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A design for an x-ray machine to be used as a visual aid for the

instruction of x-ray theory and x-ray machine operation has been

presented. From this design an x-ray machine was constructed and

tested.

Components used in an x-ray machine have been divided in

to three sections; a component is included in one of the three sec

tions depending on its function in the x-ray circuit. The three sec

tions are Control Section 1, Control Section 2, and Generator Section.

The circuit schematic used was divided into the three sections,

drawn on poster board, and attached to the front of three display pan

els. Each poster board was covered with a sheet of one-eighth inch

Plexiglass to provide mechanical and electrical protection to the

poster board. The components were mounted on the reverse side of

the three display panels behind their locations in the circuit schema

tic.



Components were not permanently wired into one circuit, but

were wired to banana jacks. Connection into a circuit was made by

using patch cords with banana plugs on each end. This allows the

wiring of one of several circuits by the instructor.

The x-ray tube has been mounted in a box having one-thirty-

second inch lead sheet on five sides to shield against scattered radi

ation. The primary beam has been shielded using one-quarter inch

thick plate glass. Use of plate glass allows direct viewing of the

x-ray tube.

The operating kVp has been reduced from 76 kVp to 22 kVp by

placing a 3:1 step-down transformer ahead of the primary of the

high-tension transformer. This reduction of the kVp makes the use

of plate glass to shield the primary beam feasible. It also allows

the use of 1X2B vacuum tubes to rectify the kilovoltage.

The exposure rate at the surface of the plate glass is less than

0. 1 mR/hr at 22 kVp and 6 mA, the maximum operating kVp and mA

of the x-ray machine. Leakage along the sides of the tube housing

was also less than 0. 1 mR/hr at the maximum kVp and mA.
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DESIGN AND CONSTRUCTION OF AN X-RAY

MACHINE FOR LECTURE DEMONSTRATION

INTRODUCTION

Following the discovery of x-rays by Wilhelm Conrad Roentgen

in 1895, many groups of experimenters, both scientific and medical,

began adapting this radiation to different areas of research. The

penetrating ability of x-rays allowed the physician to view the inter

nal structure of a patient without surgery, opening new areas in

diagnostic medicine. As the use of x-rays in medicine became ac

cepted and widespread, a new field of medicine, radiology, evolved.

The first radiologists received their training not in a classroom or

from texts, but through first-hand experience. In their lifetimes

they saw the evolution of x-ray technology from the simple Crook's

tube energized by a spark coil to today's complex pieces of equip

ment.

The expansion of radiology and the passing of this early group

of radiologists created a need to train new workers in the theory of

x-rays and the techniques of radiology, a need which is a continuing

one. Such training has been hindered by a major problem, the dif

ficulty for a new student to correlate the electronic symbols for

various components of an x-ray circuit shown in a circuit schematic

with those components in a commercial x-ray machine. It is usually



not practical to attempt to use a commercial x-ray machine during

the lecture to aid this correlation. Such machines are normally part

of a permanent installation and not available for the classroom. In

addition there may be the problem of personnel exposure. Use of

such a machine to demonstrate the various components and their

connections into the circuit would be difficult as the wiring of the

machine is not readily accessible, nor is it laid-out to physically

resemble the circuit diagram of the machine.

The extensive and successful use of visual aids in many fields

of contemporary education suggests the development of a suitable

visual aid to be used for the training of new students in x-ray theory.

The demonstration x-ray machine described here is such a visual

aid. It is designed to be used in the classroom to help alleviate the

difficulties encountered by a new student when correlating an x-ray

circuit schematic with an x-ray machine. Several instructors of

radiology throughout the country have developed demonstration x-ray

machines. Each has taken a different approach in designing his ma

chine, resulting in the development and use of several very different

demonstration machines.

The objective of this study was to design and construct a dem

onstration x-ray machine capable of showing clearly and simply the

basic components of an x-ray machine. It must show the basic cir

cuits used to rectify the high voltage applied to an x-ray tube and the
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incorporation of the components into this circuitry.

The design, capabilities, and disadvantages of several demon

stration x-ray machines reported in the literature were reviewed.

From this review ideas were selected for incorporation into the de

sign of the demonstration machine that has been constructed. First,

however, it would be advantageous to review the basic components

comprising an x-ray machine.



COMPONENTS OF AN X-RAY CIRCUIT

A brief description of each of the basic components of an x-ray

machine and their functions follows. These components are shown in

a generalized x-ray circuit schematic, Figure 1.

Autotransformer

An autotransformer is a transformer which has a single wind

ing about the iron core. The use of a single winding reduces the

amount of wire needed, thus a high current capacity can be obtained

from a compact transformer. The output may be from taps at vari

ous points along the winding, or it may be from a sweep arm which

moves the length of the winding to provide continuously variable vol

tage. The schematic for a tapped autotransformer is shown in Fig

ure 2.

The autotransformer shown in Figure 2 has two series of taps,

the voltage compensator and the kVp selector. The voltage compen

sator consists of a series of seven taps. Line voltage is applied be

tween one end of the autotransformer and one of these seven taps at

the other end. Minor variations in the line voltage can be compen

sated for by changing the tap used for input. This arrangement is

used so that the voltage developed across any combination of output

taps is constant and independent of minor variations in the line vol

tage.
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Another series of taps comprises the kilovoltage-peak (kVp)

selector. Voltage applied across the primary of the high-tension

transformer is varied by changing the kVp selector tap. The step-

up of the high-tension transformer is constant, so changing the tap

changes the kilovoltage produced in the secondary.

An isolated secondary producing 2. 1 V ac is provided for heat

ing the filament of a Tungar bulb. If this winding were not isolated

from the main winding of the autotransformer, connection of voltage

determining the kVp applied to the x-ray tube to the Tungar, as seen

in Figure 1, would effectively short out all of the windings between

this voltage tap and the taps used to provide heater voltage for the

Tungar. Isolation of the Tungar filament winding must therefore be

provided.

Line Voltmeter

An ac voltmeter with a reference point marked on the meter

face is connected across the autotransformer. The input voltage is

varied using the voltage compensator until the meter indicates this

reference voltage. This permits known voltages to be supplied to

the high-tension transformer when the line voltage is not constant.

