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Preface

I hope this book, which covers the Equipment section of
the DCR and HDCR syllabuses, will be of help not only
to those students preparing for these examinations, but
also for those taking the modular HDCR to be introduced
sometime in the near future, and indeed to those returning
to radiography after a break in service.

In addition to reading a wide range of technical litera-
ture, I would hope that students will relate this knowledge
to the equipment they use in the Department. For example
what type of equipment are they using? Who was the
manufacturer? What sort of generator is it? What inter-
locks are present? What is the maximum loading of the
tube? Is it a falling load generator?

Ask the Superintendent for permission to see the rating
charts for your particulat unit and study them carefully.

vil

With the help of the Superintendent find out which quality
assurance tests are carried out on the equipment and ask
for permission to participate in the procedures.

Remember, radiography is a practical subject — learning
from books is of little value unless you apply it to the
work you are doing — unless of course you are preparing
for a change of job or promotion!

Finally, whether you are using this book to refresh your
knowledge prior to returning to radiography after a break
in service, or as part of your preparation for the DCR or
HDCR, or indeed if you are using it in conjunction with
a distanced learning course, may I wish you good luck and
success in your endeavours.

Ted Forster
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The range of diagnostic imaging equipment available today
is very wide, extending as it does from the simple portable
X-ray unit costing a few hundred pounds to highly complex
computerized systems costing hundreds of thousands of
pounds. Despite this variation in complexity and cost how-
ever, they all have one factor in common and that is their
need for electrical energy. Without electrical energy in
one form or another none of them can function. Some low
powered X-ray units operate from batteries and are thus
completely independent of the mains electrical supply,
but apart from these all other imaging systems are depen-
dent on the mains supply. With this in mind it would seem
sensible and logical for us to start our studies by looking
at the way in which electricity is generated at the power
station and then distributed to users throughout the
country.

GENERATION OF AN ALTERNATING CURRENT
(A.C.) POWER SUPPLY

At the power station electricity is generated as a three-
phase supply by utilizing the principle of electromagnetic
induction. The reader will, no doubt, recall from studies
in Physics that an e.m.f. (electromotive force) is induced
into a conductor when there is relative motion between
the conductor and a magnetic field. In the power station
the necessary motive power may be supplied by burning
coal or oil, or from heat produced by nuclear fission, or
by water falling from a height; in each case the energy is
used to drive a turbine which produces the necessary
motion between conductor and magnetic field.

At the power station a direct current (d.c.) generator,
called an exciter, feeds direct current through a coil, called
a rotor, which rotates within a series of coils called a
stator. The rotor is driven by a turbine and the resultant
changes in the number of lines of magnetic force threading
or linking with the stator cause an e.m.f. to be induced
into its windings.

It is important to realize that electrical energy is not
created at the power station. We know from the energy
conservation principle that energy can be neither created
nor destroyed although it can be changed from one form
to another. Such an energy conversion takes place in the
power station, the heat energy released by burning coal
or oil being used to boil water and produce steam, which
under pressure acts on the blades of a turbine causing it
and the rotor to rotate. The magnetic field associated with
the rotor sweeps past the stator windings inducing into
them an e.m.f. As the consumers use more and more
electric power the current drawn by the consumers in-
creases, as does that which flows through the stator win-
dings, and the magnetic field associated with the current
flowing in the stator windings reacts with the magnetic
field associated with the rotor so that the rotor tends to
slow down. To maintain the speed of rotation of the
turbine more energy is needed to turn it and this extra
energy is provided by burning more coal or oil and there-
fore increasing the pressure of the steam which drives the
turbine. In this way a balance is established between the
energy used by the power station in the form of coal or oil
and the energy provided by the power station in the form
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of electrical power. The electrical energy used by the
consumer can never exceed the energy used by the power
station and indeed will always be less as some energy is
used in overcoming friction etc. in the turbine.

The output of a modern power station is very high. The
nuclear power station at Heysham in England for instance
has an output of 2 X 622 MW and is able to satisfy the needs
of many thousands of industrial and domestic consumers.
Before we consider how electrical energy is transmitted to
these consumers however, let us look at the principles
involved in generating an electric current and why we get
an alternating supply.

Principles of electromagnetic induction

Imagine a single loop of wire rotating in a magnetic field
(Figure 1.1). As the right hand side of the loop moves up

KN\

Figure 1.1 Conductor rotating in magnetic field

through the magnetic field the left hand side moves down.
Whilst the loop is in the position shown, the loop is passing
through the lines of magnetic force at right angles and the
maximum number of lines of magnetic force are being ‘cut’
by the loop. Note that the induced e.m.f. is acting in
opposite directions on each side of the loop but the effect
in terms of electron current flow of the two opposing forces
is additive as shown in Figure 1.2. Because of this only

J/

Figure 1.2 Direction of induced e.m.f.

one half of the loop need be drawn, the other half being
indicated by means of a dotted line (Figure 1.3).

