a differential amplifier 109. The other
input of the differential amplifier 109 1is connected to a se-
lectable DC voltage source 111 which may consist of an adjust-
able contact 112 movabie along a resistive element 113 having
opposite ends connecting to the B+ and B- terminals of the
DC power supply 107. o

Adjustable gain amplifier 108 enables selective
control of the voltage level of the intensity signal applied
to the visual display device while the differential amplifier
109 and selectable voltage source 111 aids in suppressing
detector noise by suppressing electrical pulses of less than
a selected amplitude. This form of intensity signal channel
is best adapted to instances where the average rate of X-ray
counts at detector 44 is sufficiently low that individual
counts are separated in time>and can be distinguished and
individually processed. In instances where a higher X—réy
count 1s present such that X-ray count pulses pile up to pro-
duce a varying voltage level proportional to detected X-ray
flux, rather than distinguishable pulses, an integrating form
of Z signal channel may be utilized as described for example
in prior United States Patent No. 3,949,229.

The control circuilt as described f£o this point can
be utilized without further complication to produce an image
at display device 17 if output terminal 77' of the X-sweep
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frequency'generator is connected to X-deflection coil terminail
78 of the X~-ray tube, output terminal 81' of the Y-sweep fre-
quency generator is connected to tefminal 82 of the X-ray tube
and constant voltages are applied to the cathode terminal 101'
and control grid terminal 105' of the X-ray tube but .In that event
each of the previously described forms of image distortion aﬁﬁw
image clarity degradation may be present. Such images may‘be>
useful under many circumstances particularly where the detector
bl jis spaced a substantial distance away from - the ‘target anode
plate 24 of the X-ray tube since the severity of several of these
effects is an inverse function of thé focal length of the sys-~
tem as determined by the degree of convergence of the various
X-ray paths from the tube toward the detector. However, it
is of course preferable that such distortions be reduced or
eliminated, particularly where the detector 44 is situated
relatively close to the X-ray fube 13 as is the case in cer-
tain of the dental usages hereinbefore described and in many
other instances as well. Accordingly, .compensation circuit
means 114 are connected between the sweep frequency generators
77 and 81 and the X-ray tube 13 terminals in order to modify
the X- and Y-sweep frequency wave forms and to modulate the
electron beam energy and current in accordance with the several
controlling mathematical relationships hereinbefore derived.

Compensation circuit means 114 relies primarily on
a series of electronic function generators-116, 117, 118, 119
and 121 and.multipliers 122, 123 and iéh which are depicted in
block form 1n Figure 13 inasmuch as such clrcuit components may
be of known internal constructlon and are avallable commer-
cialiy. In general, fqnction generators of ﬁhis kind produce
an output voltage which varles, as a function of an input volt-
age, 1n accordance with a predetermined mathematical relation-
ship. Function generator 116 for example is of the known form
which produces an output voltage that varles as a tangent func-
tion of an input voltage while function generdtor 117 1s of the
fofm producing. an output voitage that varles as a-secanﬁ func-
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tion of the input voltage. Function generators 118 and 119
are of the form which produces an output voltage proportional
to the square of the input voltage and function generator 121
produces an output voltage proportional to the square root of
an input voltage. Multipliers 122, 123 and 124 are each of
the kncwn form that prgguce an output voltage proportional to
the product of twb voltages applied to two inputs of the
multiplier. Function generators and multipliers of this -
general form are often used for example in analog compuﬂef
circuits. While the design of such function generators is
known, a suitable internal circuit for a'representative one
of the function generators 116 will be hereinafter described
in order to facilitate an understanding of certain character-
istics of the compensation circuit means 114 as a whole.