Timer

The length of an x-ray exposure is controlled using a timer. A



start button initiates the timing cycle and energizes a solenoid which

closes the x-ray contactor. At the end of the selected exposure

time the timer de-energizes the solenoid, opening the x-ray con

tactor and terminating the x-ray exposure.

X-Ray Contactor

The x-ray contactor is two sets of relay contacts which when

closed apply voltage to the primary of the high-tension transformer.

Closing the first set of contacts connects a resistor in series with

the primary of the high-tension transformer to reduce any voltage

transients produced when the contacts are closed. A second set of

contacts close a moment later, shorting out the resistor to apply

full voltage to the primary.

Filament Potentiometer

X-ray tube current at a set kVp is controlled by varying the

temperature of the filament, which is heated by current from the

secondary of a step-down transformer. Connected to the primary of

this transformer is a filament potentiometer used to vary the voltage

applied to the primary. Changing the voltage across the primary

changes the voltage which heats the filament, changing its tempera

ture.



Milliammeter

X-ray tube current is measured with a milliammeter. A mov

ing coil ammeter responds to the average value of a current (4, 5).

Ammeters used to measure current where the waveform is sinusoid

al are calibrated to indicate the rms value of the current (4). The

waveform of the current through an x-ray tube, however, is not

sinusoidal. The milliammeter scale is thus calibrated to indicate

the average value of the current.

Inverse Suppressor

The inverse suppressor is a Tungar bulb with a power resistor

connected between the plate and cathode. The Tungar is a diode

capable of passing up to 15 amperes of current with a minimum vol

tage drop.

An x-ray tube operated in a self-rectified of half-wave recti

fied circuit utilizes only one half-cycle of the ac input. During the

half-cycle when the x-ray tube conducts, the input voltage will drop

below its no-load value, Figure 3A. This drop results from a large

current drain (typically 10 amperes) on the supply. During the in

verse half-cycle when the x-ray tube does not conduct, the input

voltage will rise to the no-load voltage. This change in the input

voltage is reflected in the kilovoltage developed by the high-tension
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transformer.

Kilovoltage developed during the inverse half-cycle is greater

than that developed during the half-cycle when the x-ray tube con

ducts. As the operating kVp is the kilovoltage across the x-ray tube

when it conducts, the kVp developed during the inverse half-cycle

will be greater than the operating kVp. When an x-ray machine is

operated near its maximum rating, the inverse voltage may exceed

the rating of the transformer insulation. This will cause the insula

tion to break down, shorting out the transformer.

Inverse voltage is reduced by an inverse suppressor, Figure

3B. During the half-cycle when the x-ray tube is conducting, the

Tungar also conducts, bypassing the resistor to apply full voltage

to the primary of the high-tension transformer. On the inverse

half-cycle, the Tungar does not conduct; voltage applied to the pri

mary must pass through the resistor. The voltage drop across it

during the inverse half-cycle is approximately the same as the vol

tage drop from current loading during the half-cycle when the x-ray

tube conducts. The inverse voltage is thus reduced to the value of

the operating voltage.

High-Tension Transformer

The high voltages used to produce x-rays are produced in a

step-up transformer, the high-tension transformer. The step-up
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ratio is determined by the ratio of the number of windings in the sec

ondary to the number of windings in the primary. A high-tension

transformer has a maximum voltage rating determined to the voltage

rating of the insulation.

X-Ray Tube

A special vacuum tube, called an x-ray tube, is used to pro

duce x-rays. The tube is a diode, having a cathode and an anode.

At the present there are three major types of x-ray tubes, each dif

fering mainly in the construction of the anode and target. The three

are the stationary anode, the rotating anode, and the transmission

anode x-ray tubes. The diagram of a stationary anode x-ray tube is

shown in Figure 4.

X-rays are produced when electrons, accelerated through a

potential of several kilovolts, strike a target and are rapidly de

celerated. Theoretical considerations (15, 16) show that the effici

ency of x-ray production is proportional to the atomic number of the

target. A target with high atomic number converts the energy of an

electron beam to x-ray photons more efficiently than a target of low

atomic number. Since approximately 95% to 98% of the energy of an

electron beam incident of the target is converted to heat (15), the

target must have a high melting temperature and good thermal con

ductivity. These two considerations lead to the choice of tungsten
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for a target material. Modern stationary anode x-ray tubes used in

medicine have a large copper anode with a tungsten target cast into

it. The copper acts as a heat sink to rapidly remove heat from the

target.

The cathode assembly consists of a tungsten filament mounted

in a focusing cup. The filament when heated emits electrons which

are attracted to the anode by the large potential gradient between it

and the cathode. A focusing cup is used to focus the electron beam

onto a small, defined area of the target.

For medical radiography it is desirable to have as small a

source of x-rays as possible to produce sharp detail in a radiograph.

There is, however, increased heating as the focal spot size is de

creased. Balancing these two factors has resulted in the use of line

focusing and a tilted anode. The electron beam incident on the anode

is focused into a narrow, rectangular beam, the principle of line

focusing. The target is inclined approximately 20° from the perpen

dicular to the tube axis; this angulation shortens the long side of the

rectangle so that the focal spot projected in the direction of the use

ful beam is a square, as seen in Figure 4. In this way a small ef

fective focal spot can be obtained for radiography; yet the energy of

the impinging electron beam is spread over a large portion of the

target, minimizing localized heating.

The amount of heat absorbed by an x-ray tube anode during
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operation is measured by the quantity kVp-mAs, kilovolts-peak

times the milliamps times the time in seconds of the exposure. An

x-ray tube has a heat rating expressed in this unit; excessive heat

input can cause the target to melt or warp away from the copper

anode.

There are two considerations which determine the amount of

heat that can be input to the anode during operation. One is the heat

input which the anode itself can withstand, and the second is the

amount of heat which the tube housing can absorb. The heat rating

of the x-ray tube must be considered when operating for a short

period of time near the maximum kVp and mA. Little heat absorbed

by the anode is lost during the time of the exposure. Operating at

lower kVp's and mA's, part of the heat absorbed by the anode is lost

to the tube housing. During a series of exposures at this kVp and

mA, the heat rating of the tube housing is of prime consideration.

Valve Tubes

High voltage from the step-up transformer can either be ap

plied directly to the x-ray tube, or it can first be rectified and then

applied to the x-ray tube. The rectifying element can be a valve

tube or a solid state device.