Figure 1.3 Because e.m.f.’s are additive only one half of coil need be
shown

Consider Figure 1.4 and let us imagine that the coil
moves down from position A to position B. The e.m.f.

1

.

Figure 1.4 Coil rotating in magnetic field (only one half shown)

Ofpme——

which is zero at A gradually increases to a maximum value
at B and then reduces to zero value when it reaches C. As
the coil moves up to position D the induced e.m.f. gradu-
ally increases and is at maximum value at D when it
decreases until it reaches its original starting point at A.
Note, however, that the coil is moving in the opposite
direction from Cto D, and that the direction of the induced
e.m.f. is opposite to the e.m.f. induced between A and C.
This is illustrated in Figure 1.5 and it will be noted that

Voltage
B B
+
] A C '
00— —— —o Time
A
|
|
|
i
— D
D « >
360° ie one complete

revolution of conductor
in magnetic field

Figure 1.5 Voltage induced when coil makes one revolution in magnetic
field

one revolution of the coil in the magnetic field induces an
e.m.f. which rises from zero to maximum in one direction
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and then to maximum and zero in the opposite direction.
The time taken for one pulse in one direction and one
pulse in the opposite direction is the same time as the
coil takes to make one complete revolution through the
magnetic field.

So far we have considered the induction of a single phase
voltage, i.e. one coil rotating in a fixed magnetic field. At
the power station, however, electricity is generated as a
three-phase supply. Let us therefore see how such a three-
phase supply is produced.

Generation of a three-phase supply

In the case of the three-phase electrical generator three
coils rotate simultaneously in a magnetic field. Each coil
(consisting of two halves) is separated by an angle of 60°
as shown in Figure 1.6 but as one half of each coil is
producing an e.m.f. opposite in direction (but additive) to
the other, we need, as before, show only one half of the
coil (as a thick line) and the other half once again as a
dotted line. Figure 1.6 illustrates the position of the three
coils and of the voltages induced into each coil at different
instants in time.

e.m.f.

90°

voltage) and its e.m.f. is reducing towards zero value
(plotted as a positive value on the graph). Coil 3 is ap-
proaching the point where the voltage reaches its max-
imum value but is moving in the opposite direction to that
of coil 2, and its e.m.f. is therefore plotted as a negative
value on the graph.

Let us now consider this in terms of one complete
revolution of coil 1. Starting from zero at point A the
induced e.m.f. gradually increases until at point B (90°
rotation of the coil) maximum voltage is being induced.
The voltage now decreases as the coil approaches point C
(180° rotation) at which point it is once again at zero value.
The coil is now moving in the opposite direction and the
e.m.f. once again increases as it approaches point D (270°
rotation) but as the e.m.f. is now acting in the opposite
direction it is plotted on the graph below the base line.
The coil now approaches point A (360° rotation) and the
voltage drops to zero as the coil completes one complete
revolution. The same sequence of events occurs with coils
2 and 3, each coil having the same value of voltage induced
into it as is induced into coil 1. It is apparent, however,
that as each coil occupies a different position in the mag-

180° 270° 360°
I |
|

time

—_—— —

Figure 1.6 Generation

The coils rotate at a frequency of 50 Hz (50 cycles per
second) in the UK and in Europe, and 60 Hz in the USA.

Consider Figure 1.6 and imagine the coils have just
reached their present position. Coil 1 is moving with the
lines of magnetic force and consequently no e.m.{. is being
induced (plotted at zero on the graph). Coil 2 has passed
point B at which maximum voltage was induced (peak

[ Ty —

of 3 phase voltage

netic field, maximum voltage cannot be induced in each
coil at the same instant in time. The three induced e.m.f.’s
are said to be 120° out of phase with respect to one another.
This means that maximum voltage is attained by coil 1,
one third of a cycle (120°) after maximum voltage has been
reached by coil 2; and coil 2 reaches maximum voltage
one third of a cycle after coil 3.
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Phase Angle is the angle swept out by the coil to induce
a given e.m.f.

DISTRIBUTION OF ELECTRICAL ENERGY

We have seen that at the power station a separate e.m.f.
is induced into each coil and that each e.m.f. is 120° out
of phase with respect to its neighbour. Each e.m.f. is
stepped up at the power station to approximately 400kV
by the use of h.t. (high tension) transformers and transmit-
ted to consumers throughout the country via overhead
transmission lines. The conducting cable is usually alumin-
ium (cheap and light) which surrounds a supporting steel
cable. The h.t. supply is stepped down to lower working
voltages by means of a step-down transformer before
passing along underground cables to the consumer.