By referring . back to the previously given mathe-
matical expressions (1) and (2) and accompanying analysis,
it may be seen that variable magnification effects in the X-
scan direction may he compensated for by varying the X-sweep
frequency signal as éppliéd to terminal 78 of the X-ray tube
13 as a function of the tangent of 8 rather than in the linear
manner produced by the X-sweep frequency generator 77. For
this purpose output terminal 77' of the X-sweep frequency gen-
erator may be coupled to the input of tangent function gener-
ator 116 through an adjustable gain amplified 126 which enables
adjustment of signal level to determine the length of the X-
direction scan in the X-ray tube. Since the magnetic deflection
system employed in the present example of the X-ray tube 13 1is
responsive to current through the X+1deflection coil 33X, rather
than to voltage as such as 1n the case of an electrostatic de-
flector, the output of tangent function generator 116 1s coupled
to X-ray tube terminal 78 through a current amplifier 127 and
variable resistor 128. 1If an electrostatic deflectlion system
isused in X-ray tube 13, a voltage amplifier may be substi-
tuted for current amplifier 127.

Althdugh sultable internal circuits for a tangent
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function generator 116 are known, a specific eiample is de-
picted in Figure 14 and will be briefly discussed in order to
facilitate an understanding of certain properties of the
modified wave forms'Which are applied to the X-ray tube
contrbl terminéls. T

Referring now to Figure &l, the input X—sweeé fre-
quency wave form 77W applied to the tangent function géner-
ator 116 input terminal 116i may be treated as consisting of
a sequence of triangular electrical pulses of .positive polor-
ity alternated with'similar but inverted pulses of negative
polarity. The upper half df,the circuit of Figure 14'processes
the positive portions of the ihput wave form 77W while the -~
lower half of the circuit pocesses the negative portions of
the input wave form. The input wave form 77W is appliled to’
one 1input of a differential amplifier 129P which has a refer-
ence input connected to a selectable DC voltage source 131P
which may be adjusted to cause amplifier 129F to suppress the
negative portions of the incoming wave form while transmitting
the positive portion ¢on as a series of triangular positive
pulses separated in time. A first diode 132P and variable
resistor 133P are connected between amplifier 129P and a sum-
ming junction 134. A second diode 136P and variable resistor
137P are also connected between amplifier 129P and summing
junction 134 except that in this instance the input of diode
136P connects to the output of amplifier 129P through the
adjustable contact of a potentiometer 139P having a resistive
element connected between tﬁe output of ampl;fier.l29P and the
negative power supply terminal B-. Simllarly, a third diode
141P and variable resistor 142P are connected between the out-
put of amplifiér 129P and the éumming junction 134 through the
movable contact of another potentiometer 143P having a resis-
five element connected between the output of amplifier 129F
and power supply terminal B-. Summing junction 134 is in
turn coupled to the output terminal 1160 of the tangent
function generator through an operatiohal amplifier 144 and
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a resistor 146 connected in parallel with the operatiocnal.
amplifier. '

Figure 15A i1llustrates the wave form 7T7W of the
X-sweep frequency signal applied to the input 116i of the
tangent function generator of Fipure 14. Pigure 15B illus-
trates the modifled output wave form of the tangent function
generator at output terminal 116o. In partlcular and with
reference to the positive half only of the wave form of- Flgure
15B, it may be seen that the output voltage rises in a non-
linear manner in a series of three voltage rise segments, a, b
and ¢ each of which taken individually 1s linear but whiéh
are of progressively increasing slope. - The positive output.
voltage then decreases in a similar series of linear segments
of progressively diminishing slope.

The circuit of Figure 14 modified the triangular in-
put wave form in this manner since as the leading edge of the
positive triangular pulse appears at the output of amplifier
129P, diode 132P conducts immediately to transmit a rising -
current to summing junction 134. Immediate conduction of diode
132P is provided for by adjusting selectable voltage source
131P to offset the forward bias of the diode with a base volt-
age output from amplifier 129P. This corresponds to the in-
itial segment a of the wave form of Figure 15B. Diodes 136P
and 1U46P do not initially conduct because of the respectively
more negative bilases applied to the inputs of such diodes by
potentiometers'l39P and IMBP respectively. As the input wave
form continues to rise a point is reached where diode 130P
begins to conduct and thereby increases the amount of current
being applied to summing Jjunction 134. Thus the current input
to the summing junction now rises more sharply as represented
by the wave form segment b of Figure 15B. As the incoming
wave form 77W rises st1ll further, eventually diode 141P
also beglns fo conduct thereby adding still a third incre-
ment to the current being delivered to summing junctilon 134
corresponding tb the most steeply sloped segment ¢ of the
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wave form of Figure 15B. Operational amplifier 144 and re-
sistor 146 convert this rising current at the suming junc-
tion 134 to a corresponding rising voltage output signal at
output ferminal 1160. '