The operation of a valve is very different from that of an x-ray

tube. High filament currents are used so that the tube operates at
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saturation. This makes it possible for a valve to pass the low cur

rents used by x-ray tubes with a minimum drop in voltage. Anode

heating is directly dependent on the potential difference across the

tube, the greater the potential difference, the greater the anode

heating. The anode of a valve remains cool during operation. It

does not have inverse current, as does the x-ray tube. The low vol

tage drop, typically 0. 3 kV for operation at 80 kVp (12), is so low

that any x-rays produced are stopped by the glass envelope of the

valve.

Rectifier Circuits

The type of rectification used in a commercial x-ray machine

depends upon the use of the machine and the maximum kilovolts-peak

and milliamperage ratings. Mobile or compact machines require

simple rectifier circuitry to minimize size. Large, permanent in

stallations operating at high kilovoltages and currents can sacrifice

size to permit the use of full-wave rectification.

Self Rectification. Simpliest and most common of the rectifier

circuits is the self-rectified circuit. The x-ray tube is the only ele

ment across the secondary of the high-tension transformer. As its

electrical properties are those of a diode, it will conduct and pro

duce x-rays during the half-cycle when the anode is positive with

respect to the cathode. On the inverse half-cycle the x-ray tube will
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not conduct and no x-rays are produced. A self-rectified circuit is

shown in Figure 5.

Self rectification is restricted to low kVp, low current opera

tions; 100 kVp at 5 mA is the usual upper limit of these circuits un

less more elaborate equipment is provided to keep the anode of the

x-ray tube cool. The peak current during each half-cycle is 2. 8

times the average current (1). Operation at 10 mA would result in

a peak current at the focal spot of 28 mA, requiring the instantane

ous dissipation of 2. 8 times the average power. At high currents

this large instantaneous heat input can melt the target or warp it

away from the copper anode.

If the anode is not kept cool, it may become hot enough to emit

electrons, just as the cathode emits electrons when heated. On the

inverse half-cycle these secondary electrons will be attracted to the

cathode. If they strike the filament, they can cause physical damage

to it, shortening the life of the x-ray tube (12). This secondary

emission restricts the self-rectified x-ray machines to operation at

low kVp and mA.

Self-rectified x-ray machines are compact and can be portable.

The high-tension transformer and the x-ray tube can be mounted in

an oil-filled housing. This reduces size and the need for electrical

insulation of the cables which connect the high-tension transformer

secondary with the x-ray tube. Typical of this type of x-ray machine
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are the dental and bedside radiographic x-ray machines operating at

90 kVp and 15 mA maximum.

Half-Wave Rectification. Half-wave rectification can be

achieved by the addition of one or two valves in series with the x-ray

tube, as shown in Figure 6 A and B. The x-ray tube still produces

x-rays only during one half-cycle of the applied voltage. Addition

of one valve does not protect the x-ray tube from the full inverse

voltage. It does, however, block the flow of inverse current, per

mitting operation at higher kVp's and milliamperages (9).

The use of two valves in series with the x-ray tube, Figure 6B,

will remove the inverse voltage from the x-ray tube. This arrange

ment has been used in older radiographic units operating at 100 kVp

or in superficial therapy machines operating up to 220 kVp, but it

has not been used in newer machines (1, 9).

Full-Wave Rectification, Voltage-Halving Circuit. With full-

wave rectification an x-ray tube will operate during both half cycles,

using the input power more efficiently. Full-wave rectification

decreases the peak current at a given mA; an average current of 10

mA has a peak value of 15 mA (2). This reduction in peak current

permits an x-ray machine to be operated at greater tube currents

without danger of melting the target.

A voltage-halving circuit, Figure 7, consists of two valves

connected in parallel to the cathode of the x-ray tube. The plate
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is connected to the center tap of the secondary of the high-tension

transformer. Voltage across the x-ray tube is developed between

the center tap and one side of the secondary. It is thus one half of

the rated output of the high-tension transformer. This circuit is

most commonly used in x-ray diffraction and spectrometry where

lower kilovoltages, 50 kVp to 60 kVp, are required. Use for medi

cal applications requiring higher kilovoltages has not been extensive

because of the large transformer required to produce these higher

kilovoltages.

Full-Wave Rectification, Bridge Circuit. Bridge full-wave

rectifying circuits require four valves arranged as shown in Figure

8. This circuit has the advantage that the full transformer voltage

is applied to the x-ray tube.

The bridge rectifying circuit is used mainly in larger, perma

nent x-ray installations where size does not need to be minimized.

The associated equipment, filament transformers and high-voltage

valve tubes, make the development of a portable full-wave rectified

x-ray machine impractical. Typical of such an x-ray machine are

large fluoroscopic and radiographic machines operating with kilo

voltages of 300 kVp and tube currents up to 1000 mA.
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DEFINITION OF REQUIREMENTS

Before reviewing the approaches taken by others who have

built demonstration x-ray machines, or before designing a demon

stration x-ray machine, certain requirements must be defined to

serve as guidelines along which ideas can be developed or rejected.

Formulation of these requirements must take into consideration that

the primary use of this demonstration x-ray machine is a visual

classroom aid. It must also consider the matter of personnel ex

posure.

The design of the machine must be simple so as not to unduly

confuse the new student. It needs, however, to incorporate all of

the basic components and circuits used in commercial x-ray ma

chines. A machine, depending on its use, will employ one of several

rectifier circuits. Medical fluoroscopic and radiographic machines

require a high tube current, up to 1000 mA, at kilovoltages up to 150

kVp. These machines employ full-wave rectification. Dental and

bedside radiographic machines with tube currents of 10 mA to 15 mA

at 50 kVp to 90 kVp can be self-rectified or half-wave rectified. The

demonstration x-ray machine must have the capabilities of showing

these rectifying circuits.

Izenstark (11) and Higgans (10) both have noted that the major

handicap encountered when instructing students is the correlation
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between the components shown in a simple x-ray circuit schematic,

used to illustrate the basic components and their functions, with

those components on a commercial x-ray machine. The student is

presented first with a circuit schematic in which control components

appear throughout the drawing; he is then expected to recognize these

components placed together on a control console. If this demonstra

tion x-ray machine is to be a useful visual aid, it must be organized

so as to minimize the difficulties in correlating the components

shown in a circuit schematic and the same components present on an

assembled machine. It should also show the function of each com

ponent schematically and correlate the physical action of the compo

nent, turning a knob or throwing a switch, with its circuit function.

