United States Patent [
Zarnstorff et al.

Patent Number:
Date of Patent:

4,697,280
Sep. 29, 1987

[11]
[45]

METHOD AND APPARATUS FOR THE
MEASUREMENT OF X-RAY SOURCES

[54]

William C. Zarnstorff; Frank N.
Ranallo, both of Madison, Wis.

[75] Inventors:

Wisconsin Alumni Research
Foundation, Madison, Wis.

[73] Assignee:

[21]
[22]

[51]
[52]

Appl. No.:
Filed:

648,020
Sep. 6, 1984

Int. CL# . S G01D 18/00
US. Cl oriirncreeeeiannenenes 378/207; 378/19;

250/252.1
Field of Search ................ 378/207, 19; 250/252.1

[58]

[56] References Cited

U.S. PATENT DOCUMENTS

3,515,873 6/1970
3,766,383 10/1973
3,973,128 8/1976
4,097,736 6/1978
4,136,281 1/1979
4,189,645 2/1980
4,203,033 5/1980
4,225,316 9/1980
4,292,538 9/1981
4,355,230 10/1982
4,361,900 11/1982
4,400,821 8/1983
4,442,496 4/1984

OTHER PUBLICATIONS

“An Instrument with Digital Readout for Indirect De-
termination of kVp,” Edward L. Chaney, et al, Med.
Phys. 5(2), Mar./Apr. 1978, pp. 141-145.
Advertisement for “Digi-X”, X-ray Detector pro-
duced by ScanFlex Medical AB.

Higgins et al. .

Harris et al. . -
LeMay ...ccomeivneennnranninsnnnns 378/19
Jacobson et al. .

Murray .

Chaney et al. .

Jacobson .

Lewin .cvvvvcreniensinanenes 250/252.1
(0714710 OO 378/19
Wilson et al. .

Siedband .

Aichinger et al. .

Simon et al. .

40

Advertisement for Model 35070 Digital kVp Meter
produced by Keithley Instruments, Inc.
Advertisement for Model KV 1 KV Measuring Instru-
ment by Photon Physics.

Primary Examiner—Craig E. Church

Assistant Examiner—David P. Porta

Attorney, Agent, or Firm—Isaksen, Lathrop, Esch, Hart,
& Clark

[57] ABSTRACT

An X-ray measurement device (20) is disclosed which
utilizes a pair of detector units (29, 30) which receive
X-rays through filters (40, 41) of differing attenuation of
X-rays. The detector units preferably include two pairs
of photodiode detectors arranged symmetrically in four
quadrants with the diodes in each detector unit in diago-
nally opposite quadrants, thereby minimizing the effects
of changes in orientation of the device with respect to
the axis of the X-ray beam. The outputs of the detector
units are passed to variable gain amplifiers (42, 43) the
gains of which are automatically adjusted to bring the
output voltages within a desired range, and the outputs
of the amplifiers are integrated by integrators (49, 50).
After a selected period of time, the integration is
stopped and the output voltages of the integrators (49,
50) are held and passed to an analog-to-digital converter
(57) which determines the ratio of the output signals
from the integrators and provides a multi-bit output
signal on a bus (58) to the address lines (§9) of a prepro-
grammed memory (60). The data location addressed by
the output signal from the conventer may contain data
which corresponds to the kVp value of an X-ray ma-
chine at the calculated ratio, and the output data from
the memory is provided to a display unit (63) to provide
a visual display in decimal form of the measured kVp
value.

26 Claims, 10 Drawing Figures .
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METHOD AND APPARATUS FOR THE
MEASUREMENT OF X-RAY SOURCES

FIELD OF THE INVENTION

This invention pertains generally to the field of de-
vices which measure radiation and particularly to such
devices used to measure the output radiation of X-ray
machines.

BACKGROUND ART

In general, the energy level of the emitted X-rays
from an X-ray machine varies directly with the high
voltage electrical potential across the X-ray tube. The
usual practice is to rate the X-ray machine output in
terms of the maximum applied potential, or kilovolt
peak (kVp), which corresponds to the highest energy
X-ray photons emitted from the source, since the high-
est energy X-ray photons determine the effective pene-
trating power of the X-ray beam.