Subsequently, when the input voltage begins to
Sécrease in a linear manner, a reverse sequence of opefation
occurs in which dioae 141P stops conduction, then diode 136P
later stops conduction and finally diode 132P stops conducting
as the input wave form passes from the positive region to the
negative region, to produce the non-linear descending portion
of the positive part of thée wave form of Figure lSB..

The bottom half of the circuit of Figure 14 is es-
sentlally similar to the top half except insofar as the diodes
132N, 136N and 131N are inverted relative to the counterpart
diodes of the top half of the circuit and except insofar as
the potentiometers 131N, 139N and 143N are connected to the
B+ power supply terminal rather than the B- terminél as in the
case of the counterpart potentiometers of the upper half of
the circuit. Thus the lower half of the circuit modifies the
negative portions of the incoming wave form in essentially
the same manner that the upper half of ﬁhe circult modifies
the positive portions of the incoming wave form and the two
pertions as mpdified are combined at summing junction 134 to
produce the complete modified output wave form 77T at the
output terminal 1160. .

" Referring again to Fibure 15B, it may be seen
that this form.of function generator does not produce the
desired wave form in an idealized form free of discontinuilties
but instead approximates the desired wave form by a series of
segments a, b and ¢ which in Ehemselveslare linear. The re-
maining distortion in the image arising frpm this departure
from an ideal modified sweep signal is sufficiently small
that it does not present any practical problems 1is most cases.
In instances where the remaining distortion needs. to be fur-

ther reduced,. the cirquit 6f Figure 14 may be modified by
adding additional stages of the diodes 132, 136, 141, vari-
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able resistors 133, 137, 142 and potentiometers 139 and 143
on both the positive upper side and the negative lower side
of the circuit so that the output wave form as shown in Fig-
ure 15B is modified by having a greater number of the linear
segments a, b and ¢, each of shorter duration than in the
present case, so that the desired idealized wave form is
even more closely approached.' '

Considering now circuif means for correcting'j
variable magnification effects in the Y-sweep direction,
from the previously derived mathematical expression (7) and
accompanying discussion,. it should be recalled that the
Y-sweep frequency~signqi 81W should be delinearized and
caused to. vary as a secant f*nction of" 8. For this purpose,
with reference again to Figure 13, output 81' of the Y-sweep
frequency generator is-coupled to one input of multiplier
122. Output 77' of the X-sweep frequency generator is
coupled to the input of function generator 117 through an
adjustable gain amplifier 147. TFunction generator 117 pro-
duces an output wave form representing the secant function
of 8 and such output is transmitted to the other input of
multiplier 122 through another adjustable gain amplifier 148.
Thus as shown in Figure 15C the output of multiplier 122 is
a voltage wave form 122W corresponding to the linear Y-sweep
frequency generator odtput signal 81W as delinearized to vafy
as a secant function of angle 8 during each successive X-di-
rection scan. As the output of the multiplier 122 is typl--
cally a low current.voitage signal "whereas the magnetic Y-
deflection coill of the X-ray tube requires a reiatively'high
current, the output of multiplier 122 is coupled to the Y-
defelction signal terminal 82 of the X-ray tube through an
adjustable gain amplifier 149 and a current émplifier 151
and variable resistor 152.