While the primary purpose of this machine is to demonstrate

the basic components and circuits used to produce x-rays, it may

also be used to demonstrate instruments which are capable of meas

uring the presence or intensity of an x-ray field. The machine must,

then, be capable of producing x-rays for a sufficient length of time

to allow an instrument to respond to their presence. Ionization

chambers can measure the intensity of a very short x-ray pulse;

ratemeters require a minimum exposure of five to ten seconds be

fore indicating the intensity rate of the x-ray field.

As x-rays are to be produced, adequate shielding must be pro

vided to limit personnel exposure to a minimum. The NCRP (13)
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recommends that the exposure received by students or instructors

should not exceed 0. 01 rem for any one experiment. The exposure

to students under 18 years of age should also not exceed 0. 1 rem

per year. The demonstration must be designed so that the exposure

from x-rays will be no greater than these limits.

These are the basic requirements to be used as guidelines in

the development of a design for a demonstration x-ray machine.

They will also be used when making a critical analysis of the demon

stration x-ray machines to be reviewed.
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Roentgen made his historic discovery of x-rays using an in

duction coil for generating high voltage and a cold cathode Crook's

tube to produce x-rays. This equipment was available in most

physics laboratories, and many other scientists began producing

x-rays immediately after Roengten's announcement. Even following

the advent of the Coolidge tube and the use of high-tension transform

ers, college professors and high school teachers continued to use

this equipment for demonstrations of the production of x-rays.

Although radiation damage was noted within a month of

Roentgen's announcement (17), little work was done on radiation pro

tection until the 1920's. By this time the Coolidge tube and high-

tension transformers had replaced the Crook's tube and induction

coil in the production of x-rays for research, medicine, and indus

try. Most of the work in radiation protection concerned this new

equipment, while protective measures for the original apparatus

apparently were neglected. It was not until 1951 that a study was

made of the exposure rate from the Crook's tube. In this study

Schlegal (14) found exposure rates in the beam up to six R/minute

at a distance of 20 centimeters from the tube, and an exposure rate

from scattering within the tube of one R/minute two centimeters from

the tube. Referring to the present guidelines for exposure, three
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rem in 13 consecutive weeks or about 0. 1 R/week equivalent x-ray

exposure, for occupational workers and one-tenth this exposure for

the general public (8), these exposure rates were obviously exces

sive and needed to be reduced.

Baez (3) designed an x-ray demonstration with which he was

able to limit the exposure rate to about five mR/hour close to the

tube. The unit was very similar in other respects to previous x-ray

demonstrations; it used a Crook's tube energized by a six-volt bat

tery and an induction coil from a Model-T Ford. With this apparatus

he was able to demonstrate the production of x-rays up to 80 kVp.

The complexity and lack of parallels between modern equip

ment and the early x-ray demonstrations rules out the use of such a

demonstration as a modern teaching aid. Some aspects of these

early demonstrations, however, may be carried over and adapted to

a unit suitable as a teaching aid. In particular, the apparatus was

not enclosed in any type of housing and could be viewed by students.

The apparatus was not prewired, giving the student an opportunity to

see each component integrated into the overall circuit.

Schlegal (14) demonstrated the need to assure that a minimum

radiation hazard exists, both to the audience and to the demonstrator.

The maximum allowable exposure to either should not exceed the

guidelines established by the NCRP (13) for exposure from education

al equipment and experiments.
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One approach in the development of a demonstration x-ray

machine which used modern components and circuitry was taken by

Izenstark (11). This approach was to divide the circuitry into three

sections--control, generator, and the x-ray tube. The control sec

tion contained those components needed to determine the operating

kVp, tube current, and the time duration of the x-ray production.

These components, the autotransformer with line compensator and

a kVp selector, a filament potentiometer, a line voltmeter, and a

tube milliammeter, were arranged on a control panel to resemble a

typical, commercial x-ray machine control console. The back was

left open to allow viewing of the components and the wiring. The

generator contained a step-up transformer and a four valve, full-

wave rectifier to provide pulsating dc kilovoltage to the x-ray tube.

The x-ray tube was replaced by a mercury vapor lamp to eliminate

the radiation hazard. The effects on the production of x-rays by

varying the kilovoltage across the tube or changing the tube current

are seen as a change in the intensity of the light from the mercury

vapor lamp.

The demonstration of Izenstark (11) is valuable as it introduces

the student to a representation of a typical control panel, showing

the location and function of the controls. There are, however, sev

eral disadvantages to his approach. The circuit has been prewired,

permitting the student no opportunity to study the incorporation of
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each component into the circuit. A circuit schematic is not shown

on the panel; a separate display is needed to show the circuit used

in the display machine. The student must coordinate the electronic

symbol of a component shown in the circuit with a knob or switch on

the control panel. For students with little background in physics

or electronics, this may be difficult, hindering his progress in un

derstanding the function of the component in the production of x-rays.

Izenstark (11) removed any hazard from radiation by substi

tuting a mercury vapor lamp for the x-ray tube. The production of

x-rays are then seen as a glowing of the lamp; the intensity of the

glow can be related qualitatively to the intensity of the x-rays pro

duced with an x-ray tube. The disadvantage of this arrangement is

that the absorption of x-rays cannot be shown with this demonstration

machine. Nor can the machine be used to demonstrate instruments

which measure x-rays and other ionizing radiations. A separate

machine, usually a permanent installationjhas to be used. This need

to supplement the demonstration machine with existing machines

limits the applicability of this demonstration for classroom instruc-

ti on.

The ideas developed by Izenstark (11) show one approach to the

design of a layout to demonstrate a modern x-ray machine. The dem

onstration is prewired and constructed to resemble an actual x-ray

control panel and generator. Substitution of a mercury vapor lamp
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for the x-ray tube eliminates any hazard from x-ray exposure, how

ever, methods for measuring an x-ray beam or surveying an x-ray

machine cannot be demonstrated. This approach, although it has

several good ideas, does not meet the requirements established for

the demonstration x-ray machine to be designed in this study.