Because of occasional calibration errors and changes
in operating characteristics over time, the actual kVp
applied to the X-ray tube may not be equal to the kVp
setting indicated on the control panel of the X-ray ma-
chine. It is thus normal practice to periodically check
the accuracy of the kVp setting on X-ray machines and
recalibrate if necessary. This may be done directly by
measuring the voltage applied across the X-ray tube,
but because of the practical difficulties and hazards of
measuring the high voltage applied to the tube it is often
preferable to use an indirect method of measurement
which deduces the kVp level by taking measurements
of the radiated X-ray beam.

One type of device presently available for determin-
ing the kVp level from X-ray source beam measure-
ments utilizes a pair of X-ray sensitive detectors which
are located behind X-ray absorber filters of different
thicknesses or materials. The kVp level of the X-ray
tube can be determined from the ratio of the output
signals from the two sensors, which signals are related
to the radiation intensities incident upon the sensors.
The sensors, typically semiconductor photodiodes, are
generally placed closely adjacent to one another to
sample essentially the same portion of the X-ray beam.
However, if the X-ray intensity distribution in the beam
varies from the position of one sensor to the other,
erroneous readings will be obtained by the devices.
Moreover, the readings obtained depend on the proper
orientation of the sensors with respect to the beam, and
consistent readings will not be obtained if the device is
not precisely and consistently aligned with the midline
of the beam. For example, if the two adjacent sensors
are lined up in one orientation facing the X-ray tube for
one test exposure and are then lined up in an orientation
rotated 90° in the plane facing the X-ray tube for the
next exposure, the kVp readings obtained from the
device for the two exposures will often not be the same.

Existing instruments of this type also tend to be sensi-
tive to the absolute intensity level of the X-ray beam
and may require adjustment by the operator prior to the
taking of an exposure to accommodate the device to an
expected X-ray intensity range. However, if the actual
output from the X-ray machine is above or below the
anticipated range, the readings from the device will be
in error and further exposures must be taken.
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SUMMARY OF THE INVENTION

The X-ray measurement apparatus in accordance
with the present invention utilizes a pair of detector
units each responsive to the intensity of X-rays incident
upon it to produce an output signal related to the inci-
dent X-ray intensity. The X-rays reaching the detectors
are passed through filters of differing attenuation char-
acteristics; for example, the thickness of the filter over
one of the detectors may be greater than the thickness
of the filter over the other. The detector units are pref-
erably arranged in a plane with the centers of the areas
of each unit which are responsive to the radiation being
coincident so that variations in the outputs of the detec-
tors with changes in the orientation of the device are
minimized. A preferred detector arrangment consists of
two pairs of square-surfaced photodiodes arranged in
the four quadrants of a square with each pair of detec-
tors, constituting a single detector unit, disposed in
diagonally opposite quadrants.

The output signals of the detector units—for exam-
ple, the diode currents from photodiode detectors—are
preferably passed to adjustable gain current-to-voltage
amplifiers. Means are provided to adjust automatically
and simultaneously the gain of each of the amplifiers so
that the output signals from the amplifiers will be in a
desired voltage range. The switching and adjustment of
the gain of the amplifiers is preferably accomplished
during an initial delay period after initiation of an X-ray
exposure, e.g., during the first 30 milliseconds, and be-
fore any measurements of the outputs of the amplifiers
are made. After the selected delay period, which allows
for stabilization of the X-ray output signal and selection
of the proper gain from the amplifiers, the output of
each amplifier is provided to an integrator which is
allowed to integrate the signal from the amplifiers until
a selected voltage level at one of the integrators is
reached or a selected delay time after the X-ray expo-
sure has terminated has elapsed. At such point, integra-
tion of the amplifier output signals is haited and the
output of each integrator is held at its then existing level
and supplied to an analog-to-digital converter which
preferably provides a parallel line, multi-bit digital out-
put signal which corresponds to the ratio between the
integrator outputs. This ratio is a function of the pene-
trating ability of the X-ray photons passing through the
filters and thus is related to the kVp applied to the X-ray
tube and the conditions of X-ray beam filtration.