Considering now suitable circuit means for program-
ming 1n changes of electron beam energy within the X-ray tube

13 in the course of each X-direction scan in order to compen-



0000079

~l49-
sate for variations of radiolucence of the subject as previ-
ously described, still another function generator 153 may have
an input connected to the X-sweep frequency output terminal 77'
through. an adjustable géin amplifier 154 and has an output.
connected to the-voltage control signal terminal 103' of pro-
grammable high voltage supply 103 through another adjuStable
gain amplifier 156.. If the variation of X-ray énergy in.the
course of the X-scan 1s always to be the same for all usages
of the x—fay fube 13, then the function.genefator,ISB may be
of the form which produces some ‘single predetérmined modifi-
cation of the input signal with corresponds to the desired
change of beam energy in the course of the scanning action.
For example, 1f the X-ray tube 1s always to be - -used to pro-
duce a pantomographic dental X-ray image under the conditions
depicted in Figure 1, wherein the teeth to be imaged are of
more or less progressively increasing thickness from the
left side of the image to the right, then, referring back
to Figure 13, the function generator 153 may be of the fixed
form which simply produces a gradual relative rise of the
output signal as compared to the input signal in order to
cause the programmable high voltagé supply 103 to progres-
sively increase electron beam energy during the course of
each X-scan line of the X-ray tube 13. Preférably and as in
thils example, function genefator 153 is of the form which
enables selection of any of a variety of functlons in order
to readily accommodate to different usages'of the X-ray tube
13 and to subjJects which may have differing patterns of vary-
ing radiolucence 1n the X-direction. The function generator
circuit of Figure 14, for example, offers considerable lati~
tude for selection of different output waveforms by selected
adjustments of the several variable .resistances 133, 137, 142
and potentiometers 131, 139 and 143. Other forms of function
generator enabling an even greater variety of p}edetermined
wave form modulations are known to the art and may be utilized
if desired. '
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Referring again to Figure 13, the remaining compo-
nents of the circuit means 114 compensate for the previously
described unwanted variations of radiation flux level at the
subject and at the detector arising from inverse square law
effects and the variation of absorption of X-rays in the tar-
get anode plate 24 at different portions of the scanning
action. The previously derived mathematical expression'(17)
is the controlling relationship in accordance with which'the
voltage applied to the control grid 105 of the X-ray tube
must be varied in the ecourse of the scanning action in order
to vary electron beam current in such a manner as to com-
pensate for these effects. As is immediately evident- from
expression (17), a considerably more complex correction
function is involved than is the case with the other forms
of correction described above.

In order to modulate control grid 105 voltage in
accordance with mathematical expression (17), one input of
multiplier 123 receives the output of secant 6 function gen-
erator 117 through squaring-function generator 118. Thus the
one input of multiplier 123 receives a se029 signal. Output
81' of the Y-sweep frequency generator is coupled to the input
of function generator 119, which is also a squaring module of
the form that produces an output voltage proportional to the
square of the 1nput voltage. The output of squaring function
generator 119 is connected to one input of a differential am-
plifier 157 having an output connected to the remaining input
of multiplier 123. The other input of differential amplifier
157 1s connected to a selectable voltage source 158 which may
be of the form having a resistive element connected across
the B+ and B- terminals of the power supply and haviné a
movable element connected to the reference input of differ-
ential amplifier 157. Selectable voltage source 158 is ad-
Justed to generate a voltage representing the constant (R+C)2
term of mathematical expression (13).7 As the output of squar-
ing function generator 119 is a representative of the term YO2 of
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that same mathematical expression and the two are summed by
amplifler 157, the output of amplifier 157 1is the ro2 term
of the controlling mathematical expression (17) This r02
signal voltage is multiplied by the se029 signal voltage from
function generator 118 in multiplier 123. The output voltage
from multiplier 123 is transmitted.through a selectabié gain
amplifier 158 which 1s adjusted to scale the inpﬁt signal by
the constant (uT/R+C)2 term of mathematical expression (17)-
and the output of amplifier 158 1s then passed through the
square root function generator 121 to produce a voltage signal
representing the function (uT/R+C) (rosec 8) at one input of
multiplier 124. The other input of multiplier 124 receives-
the ro2sec29 voltage signal from the output of multiplier 123.
Thus the output of multiplier 124 represents (uT ro3sec39/(R+C)
which is the second term in the sum given by mathematical ex-
pression (17). The correction factor K of expression (17) is