A different approach was taken by Higgans and DeVore (10).

They designed their demonstration to represent the circuit schematic

of a typical x-ray machine and placed the components in position in

the circuit schematic. On one side of a display panel they drew the

circuit schematic; on the reverse side they wired the x-ray machine

to physically resemble the circuit schematic. A component was

either mounted at the location indicated by the schematic, or it was

connected into the circuit at that location and mounted in the bottom

of a cabinet, to the top of which the display panel was hinged. The

components were not permanently wired into the circuit, but were

connected by patching on the front of the display panel. Using this

arrangement, several circuits could be wired for demonstration, one

after another, in a minimum of time.

The demonstration was divided into three section s- -power, con

trol, and high-voltage. The power section contained the on-off

switch, autotransformer with a line compensator and kilovoltage

selector, and a line voltmeter. A control voltage of 115 Vac was

provided to be used in the other sections. The control section
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contained filament potentiometers to control the filament currents in

the x-ray tube and valve tubes, a timer with an x-ray contactor, a

milliammeter to measure the x-ray tube current, and a voltmeter

calibrated to read the kVp across the x-ray tube. The high-voltage

section contained a high-tension step-up transformer, four valves

used for rectification of the high voltage, an x-ray tube, and filament

transformers for the valves and x-ray tube. At 4. 5:1 step-down

transformer was placed in the primary of the high-tension trans

former to reduce the maximum kilovoltage from 90 kVp to 20 kVp.

The x-ray tube was placed in a shield made of lead glass.

The approach taken by Higgans (10) has resulted in a demon

stration machine capable of showing the basic components and cir

cuits used in modern x-ray machines. An x-ray beam is produced

and can be used to demonstrate x-ray survey instruments. The po

tential hazard from exposure to the x-ray beam has been reduced by

limiting the maximum kilovoltage to 20 kVp. This reduction of kilo

voltage also decreased the problems of shielding the x-ray tube and

insulating the electrical equipment and wiring.
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THE DESIGN

An x-ray circuit schematic incorporating the basic components

of an x-ray machine was drawn (Figure 1) and divided into three sec

tions. Control Section 1, Figure 9, contains components which sup

ply known voltages to be used in the other two sections. Components

in Control Section 2, Figure 10, directly control the production of

an x-ray beam. Those components in the Generator Section, Figure

11, produce and modify the high voltage applied to the x-ray tube.

The control section was divided into two sections to reduce the size

of the display panel on which this section would be mounted. This

division of the circuit assists the student to understand the function

of a component by observing in which section it is located.

Each section was mounted on a display panel, hinged to a cabi

net. The display panel is raised for viewing during instruction and

lowered into the cabinet for protection during storage. The schema

tic for each section was drawn on poster board and mounted on the

front of the display panel. The poster board was covered with a

sheet of Plexiglass to provide it with mechanical and electrical pro

tection.

The components were mounted on the backs of the display

panels directly behind their locations in the circuit schematic. This

was done to aid the correlation by students between an electrical



(A) (B)

Figure 9. The completed display panel for Control Section 1 seen (A) from the
front and (B) from the back.



(A)

Figure 10. The completed display panel for Control Section 2 seen (A) from the
front and (B) from the back. 00



(A) (B)

Figure 11. The completed display panel for the Generator Section seen (A) from the
front and (B) from the back.
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symbol and the physical component, Components with control knobs

or switches were mounted so that they could be operated from the

front of the display panels.

The control knobs on the autotransformer and on the filament

potentiometer were incorporated into the circuit schematic. The

electrical function of these controls can thus be correlated with the

mechanical movement of the knobs.

The components were not permanently wired together but were

wired instead to banana jacks. The jacks open on the front of the

display panels. Connection of two components is made using a. patch

cord with banana plugs on both ends. Use of this arrangement per

mits the incorporation or exclusion of a component. The instructor

can wire the circuit he is discussing during the lecture. In this way

he can logically present the circuit to students, explaining the in

corporation or exclusion of each component.

The power cable has a three wire plug on each end and a ground

wire. A ground wire has also been mounted in each of the three

sections at the bottom of the panel. The high-tension transformer

used was designed for a grounded center tap in the secondary, The

secondary has been permanently connected to the ground wire in the

Generator Section. Also, one side of the milliammeter connected

between the secondary center taps has been permanently connected to

the ground wire in Control Section 2.
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In Control Section 1 are a line switch, autotransformer, and

line voltmeter. The line switch breaks both sides of the line when

in OFF position. It is a circuit breaker which automatically opens

the line if the input current exceeds 15 amperes. The autotrans

former has two series of taps. One series of seven taps is the vol

tage compensator. The other series of 12 taps is the kVp selector.

The autotransformer also has an isolated secondary winding to pro

vide 2.1 V ac for heating the filament of the Tungar. The line volt

meter is connected between LINE 1 IN and TAP 5 on the voltage

compensator. A reference mark has been placed on the meter face

at 105 V ac. A control voltage of 115 V ac has been provided to

operate electrical equipment in the other two sections. It was ob

tained between TAP 6 on the kVp selector and a tap near the LINE 1

OUT tap,

Mounted in Control Section 2 are the timer, x-ray contactor,

inverse suppressor, milliammeter, and filament potentiometer,

The filament potentiometer has a resistance which can be varied

from zero ohms to 260 ohms. This changes the voltage to the x-ray

filament transformer from 89 V ac to 115 V ac.

The timer is an electrically driven mechanical timer with a

range from zero seconds to 60 seconds. The timer was not mounted

directly behind its location in the circuit. It was mounted on the

front of the panel below its circuit schematic. The timer circuit was
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drawn schematically to show its operation.

The circuit schematic shows a surge limiting resistor as part

of the x-ray contactor. This resistor has not been used in the dem

onstration x-ray machine. The voltage spike caused by switching

transients will not produce a kilovoltage in the high-tension trans

former which can exceed the transformer insulation rating. The re

sistor was included in the circuit schematic to demonstrate its

function.

The inverse suppressor used in this machine has a Tungar

bulb with a current rating of 15 amperes. Inverse suppression is

acheived with a 400 ohm resistor between the plate and cathode of

the Tungar.