The multi-bit digital output from the converter may
be supplied directly to a display and utilized by the
operator to calculate kVp level applied to the X-ray
machine or other characteristics of the X-ray beam
generated by the X-ray machine. However, to provide
a direct readout to the operator of kVp level, the output
lines of the converter may be connected to the address
lines of a preprogrammed read only (ROM) memory in
which the data stored at each address location corre-
sponds to a kVp level predetermined to correspond to
the ratio data provided from the converter. The data
bus of the memory may then be provided directly to a
display unit which provides a visual display to the oper-
ator of the kVp value in kilovolts.

To obtain an X-ray kVp measurement, an operator
simply places the measurement device into the beam
path from an X-ray machine and takes an X-ray expo-
sure at a chosen kVp setting on the X-ray machine. The
present apparatus senses the initiation of an exposure
and automatically determines the proper gain setting,
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makes a measurement of the kVp level, and displays the
measured level to the operator, retaining such display
until the next X-ray exposure is taken. In the preferred
arrangement of the detector units, the apparatus is rela-
tively insensitive to variations in rotational position of
the detector with respect to the cathode-anode axis of
the X-ray tube, displacements from the central axis of
the X-ray beam, and small angles of tilt with respect to
the plane perpendicular to the beam, so that consistent
measurements of kVp level are more readily obtained
from one exposure to another. The apparatus also is
capable of providing more accurate output data based
on the ratio between the detector output signals than is
generally obtained with present devices since such de-
vices presume a substantially linear relationship be-
tween a power of the logarithm of such ratio and the
kVp level. However, since the actual relationship as
experimentally measured can be somewhat nonlinear,
the correspondence between ratio and the data indica-
tive of kVp level to be stored in the ROM memory may
be determined empirically to allow more accurate out-
put readings to be obtained over the entire range of kVp
levels which the device is capable of measuring. In
addition, the apparatus may be readily adapted to pro-
vide a direct reading of kVp level for both single-phase
and three-phase X-ray machines by simply providing a
different data set within the ROM memory, with the
appropriate data in memory being accessed for the type
.of X-ray machine tested. The apparatus can be used
with both radiographic and fluoroscopic systems by
.allowing a longer initial delay time before measurement
of the detector intensity ratios in the fluoroscopic mode
to allow sufficient time for stabilization of the X-ray
beam.

The device may also be adapted to provide half value
layer measurements by eliminating the filter over one of
the detectors, and is capable of being operated in a self

_check mode in which the filters over each diode pro-
vide identical X-ray attenuation. In the latter mode, the
output reading from the device should be essentially

- identical for every exposure. A change in readings indi-

cates a change in device characteristics.

Further objects, features and advantages of the inven-
tion will be apparent from the following detailed de-
scription when taken in conjunction with the accompa-
nying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is a simplified external perspective view of the
X-ray measurement device of the invention in position
to intercept a portion of a beam of X-rays from an X-ray
machine. :

FIG. 2 is a top plan view of a preferred arrangement
of photodiode detector units.

FIG. 3 is a simplied block diagram of the detection
and signal processing components of the apparatus of
the invention. '

FIGS. 4-8 are plan views of other detector unit ar-
rangements which can be utilized in accordance with
the invention.

FIG. 9 is a schematic electrical circuit diagram show-
ing a portion of the signal processing and control com-
ponents of the invention.

FIG. 10 is a schematic electrical circuit diagram
showing the remaining portion of the signal processing
and control components.
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BEST MODE FOR CARRYING OUT THE
INVENTION

For purposes of illustration, an external perspective
view of a device embodying the apparatus of the pres-
ent invention is shown generally at 20 in FIG. 1 in
position to intercept a portion of a beam of X-rays from
an X-ray source 21. The measuring device 20 is de-
signed to be self-contained, having no external wires or
power lines, and is illustratively shown as having an
on-off switch 22, single-phase or three-phase select
switch 23, radiographic or fluoroscopic mode switch
24, an indicator light 25.to indicate to the operator when
an X-ray measurement is being made, and a digital dis-
play panel 26 for displaying the kVp reading as mea-
sured by the device. A target pattern 27 is formed on
the face of the device to aid the operator in properly
positioning it in the center of the beam of X-rays. After
the device is positioned by the operator, the switch 23 is
set to either single-phase or three-phase depending on
the type of X-ray machine being tested, and the switch
24 is set to the radiographic or fluoroscopic mode posi-
tion depending on the type of X-ray exposure that is to
be made. The position of this last switch determines the
length of time delay between the beginning of an X-ray
exposure and the start of the kVp measurement. For
example, delays of 30 milliseconds in the radiographic
mode and 1.2 seconds in the fluoroscopic mode between
initiation of exposure and start of the measurement have
been found satisfactory. The kVp level measured can be
displayed in standard decimal format on the display 26
and will remain for viewing by the operator until an-
other X-ray exposure is made, whereupon the new read-
ing will replace the old, or until the device is turned off.