In the UK the consumer has the choice of a 240V (phase
voltage) or 415V (line voltage). 240V is normally supplied
for domestic (low power) consumption. All three phases
are used for certain equipment such as three-phase motors
in industry or in the case of the X-ray Department, the
three-phase (6-pulse) X-ray generator.

L1
(1)
@ -
CLILA L2

L3

L1 = conductor connected to Coil 1
L2 = conductor connected to Coil 2
L3 = conductor connected to Coil 3
N = conductor connected to Earth (N)

Figure 1.7 Mains supply lines from electrical generator

In Figure 1.7, the potential difference between L1 and
neutral, L2 and neutral, and L3 and neutral is 240V r.m.s.
in each case, and is used for low power or domestic supply.
When power consumption is high, however, as in the
case of a major X-ray installation in the Department of
Radiology, it is advantageous to use a higher voltage and
thus obtain the necessary power with a lower current. This
higher voltage of 415V is obtained by connecting across
any two live conductors, i.e. L1 and L2, L1 and L3, or L2
and L3 as shown in Figure 1.8.

The 240V supply obtained from L1, L2 or L3 and
neutral is called the phase voltage, whilst the 415V ob-
tained across two lines is called the line voltage. At first

Neutral
2 2 $ 240V
7 § L2
415V 240V
240V l
l y
415V
L3

Figure 1.8 Two different voltages from a 3-phase supply

sight it would appear that the line voltage should be twice
the phase voltage, i.e. 480 V rather than 415, but we must
remember that the e.m.f.s induced into each coil are out
of phase with one another. From Figure 1.9 it can be seen
that when one e.m.f. (say from L1) is at peak value the
other two (L2 and L3) are of equal value and opposite
sign but are less than peak value.

+ L1

L2 L3

Figure 1.9 Potential difference between 3 lines when one is at peak
value

The base line A-A is at zero value (neutral). L1 is at
peak value positive to the base line whilst L2 and L3 are
seen to be negative with respect to the base line and less
than peak value. Now peak value is 1.414 X r.m.s. value.
Therefore L1 has a peak positive value of 240 x 1.414
which is 339.36 V and the other two have a negative value
of 175X 1.414 which is 247.45V. To find the potential
difference we must subtract one from the other,
339.36 — —247.45, and as two minus values give a plus; the
difference between 339.36 and —247.45 is 339.36 + 247.45
which is 586.81 V. However, as this is a peak value we
must calculate the r.m.s. value and to do this we must
divide the peak value by 1.414 (or multiply by 0.707)

which gives us 414.87 or 415 to the nearest volt.

Note: Mathematically, assuming a true sine wave the r.m.s. value of L1
(240 V) is multiplied by V" 3, whichis 1.73, to give the r.m.s. voltage across
two live conductors i.e. 240 X 1.73 = 415.
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ELECTRICAL SUPPLY TO THE HOSPITAL

The hospital is connected to the mains supply as shown in
Figure 1.10.

L1 L3
O—IL N
> W, NNy e -+ L3
L/\r\_r\._/\, e —~ L2
PP ~ - L1
Electricity board Hospital switches
L2 N fuses (sealed)and and main fuses

meter

Figure 1.10 Electricity supply to hospital

The fuses A, B and C are Electricity Board fuses and
are sealed by them to ensure that they are not interfered
with. Next comes the meter, also belonging to the Electric-
ity Board, which records the amount of energy consumed
by the hospital. All the wiring from the meter onwards is
the property and responsibility of the Hospital Authority.
The Hospital Engineer determines which parts of the
hospital will be supplied with a 240V supply and which
with 415V or three-phase. In the X-ray Department, for
example, we may use 240V for lighting, electric fires,
densitometers, etc. and for low-powered X-ray equipment
such as dental or mobile units; 415V for major 2-pulse
units and all three phases for high-powered 6-pulse X-ray
generators.

Note: The use of the line voltage (415 V) supply enables us to obtain the
necessary power (v X i) for an X-ray exposure with a lower current than
would be possible using a 240V supply. This means that the voltage drop
along the supply cables, during an exposure, is much less which means
that the reduction in voltage to the X-ray equipment during the exposure

is less, and the kV across the X-ray tube is maintained closer to the
selected value (Viop = I2R).

SUPPLY CABLE RESISTANCE COMPENSATION

Prior to installing new X-ray equipment it is important to
ensure that the supply cable resistance does not exceed
the maximum value quoted by the manufacturers. For
example, the manufacturer of a particular unit may specify
that the supply cable must not exceed 0.5ohms at 415V,
or 0.350ohms at 240 V. If this value is exceeded then the
voltage drop along the cables will result in an unacceptable
reduction in voltage to the equipment when an exposure
is made. The manufacturer designs the X-ray equipment
to operate satisfactorily with a supply cable resistance of

the specified value and he then calibrates the equipment
in the factory using the specified supply cable resistance,
say 0.35ohms at 240V.