The Generator Section contains the high-tension transformer,

four valves and their filament transformers, the x-ray tube and its

filament transformer. The step-up ratio of the high-tension trans

former is 380:1. An input voltage of 100 volts rms •would produce

38, 000 volts rms in the secondary; this is 53. 8 kVp. The trans

former is rated at 76 kVp. Voltage to the primary has been reduced

threefold using an autotransformer. As this reduction is not typical

of x-ray circuits, it has not been shown in the circuit schematic.

This reduction has limited the kilovoltage to a maximum of 22 kVp.

Reduction of the kilovoltage has the advantage of simplifying

the insulation of components and wires in the Generator Section.
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Wood used to make the display panel and the Plexiglass covering the

poster board will adequately insulate a potential of 22 kVp. These

materials will not readily give rise to stray surface charges which

can lead to electrical arcing between components. Diode tubes with

a rating of 25 kilovolts can be used for rectification; they require

less space than the more expensive Kenotrons necessary to rectify

76 kVp. The diodes used in this machine are lX2B's.

The exposure from an x-ray tube operated at 22 kVp is much

less than from a tube operated at 76 kVp. There are two basic rea

sons for this reduction. First, the efficiency of production is direct

ly dependent on the voltage (14). At 22 kVp the x-ray production is

much less than at 76 kVp. Secondly, the energy of the x-ray beam

is reduced, and the exposure can be directly related to the energy of

the beam. The exposure is thus reduced as the kVp is reduced.

Plate glass was used to attenuate the x-ray beam. It will

transmit less than 0. 1 mR/hr, the lower limit of detection of a

Victoreen Model 440 survey meter. It also permits the student to

view the x-ray tube during operation. Leakage from the sides of the

tube housing is also less than 0. 1 mR/hr. These measurements

were made with the machine operating at 22 kVp and 6 mA, the max

imum kVp and mA,

The x-ray tube used in this demonstration machine has a heat

rating of 22, 900 kVp-mAs. Mounted in the D-l tube housing, it was
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surrounded by transformer oil used to insulate the high voltage.

This oil also removed heat from the x-ray tube. In the demonstra

tion x-ray machine the tube is mounted inside an air-filled box.

Air will not rapidly remove heat from the glass envelope of the

x-ray tube. Little heat will be lost from the anode support as only

a small area is exposed to air. A heat radiator was thus added to

the tube for cooling. The radiator consists of a steel machine screw,

2 in. long with 10-32 threads, screwed into the steel anode support.

A series of five aluminum discs are spaced 0. 25 in. apart along its

length. The discs are 2. 0 in. in diameter and 0. 040 in. thick. Use

of these aluminum discs increases the surface area from which heat

can be radiated to the air. They also increase the heat storage

capacity of the x-ray tube.
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MATERIALS AND METHODS

Materials used in the x-ray machine can be divided into two

groups. Those materials used to construct the display housing con

stitute one group. The electrical components comprise the second

group, Figures 12, 13, and 14 are drawings of the display housing.

Each of the three sections of the demonstration x-ray machine

is mounted on a display panel. This panel is permanently hinged to

a cabinet which supports the panel when raised for viewing. When

the display panel is being stored, the cabinet provides protection for

the electrical components mounted on the back of the panel. A de

tachable lid, removed during a demonstration, provides protection

for the front of the panel during storage.

Each display panel was made from three-quarter inch plywood,

exterior grade. It is 2 ft. IO2 in. long and 1 ft. IO2 in. wide, The

circuit schematic was drawn on one-sixteenth inch poster board,

2 ft. 9 in. long and 1 ft. 9 in. wide. A sheet of one-eighth inch

thick, grade G Plexiglass was used to cover the poster board pro

viding it with mechanical and electrical protection. The poster

board covered by Plexiglass was mounted on the front of the display

panel.

Each display panel was hinged to a cabinet, also made of three-

quarter inch thick plywood. The cabinet is 3 ft. long, 2 ft. wide, and
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Figure 12. Top and side drawings of the display panel.
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Figure 13. Top, front, and side drawings of the display cabinet.



45

8 in. deep, exterior dimensions. Along the inner sides of the cabi

net, three-quarters inch below the top, is a support strip; when the

3
display panel is lowered, it rests on this strip. This provides ljx in.

of clearance between the back of the display panel and the bottom of

the cabinet.

To the top of each cabinet a lid was mounted using breakaway

hinges. The lids are to be removed from the cabinets during a dem

onstration. They are hinged to the cabinets during storage to pro

tect the Plexiglass on the display panels. Each lid, also three-

quarter inch plywood, is 3 ft. long, 2 ft. wide, and 34 in. deep.

The housing for the x-ray tube was made from one-quarter

inch plywood with one thirty-second inch lead sheet glued on the in

ner side. The box is 6 in. long, 5j in. wide, and 5 in. deep.

1

Mounted on the front was one-quarter inch plate glass, 5*2 in. long

and 5 in, wide.

All electrical components with the exception of the timer,

step-down transformer used to reduce the kVp, and the four valves

and their filament transformers were obtained from a General

Electric D-l, 10 mA x-ray machine, The step-down transformer

was obtained from a General Electric D-2 x-ray unit. 1X2B recti

fiers and 1. 2 V ac filament transformers can be obtained from most

electronics supply stores.

High voltage from the high-tension transformer was limited to
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Figure 14. Top, front, and side drawings of the display cabinet
lid.
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a maximum of 22 kVp by decreasing the maximum voltage to the

primary of the high-tension transformer from 140 volts to 40 volts.

This reduction was accomplished using an autotransformer similar

to the one in Control Section 1,

Voltage from the kilovoltage-peak selector was applied to the

second autotransformer; two taps having a potential difference of 40

volts were located and connected across the primary of the high-

tension transformer.

Components were wired to their connection points using #20

stranded wire. Connection points on the display panels were H. H.

Smith Type 206 banana jacks, opening on the front of the panels.

Patch cords used for completing a circuit were made with #20

stranded wire; those used in the Generator Section have an insula

tion rating of 25, 000 volts. Originally the banana plugs on each end

of the patch cords were H. H. Smith Type 205. These were found

unsatisfactory for use with this demonstration machine. The set

screw which connected the wire to the plug was exposed, and a

serious electrical shock could be received from it. These were re

placed with Smith Type 211 banana plugs which are completely insu

lated.
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CALIBRATION OF THE X-RAY KILOVOLTAGE

The output voltage from the high-tension transformer of an

x-ray machine is not independent of the load. As more current is

drawn at a constant input voltage, the high voltage will drop. This

decrease is the result of resistance losses in the secondary of the

transformer. To maintain constant high voltage as the current is

varied, the input voltage must be adjusted using the kVp selector.