The apparatus of the invention measures the X-ray
beam intensity passed through two filters which have
different attenuation characteristics, as by being formed
of different thicknesses of the same material (e.g., cop-
per) or of different materials that provide differing at-
tenuation of X-rays. The ratio of the detected X-ray
intensity emerging from the two filters is a function of
the X-ray absorption coefficient of the filter material
(which is itself a function of the energy of the X-ray
photons) and the difference in thicknesses of the filters.
This measured ratio thus can be functionally related to
the kVp level of the X-ray machine, allowing the device
to calculate kVp from the ratio and display the calcu-
lated kVp to the operator.

A top plan view showing the preferred arrangement
of the X-ray intensity detectors is shown in FIG. 2, in
which pairs of photodiodes 29 and 30 are arranged
evenly about a square support plate 31 which, for illus-
tration, has been divided into four quadrants as defined
by the illustrative medial lines 32 and 33. The detectors
29 together form a detector unit and have their output
wires 34 connected together in parallel to shielded out-
put lines 35. Similarly, the photodiodes 30 form a detec-
tor unit and have their output leads 36 connected in
paraliel to shielded output lines 37. As will be apparent
from the discussion below, the apparatus of the inven-
tion may also utilize detector units (e.g., a photodiode)
or several individual detectors. For the configuration
shown, it is preferred that the detectors 29 and 30 be
matched in size and characteristics (e.g., 1 cm? active
area PIN photodiodes obtained from United Detector
Technology). The two detectors 29 are arranged such
that the center of area of the active surfaces of the de-
tectors which respond to X-ray radiation lies at the
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intersection of the medial lines 32 and 33. The term
“center of area” as used herein means the point of a
plane figure that would coincide with the center of mass
of a thin uniform distribution of material over-the area
of the figure. Similarly, the center of area of the active
surfaces of the pair of photodiodes 30 lies at the inter-
section of the medial lines 32 and 33, coinciding with
the center of area of the photodiodes 29. Because the
centers of area of the active surfaces of the detector
units coincide, the output of each detector unit (pairs of
photodetectors 29 or 30) on the lines 35 and 37 will be
substantially independent of the orientation of the de-
tectors with respect to the cathode-anode axis of the
X-ray tube. It is seen that the outputs on the lines 35 and
37 will be the sums of the outputs of the detectors 29
and 30, respectively (with photodiodes as detectors),
which effectively averages the X-ray intensity seen by
the two diodes in each pair. The “averaged” X-ray
intensity received by the pairs of detectors thus will not
change substantially with rotational orientation. The
four detectors arranged as shown in FIG. 2, with each
pair of detectors diagonally opposed to each other in a
substantially symmetrical configuration, is preferred
since it utilizes 2 minimum number of simple, standard
square-surfaced photodiodes of the same size.

In accordance with usual fabrication procedures for
instruments of this type, the photodiodes 29 and 30 may
be mounted on the insulating base 31 and covered with
a sheet of insulator (e.g., polyester) and the filtering
material laid in proper position on the polyester. For
example, the filters may comprise a 1 millimeter sheet of
copper covering the entire area of the insulating base 31
with an additional millimeter of copper placed over the
photodiodes 30. The detectors and copper filters may
then be placed in a shallow lead box and encapsulated in
light blocking epoxy to avoid excitation of the photodi-
odes by ambient light.