2se029 which as

then obtained-by adding in the expression ry
previously described 1s available at the output of multiplier
123. For this purpose an adding ampiifier 159 has one input
connected to the'outpﬁt of multiplier 124 and has the other
input connected to the output of multiplier 123. This results
in an analog voltage appearing at the output of amplifier 159
which 1is representative of the desired correctlon factor K as
defined in the previocusly given mathematical expressioh (17 .
The output of amplifler 159 is connected to the control grid
terminal 105' of the X-ray tube 1n order to modulate -electron
beam currenf to provide the desired image correction.

As thére 1s considerable variation in size and con-
figuratioﬁ of teeth or other anatomical structures among dif-
ferent individuals, adjustment of the several adjustable .
controls of the circuit of Figure 13 to-minimize image dis-
tortion may be facilitated by using a coarse, preferably
flexible gauze material formed of X-ray opaque wires or the
like. Such a gauze may be wrapped around the.subject to be
inmaged and the’scanning X-ray system may then be.temporarily
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operated at a low power level while viewing the image.
of the gauze on the screen of the visual displéy de-
vice. The several controls of the distortion correc-
tion circuit then readily be adjusted to bring the
images of the wires of the gauze into parallelism in
both the horizontal and vertical directions with the
intervening open épaces being equalized. After lineari-
zation of the low-level image has been achieved, the
gauze may be removed and the electron beam energy of
the tube increased to the normal operating level for
obtaining the desired radiograph.

While the circuit of Figure 13 includes compo-
nents for providing each of the several forms of image
correction hereinbefore discussed, there are instances
where at least some of the forms of distortion or image
degradation are not significant enough to need correction
in which case the corresponding corrective component
portions of the circuit of Figure 13 may be omitted.

A notable example of this occurs when the X-ray tube
and detector are used in a. computed tomographic system
such as that described in Applicant's hereinbefore-
identified copending application Serial No. 674,059.

In some forms of computed tomographic system, the elec-
tron beam scanning raster at the X-ray tube may be
limited to a single scan line in the X-direction. In
such cases, the corrections herein described which
involve the Y-direction are of course not needed.

With the exception of the correction for vary--
ing radiolucence of different regions of the subject
being imaged, all of the several forms of potential optil-
cal distortion and image degradation discussed above
derive from the essentially trlangular, conical or pyra¥
midal configuration of the scanned region as defined by
the borad area of the target anode plate 24 as a base
and the essentlally point detector 44 as an apex. That
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is, all useful rays generated in the course of a complete
scanning raster converge at the position of the detector
U4 with the distance of the detector from the target anode
plate along the shortest ray path, that is the central
ray path 0-D of Figure 9, being defined as the focal. length
of the system.

The severity of these potential distortions and
degradétions.diminishes as the focal~lengtﬁ is increased,
that is.as the small detector 44 is moved further away from
the target anode plate 24. This characteristic offers still
another technique for reducing the degree of image distortion
and degradation. In particular,-and with reference to Fig-
ure 16, this may be accomplished simply by increasing the
focal length of the system or in other words by decreasing’
the degree of convergence of the ray paths from the X-ray
tube 13E to the detector GUY4E. Under some circumstances, dis-

=

tortions and degradations mav be reduced to a degree that
little or none of the el..tronic signal compensations herein-
before described are needed. Where conditions make it prac-
tical, the small X-ray detector of the previously described
embodiments may simply be positioned further out from the

face of the X-ray tube and a modified collimator may be used
which has radiation-transmissive passages which are less con-
vergent and which are directed at the more distant X-ray de-~
tector. However, in some usages, such an arrangement produces
other adverse effects which outwelgh the advantages of lessened
distortion. For example, looking at Figure 16, if a small de-
tector were situated at the distant focal point 161 of such

an arrangement, the image would include the particular teeth
which are intended to be 1n the image but superimposed thereon
would also be images of teeth or other anatomical structures
at the other side of the dental patient's head .and such images
would tend to obscure the desired images of the particular
teeth of interest. To avoid this problem, as.well as others
associated with a long focal length, the embodiment of Figure