X-ray machines having manually adjusted kVp and mA are sup

plied with a calibration chart. This chart indicated the kVp selector

tap to be used at a given mA to provide the desired kVp to the x-ray

tube. The D-1 x-ray machine used had a calibration chart for high

voltages from 44 kVp to 76 kVp. Since the demonstration x-ray

machine will be operated below 44 kVp, calibration charts must be

provided.

The high voltage was measured using a B & K Model 375

vacuum tube voltmeter and a voltage divider. The voltage divider

was made by connecting fifty 20 megohm, 5% resistors and a one

megohm, 5% resistor in series to give a total resistance of 1001

megohms. The total resistance of the voltage divider was chosen to

provide a maximum current loading of 2%. Current indicated by the

milliammeter is the current flowing through both the x-ray tube and

the voltage divider. Two percent loading indicates that 2% of the

total current in the circuit is flowing through the voltage divider.
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Figure 15. Calibration curve for a B & K Model 375 VTVM. The
VTVM was connected across a one megaohm resistor in
the voltage divider which was connected across the x-ray
tube.
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The B & K VTVM was connected across a one megohm section

of the voltage divider. The input impedance of the VTVM is approxi

mately one megohm at 60 Hz. Connecting it across the one megohm

section will load the section, and the voltage indicated by the VTVM

will be lower than the actual voltage across the section.

This loading was corrected by calibrating the VTVM readings.

A known ac voltage was applied to the primary of a 380:1 step-up

transformer. The voltage divider was connected across the trans

former, and the VTVM was connected across the one megohm section

in the voltage divider. A calibration plot was made of the output

voltages of the step-up transformer vs. the VTVM readings on the

ac p-p scale, Figure 15.

To calibrate the high voltage, the x-ray tube and the voltage

divider were connected across the secondary of the high-tension

transformer. The VTVM was connected across the one megohm sec

tion of the voltage divider. At each tap setting of the kVp selector

the tube current was varied from two mA to six mA in one mA steps,

and the VTVM readings were recorded. These readings were con

verted to the kVp across the x-ray tube using the plot in Figure 15.

A calibration chart of the kVp for each kVp selector tap at x-ray tube

currents of two to six mA was then prepared. Four calibration

charts were made, one for each of the four rectifier circuits. These

charts are in Appendix II.
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SUMMARY AND CONCLUSIONS

Several x-ray machines have been constructed to supplement

instruction in x-ray theory. The designs of three of these machines

have been reviewed, and an analysis of the advantages and handicaps

of each has been presented. The best of the design criteria have

been used in the design of this x-ray demonstration machine,

The design presented has several advantages; it integrates the

components with their electronic symbols used in a circuit schema

tic, making it possible for the student to correlate the actual com

ponent mounted on a control panel with its location in the circuit.

The demonstration machine also correlates the electrical function of

each component with its mechanical action. Circuitry has been sim

plified to show only the basic components; several basic generator

circuits used in modern x-ray machines can, however, be demon

strated.

Components used in this x-ray machine have been divided into

three sections and each section mounted on a display panel for view

ing. Control Section 1 contains components which supply a con

trolled ac voltage applied to the electrical components in the other

two sections. It also contains the kVp selector, a series of taps

which are used to select the kVp applied to the x-ray tube. Control

Section 2 contains components which directly effect some aspect of
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the x-ray beam produced. Components in the Generator Section

produce the high voltage applied to the x-ray tube. A high-tension

transformer, with a step-up ratio of 380:1, produces the high vol

tage, This high voltage can be applied directly to the x-ray tube in

a self-rectified circuit, or it can be rectified by one of the various

rectifier circuits and then applied to the x-ray tube.

X-rays are produced by this machine, The primary beam is

attenuated to a safe level with one-quarter inch plate glass, The use

of plate glass permits the student to view the x-ray tube in the box

housing. Shielding for radiation scattered within the tube or from

the plate glass is provided by one thirty-second inch lead sheet

lining the inside of the box housing the x-ray tube.

Further reduction of the potential hazard from exposure to the

x-ray beam was accomplished using a 3:1 step-down transformer to

reduce the voltage input to the primary of the high-tension trans

former, limiting the maximum kVp to 22 kVp.

A voltage divider has been provided to allow measurement of

the high voltage applied to the x-ray tube. It has a total resistance

of 1001 megohms. Voltage is measured across a one megohm sec

tion in the voltage divider. An oscilloscope can also be connected

across this section to demonstrate the waveform of the high voltage.

The demonstration x-ray machine can be connected for any one

of five x-ray generator circuits. This flexibility has been achieved
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by connecting components together with patch cords rather than

permanent wiring. Figures 16, 17, 18, 19, and 20 in Appendix I

show the connections for these five generator circuits.

The voltages used in the demonstration x-ray machine were

divided into two classifications. Voltages directly determining the

kVp generated by the high-tension transformer and the kVp applied

to the x-ray tube constitute one group. Connections for these vol

tages in the circuit were made using black wire, black banana jacks,

and patch cords with black banana plugs on each end. The second

group consists of all other voltages used to operate electrical equip

ment or supply primary voltage to the filament transformers. These

voltages were connected in the circuit using red wire, red banana

jacks, and patch cords with red banana plugs on each end. This

color coding was adopted to aid the student's understanding of the

function of the different voltages present in an x-ray machine.
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APPENDIX I

Wiring Connections for This X-Ray Machine



GENERATOR SECTION

Figure 16. Wiring connections for this x-ray machine to demonstrate a self-rectified circuit.



Figure 17. Wiring connections for this x-ray machine to demonstrate a half-wave rectified
circuit using one valve. oo



Figure 18. Wiring connections for this x-ray machine to demonstrate a half-wave rectified
circuit using two valves.



Figure 19. Wiring connections for this x-ray machine to demonstrate a full-wave, voltage-
halving rectifier circuit. o



Figure 20. Wiring connections for this x-ray machine to demonstrate a full-wave, bridge
rectified circuit. o
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APPENDIX II

KVP Calibration Charts



Table 1. Calibration chart for the demonstration x-ray machine
operated as a self-rectified unit.