With reference to the block diagram of FIG. 3, inci-
dent X-ray radiation is illustrated as passing through a
single layer 40 of copper filter before impinging on the
detectors 29, and through a filter twice as thick, com-
posed of the copper layer 40 and a second copper layer
41, before reaching the detectors 30. The outputs of the
detectors 29 are provided to a current-to-voltage ampli-
fier 42 and the outputs of the detectors 30 are provided
to a current-to-voltage amplifier 43. A gain controller
44 monitors the voltage at the output of the first ampli-
fier 42 during an initial period of time after an X-ray
exposure begins and simultaneously adjusts the feed-
back resistance about the amplifier 42 (iliustrated at 45)
and the feedback resistance 46 about the amplifier 43.
The effective gain provided by the amplifiers 42 and 43
is thereby adjusted so that the output of the amplifiers
will be at a voltage level within a desired range of volt-
ages independent of the magnitude of the current from
the photodiodes 29 and 30.

After a preselected period of time, determined by a
timing and control means 48, the outputs of the amplifi-
ers 42 and 43 are provided to integrating amplifiers 49
and 50, respectively, by closing switches 120 and 122.
The controller 48 also controls a switch 51 connected
across the feedback capacitor 53 for the integrating
amplifier 49 and a switch 54 connected across the feed-
back capacitor 55 for the integrating amplifier 50. The
outputs of the integrators 49 and 50 dre supplied to the
reference voltage and input voltage inputs of a dual
slope analog-to-digital converter 57. The controller 48
monitors the output of the integrator 49 and provides a
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hold signal to the converter 57 to hold it in its previous
output condition until the output of the integrator 49
reaches a selected voltage level or for a selected period
of time, whereupon the integrators 49 and 50 are iso-
lated from the amplifiers 42 and 43 by opening the
switches 120 and 122, to maintain the output voltages
from the integrators constant thereafter, and a “run”
signal is provided from the controller 48 to the con-
verter 57. The integrators serve to minimize higher
frequency noise from the detectors and present steady
voltage levels to the converter which are averages of
the actual X-ray intensities received by the detectors.
The converter determines the ratio of the voltages from
the integrators 49 and 50 and provides a multi-bit digital
output signal indicative thereof on a paraliel (e.g., 11
bit) output bus lines 58 which are connected to the
address bus lines 59 of preprogrammed read only mem-
ory (ROM) unit 60. Each memory location in the ROM
memory unit 60 addressed by an output signal from the
converter 57 has data stored therein which corresponds
to the kVp level at the particular ratio determined from
the converter 57. The data from the ROM 60 is pro-
vided on its data bus line 62 to a display unit 63, which
includes, for example, a display driver and a liquid crys-
tal display with a decimal readout (e.g., PCIM 181-2),
thereby allowing the operator to directly read the cal-
culated kVp level.

The data stored in the memory 60 is precaiculated to
relate the ratio data on the address lines to kVp. Since
the kVp of a three phase X-ray machine will be different
from that for a single phase machine at the same de-
tected ratio, separate memory locations are provided
for three phase data and for single phase data. For ex-
ample, the memory unit may be composed of two (or
multiples of two, for extra memory capacity) 2716
EPROMs with parallel connected adddress and data
buses. The mode switch 23 provides a chip select signal
to the appropriate EPROM to cause three phase or
single phase output data to be placed on the data lines
62. As an approximation, the data in the memory may
relate kKVp to ratio in accordance with the equation:

T
= | =——_—— | C:
kVp—(logR ) 2

where T is the difference in thicknesses of the filters, R
is the detected ratio, and C; and C; are constants which
may be determined by making measurements on cali-
brated single phase and three phase X-ray machines.
However, the data stored in the EPROMs is preferably
determined empirically by taking measurement with the
device 20 of X-ray ratios from a calibrated X-ray ma-
chine (or from both a single phase and a three phase
machine) at various kVp levels on the machine. The
empirical relationships between ratio and kVp data,
with interpolations if desired, may then be read into the
EPROM -memories at the appropriate memory loca-
tions. The same technique may be used to relate kVp to
detected ratio using filters over the detectors which are
composed of materials having differing X-ray attenua-
tion and for determining half value layer data as a func-
tion of detected ratio.

The outputs of the current-to-voltage amplifiers 42
and 43 correspond, respectively, to the sums of the
currents through the pairs of detector photodiodes 29
and 30, and will be related to the intensity of the X-ray
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