BAD ORIGINAL
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16 utilizes a modified detector UUE which differs from that’
of the previously described embodiments by being larger and
by being situated between the tube 13E and the focal point
161 rather than at the focal point. The radiation-sensitive
area of the detector ULUE is preferably just large enough to
intercept ther¥X-rays traveling from the scanning raster at._
target anode plate 24E towards the focal point 161 since the
configuration of the subject may limit detector size. - In
other words, a very large detector cannot be inserted into
constricted spaces such as into the mouth of the dental pa-
tient of Figure 16. 7

Bécause of thesé réstrictions caﬁsed by geometfy and
detector-size limitations, the embodiment of Figure 16 is partic-
ularly appropriate for periap&cal rather than panoramic imaging.
The smaller field of view, which may be in some cases dictated
by the restriction on detector UUE size, is characteristic of
periapical radiography. TFor similar reasons, the embodiment of
Figure 16 may employ an X-ray source 13E of smaller size having
a smaller scanning raster area. However, panoramic images méy
st11ll be obtained by shifting the X-ray tube and detector and
making a seriles of images. Thus the detector 4'"E and X-ray
tube 13E may be shifted to the dashed-line positions 44E' and.
13E' for example by rotation along an arc 163 having a rota-
tional éxis at the approximate center of curvature of the por-
tion of the dental arch 12 being imaged. The X-ray tube 13E and
detector ULUE may also be translated in a direction parallel to
that rotational axis so that.both maxillary and mandibulary teeth
or other cranlial features may be imaged. 1f desired, all of the
images taken from these different viewpoints may be displayed -
on a single screen for viewing or to make up a mosaic of views
combining the entire dental arch on one picture. This may
be done, for example, by mechanically coupling the visual
display sweep centering control to such mechanical means as
might be used for shiftlng the X-ray tube 13 and detector so
that each image appears at a different location on the screen.
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In instances where the 1mage on the face -isual display
devise is to be photographed to provide a 1-ermanent radio-
graph, the camera shutter may be held open during the imaging
process except during those periods when the X-ray tube 13E
and detector UYUE are in the process of being repositioned.
By this means the entire dental arch 12 may be displéyéd on
one radiographic photograph. The detector U4UE may, if desired,
be suppbrted and positioned by a probe 1U4E similar to those
previocusly described and other portions'of the system of Fig-
ure 16 may be similar to the corresponding parts of the pre-
viously described embodiments. ’ V

Systems which employ. a sizable detector 4LUE are
more subject to spurious X-ray counts from scattered radia-
tion, secondary X-rays and the like than are systems using .
the minute detector of the previously described embodiments.
This 1s itself a form of image degradation since such spurious
counts fog the image and reduce contrast. Thus selection of
a system similar to that of Figure 16 as opposed to one of
the earlier described embodiments is a matter of welghing
the relative advantages and disadvantages of each with refer-
ence to the specific use conditions. However, image degrada-
tion from spurious counts may be considerably reduced in the
Figure 16 system by utilizing an additional collimator 164
which 1s situated between the subject and the detector. 1In
the present instance the additional collimator 164 is secured
directly against the detector 4L4E as this ﬁaximizes effective-
ness, miniﬁizes collimator size and facilitates positioning
and support of‘the collimator. Secondary or scattered
X-rdys wﬁich are traveling in the general direction of the
detector but at angles other than that of the X-rays from
the primary collimator 29E are absorbed'by the additional
collimator 164 and thus do not produce erroneous signals
in the detector. Under some circumstances, noéably where
the subject to be imaged 1s not a living orgépism for which
radiation dosage should be minimized, the additional colli-

BAD ORIGINAL
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mator 164 may be used without the primary collimatér“29E;
Either collimator alone 1is capable of limiting X-ray trans-~
mission from the tube to the detector to a single path at
a given instance in order to enable the production of an
image. However, where the subject is a living organism,
the presence of a collimator between the subject and the
X-ray tube is beneficial in that it suppresses X-rays which
are not directed towards the subject along the particulér.
path from which meaningful image data can he obtained.