Tap 2 mA 3 mA 4 mA 5 mA 6 mA
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8. 6 kVp 8. 1 kVp 7, 2 kVp 6, 7 kVp 6. 1 kVp

2 10. 0 kVp 9. 3 kVp 8. 6 kVp 8. 0 kVp 7. 4 kVp

3 11. 3 kVp 10. 7 kVp 10. 1 kVp 9. 4 kVp 8.8 kVp

4 12,8 kVp 12. 2 kVp 11. 6 kVp 10. 9 kVp 10. 3 kVp

5 14. 1 kVp 13, 5 kVp 12. 9 kVp 12. 2 kVp 11. 6 kVp

6 15. 5 kVp 14. 9 kVp 14. 3 kVp 13. 6 kVp 12. 9 kVp

7 17. 0 kVp 16. 6 kVp 15.8 kVp 15. 1 kVp 14. 3 kVp

8 18. 6 kVp 18. 1 kVp 17. 5 kVp 16. 7 kVp 16. 1 kVp

9 20. 4 kVp 19.8 kVp 19. 1 kVp 18. 5 kVp 17. 5 kVp

10 21. 7 kVp 21. 1 kVp 20.4 kVp 19.8 kVp 18. 6 kVp

11 22. 2 kVp 21. 2 kVp 20. 8 kVp

12 22. 3 kVp 21.8 kVp



Table 2. Calibration chart for the demonstration x-ray machine
operated as a half-wave rectified unit.
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Tap 2 mA 3 mA 4 mA 5 mA 6 mA

1 7. 3 kVp 6. 7 kVp 5. 9 kVp 5. 5 kVp 5. 1 kVp

2 8. 6 kVp 8. 0 kVp 7. 3 kVp 7. 0 kVp 6. 7 kVp

3 9. 8 kVp 9. 2 kVp 8. 7 kVp 8. 1 kVp 6. 8 kVp

4 11. 3 kVp 10. 6 kVp 9. 9 kVp 9. 5 kVp 9. 0 kVp

5 12. 5 kVp 11. 8 kVp 11.4 kVp 10. 8 kVp 10. 3 kVp

6 13. 7 kVp 13. 1 kVp 12. 6 kVp 11.9 kVp 11.5 kVp

7 15. 3 kVp 14. 9 kVp 14. 5 kVp 13.8 kVp 13. 2 kVp

8 16. 5 kVp 16. 2 kVp 15. 7 kVp 15. 1 kVp 14. 6 kVp

9 18. 0 kVp 17. 7 kVp 16. 8 kVp 16. 2 kVp 15. 7 kVp

10 19. 0 kVp 18. 5 kVp 18. 0 kVp 17. 5 kVp 16. 8 kVp

11 20. 1 kVp 19. 8 kVp 19. 1 kVp 18. 6 kVp 18. 0 kVp

12 21. 3 kVp 20. 8 kVp 20. 2 kVp 19. 6 kVp 19. 1 kVp



Table 3, Calibration chart for the demonstration x-ray machine
operated as a full-wave rectified unit with a voltage-
halving rectifier.
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Tap 2 mA 3 mA 4 mA 5 mA 6 mA

1 2. 1 kVp 1. 1 kVp 0. 5 kVp 0. 2 kVp --

2 2. 5 kVp 2. 1 kVp 1.4 kVp 0. 7 kVp 0. 2 kVp

3 3. 3 kVp 2. 5 kVp 2. 0 kVp 1.3 kVp 0. 6 kVp

4 4. 0 kVp 3. 3 kVp 2. 6 kVp 2. 0 kVp 1. 3 kVp

5 4. 5 kVp 3. 8 kVp 3. 2 kVp 2. 5 kVp 1. 7 kVp

6 5. 1 kVp 4. 6 kVp 3. 8 kVp 3. 1 kVp 2. 4 kVp

7 5. 7 kVp 5. 2 kVp 4. 6 kVp 3. 9 kVp 3. 3 kVp

8 6. 1 kVp 5. 9 kVp 5. 2 kVp 4. 4 kVp 3. 7 kVp

9 6. 7 kVp 6. 6 kVp 6. 1 kVp 5. 2 kVp 4. 6 kVp

10 7. 2 kVp 7. 1 kVp 6. 7 kVp 5. 7 kVp 4. 9 kVp

11 7. 7 kVp 7. 4 kVp 7. 1 kVp 6. 5 kVp 5. 3 kVp

12 7. 9 kVp 7. 9 kVp 7. 7 kVp 7. 1 kVp 6. 2 kVp
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Table 4. Calibration chart for the demonstration x-ray machine
operated as a full-wave rectified unit with a bridge recti
fier.

Tap 2 mA 3 mA 4 mA 5 mA 6 mA

1 6, 1 kVp 5. 5 kVp 5. 2 kVp 4. 4 kVp 3. 8 kVp

2 7. 4 kVp 6. 9 kVp 6. 6 kVp 5. 9 kVp 5. 3 kVp

3 8. 3 kVp 8, 0 kVp 7. 6 kVp 6. 9 kVp 6. 2 kVp

4 9, 8 kVp 9. 4 kVp 8. 8 kVp 8. 0 kVp 7. 1 kVp

5 11. 2 kVp 10. 9 kVp 10. 6 kVp 9. 8 kVp 9. 2 kVp

6 12, 5 kVp 12. 2 kVp 11. 9 kVp 11.5 kVp 10, 7 kVp

7 14. 0 kVp 13. 6 kVp 13. 1 kVp 12. 4 kVp 12. 1 kVp

8 14. 9 kVp 14. 8 kVp 14. 8 kVp 14. 1 kVp 13. 5 kVp

9 16. 1 kVp 16. 1 kVp 15. 6 kVp 15. 2 kVp 14. 8 kVp

10 17. 0 kVp 17. 0 kVp 16. 8 kVp 16. 5 kVp 16. 1 kVp

11 17, 2 kVp 17. 2 kVp 17, 0 kVp 16. 9 kVp 16. 8 kVp

12 19. 6 kVp 19. 6 kVp 19. 6 kVp 19. 0 kVp 18. 8 kVp