While the operation of the system has been dis-~
cussed primarily with refepencé to obtaining an instanta-~
neous radiographic image at the screern of the visual .display
device 17 of Figure 13, it should be understood that the
electronic signals carrying the image data and which are
transmitted to terminals 79, 83 and 86 in Figure 13, may
alternately or at the same time be stored on magnetic tape
or by other means for later reproduction of an image. Any
of the various image-enhancement techniques as employed, for
example, in the processing of video signals in television
systems or in computed tomography may also be utilized to
enhance the image, to emphasize certain image characteris-
tics or to create specialized image displays. Similarly,
the image displayed at the screen 18 of visual display de—
vice 17 may be photographed to provide a permanent radio-
graph. Techniques for storing and processing_signals from
a scanning X-ray system of this general type in these ways -
are described in applicant's prior United States Patent .
No. 3,949,229, = '

While the invention has been described with re-
spect to certain specific embodiments, numerous modifications
are possible and 1t 1s not intended to limit the inventilon
except as defined in the following claims.
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WHAT IS CLAIMED IS:

1. Scanning X-ray apparatus for producing radiographic
image date in which an X-ray tube including a vacuum enclosure
forms a vacuﬁm region to enclose a target anode plate and an
electron gun for producing an electron. beam, said X-ray tubpe
further having electron beam deflector means for directing said
electron.beam to successive different .points on the sur ace of
said target anode plate so as to produce a moving X-vray origin
point at said target anode plate,. and associated with said X-ray
tube a probe member arranged to support an X-ray detector so
as to detect X-rays traversing an object is disposed between
sald target anode plate and sald X-ray detector, the base end
portion of said prohe member being remote from said X-ray
detector and including means for transmitting X-ray count data
from said detector to said base end portion and means for
receliving said‘X—ray count data from said base end portion of
said probe member, including at least one output terminal for
transmitting electrical signals indicative of said X-ray counts,
characterized in that support means for said X-ray tube includes
means for rigidly'supporting saild base end portion of said
probe member relative to said tube so that said X-ray detector
i1s located outwardly, and at a known disfance, from said target
anode plate, whereby X-rays from said target anode plate passing
through an object may converge along known geometrical ra& paths

to said X-ray detector.

2. Scanniﬁg'x-ray apparatus as d&Fined in claim 1
wherein said probe support means includes reléasable attachment
means to enable removal of a first probe member from said tube
and attachment to said support means of another probe member
to form a different geometrical ray path from said tube to

said detector through an object.

3. Scanning X-ray apparatus as defined in claim 1 wherein
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‘aid support means adjacent said X-ray tube for receiving said
~ats ithrough said base portion of sald probe member includes a
~hotasensitive device of the form producing an electrical
rttuga signal in response to optical frequency energy signals,
and ar optical energy-transmitting element extending from said
nhotos=ansitive device to said support means, and further chara-
cterirel in that said X-ray detector is a scintillation detector
and said means for transmitting X-ray count data from said
detector to said portion of sald probe is a light pipe contained

within said probe member.

4, Scanning X—ray.apparatus as defined in claim 2
further characterized in that said electron beam defléctor
means for said X-ray tube includes means for selectively changing
the spscing of said beam deflector means from said target anode
plate to conform with changes in the distance of the X-ray dete-
ctor Irom sald target anode plate by changing of said probe

members.

-~ .

5. Scanning X-ray apparatus as defined in claim 2 furthér
characterized in that a releasable second attachment means 1is
nrovided adjacent said X-ray tube for receiving and supporting
a4 collimater means in the path of X-rays traveling from said
sargey anode plate toward said X-ray detector.

5. EScznning X-ray apparatus as defined in claim 5
in which said collimator means lncludes a first radilation
ccllimetor 2isposed:sbetween sald target anode plate and said
¥Y-ray aetector and releasably engaged by said second attach-
ment mzans, sald first collimator being formed at least in part
=f radlation-absorbent materlal transpierced by a plurality of
spacac-apsrrc radliatlion-transmissive passages with sald passages
~ach Leil.p Girected towards said X-ray detector and a second
~adiation collimator engageable on said X;ray tube in said
~ez2ond sttachment means upon removal of said first collimator

BAD ORIGINAL
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therefrom and in conjunction with replacement of said first
probe member with a second probe member which situates an X-ray
detector at a different distance from said anode plate than said
first prdbe member, said second collimator also being formed of
radiation-absorbent material and having a plurality of spaced-
apart radiation-transmissive passages each directed towérd the

position of said second X-ray detector.

7. A radiation collimator for a scanning X-ray apparatus
as defined in claim 5 or 6 further comprising a plate of radiation
filtering material disposed adjacent said radiation-absorbent
material in the path of X-rays which haﬁe traveled through said

X-ray-transmissive passages.

8. A radiation collimator as defined in claim 5 further
comprising a volume of radiation-absorbent glass transpilerced
by a plurality of spaced-apart radiation-transmissive passages,
each of said plurality of .~aid radiation-transmissive passages
being direéted towards a single point spaced outwardly from a

surface of said volume of radiation-absorbent glass.

9. A radiation collimator for a scanning X-ray apparatus
as defined in claim 8 wherein said volume of radiation-absorbent
glass comprises a plurality of fiber optical tubular glass
elements fused together to form saild volume of radiation-
absorbent glass having said radiation-transmissive passages
therethrough.

'10. A scanning X-ray system for producihg radiographic
image data in accordance with claim 1 in which said electron
beam deflector means for directing said electron beam to a sur-
face of said target anode plate of said X-ray tube is adapted
to sweep repetitively said electron beam across a raster pattern
area on said surface in an X-coordinate direction thereon and
to.shift repetitively the pdsition of sald X-coordinate direction
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sweep in an orthogonal Y-coordinate direction on said surface,
includes an X-sweep frequency signal generator for producing
an X-sweep frequency electrical signal and a Y-sweep frequency
generator for producing a Y-sweep frequency signal, and

circuit means for transmitting said X-sweep frequency
signal from said X-sweep frequency generator and said Y—swegg
frequency signal from said Y-sweep frequency generator to said
beam deflector means of said X-ray tube, ‘said circult means
being characterized in that it includes a first function gener-
ator means coupled between said X- -sweep frequency generator and
said beam deflectlon means for delinearizing the rate of scanning
of said electron beam at said target anode plate in said X-

coordinate direction. \

11. A scanning X—fay system as defined in claim 10
wherein said first function generator means linearizes the
rate of X-ray scanning of said subject in said X-coordinate
direction by delinearizing the rate of scanning of said
electron beam at said target anode plate in said X-coordinate

direction.

12. A scanning X-ray system as defined in claim 10
further comprising second function generator means coupled
between said X~ and Y-sweep frequency generators and said
beam deflector means for linearizing the rate of X-ray scanning
of said subject in said-Y—coofdinaterdirection by delinearizing
the rate of scanning:of sald electron beam at said target'anode

plate in sald Y-coordinate direction.

13. A scanning X-ray system as defined in claim 10
wherein the electron gun of said X-ray tube has a control grid
for varying electron beam current in response to variations
of control grid voltage applied thereto, and being further
characterized in that a third function generator means is
coupled between sald X- and Y-sweep frequency generators and
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said control grid for varying said control grid voltage in
the course of saild X- and Y-direction scanning of said electron
beam on said target anode plate as a function of distance of
the momentary point of impact of said electron beam on said
target anode plate from a predetermined reference point in

sald scanning raster.

=
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