When the X-ray equipment is installed in the X-ray
Department the supply cable resistance is measured and
if it is found to be, say, 0.25 ohms, a resistance of 0.1 ohms
is selected on the resistance compensator within the unit
to bring the supply cable resistance up to the specified
0.350hms. The unit will now operate satisfactorily in
precisely the same way it did when calibrated in the fac-
tory. As the X-ray unit is a fixture it is not necessary to
alter the resistance compensator after installation.

MAINS SWITCH

The mains switch in the X-ray room provides a means of
switching the current ‘on’ and ‘off’ by ‘making’ or ‘break-
ing’ each of the electrical conductors. The equipment is
thus completely isolated from the mains supply when the
switch is ‘off’.

The switch gear is contained within an earthed metal
box (Figure 1.11). The box has a hinged front, or door,

Figure 1.11 Diagrammatic and symbolic representation of mains switch
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which can only be opened when the switch is in the ‘off’
position. The switch handle is attached to a bar of insulated
material which rotates when the handle is moved up to
the ‘on’ position, or down to the ‘off’ position. Fastened
to the bar are two ‘U’ shaped pieces of copper (three if
the supply is to a three-phase X-ray unit) which ‘make’
or ‘break’ the circuit according to their position. Also
contained within the box are a number of fuses, the number
being determined by the number of live conductors (i.e.
three if there are three live phases, L1, 1.2 and L3, two if
there are two live phases (line voltage) and one if there is
one live conductor and neutral (phase voltage).

If possible, all electrical supplies to the equipment in
an X-ray room, e.g. supply to the motor for tilting the
table, supply to the television etc. as well as the electrical
supply to the X-ray unit itself, should pass through one
mains switch, so that the equipment can be switched off
rapidly in case of accident.

FUNCTION OF THE FUSES

A fuse is the weakest part of a circuit and serves to protect
the component parts of the circuit from damage due to
overload. Electrical components are designed to carry a
particular current or to withstand a particular voltage.

Each electrical component is rated in terms of the max-
imum current it can safely carry and the maximum voltage
it can withstand. If the current flowing through the com-
ponent exceeds its rated value the component will prob-
ably suffer damage and may even be destroyed. Fuse wire
is also rated in terms of the maximum current it can carry
before it melts (e.g. SA, 10A and 15 A fuse wire). The
symbol for a fuse is shown in Figure 1.12. For example, if
the current flowing through the X-ray circuit rises to such
a value that it would constitute a hazard to a particular
component (say a valve) then the fuse melts and breaks
the electrical circuit. In this way the fuse protects the
component parts of a circuit.

—TN_
Figure 1.12 Circuit symbol for a fuse

Although the same current flows through all parts of a
series circuit, the current in a parallel circuit splits, and
the current flowing in one part of an electrical circuit may
be quite different from that flowing in another. It is,
therefore, necessary to protect different parts of the circuit
with different gauges of fuse wire, e.g. 5A, 15A, 30A,
100 A fuse wire, each gauge being appropriate to a particu-
lar fuse and capable of carrying a particular value of
current. Figure 1.13 illustrates two different types of fuses
and holders.

Figure 1.13 Different types of fuse and holder
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As the fuse wire melts if the current through it rises
above a certain critical value, it will be appreciated that it
is necessary to attach the fuse to a non-inflammable base,
or to situate the.fuses in a fireproof box. Fuse wire wears
thin with use and will eventually melt, even though the
current through it is not excessive. Rewiring the fuse
normally restores the circuit to normal functioning. If,
however, the fuse wire melts again after replacement, it is
essential that the equipment be inspected by a competent
person and the cause of the fault located.

Never use a heavier gauge of fuse wire than that recom-
mended, as this may cause damage to the circuit or its
components.

CIRCUIT BREAKERS

Whilst fuses are used extensively in electrical circuits and
provide adequate protection for the components in the
circuit, they tend to be awkward to replace. Panels usually
need to be removed from the unit to gain access to the
fuse holder, the correct gauge of fuse wire must be avail-
able and a screwdriver must be to hand. Even if a spare fuse
is kept with the equipment ready for immediate insertion,
there is an inevitable delay before the X-ray unit is once
more ready for use. This can be the cause of much frustra-
tion, particularly if the unit is being used in the operating
theatre.

To overcome this difficulty, the manufacturer may use
a circuit breaker rather than a fuse to protect the circuit
and thus ensure that the current through the unit does not
rise to an excessive value. The circuit breaker can be reset
immediately by pressing a small button (usually coloured
red) if the circuit breaker is of the thermal type, or by
moving a switch handle in the case of the electromagnetic
circuit breaker. (It should be noted that, although max-
imum current through the unit is limited by a circuit
breaker, individual parts of the circuit will almost certainly
be protected by fuses.) As already indicated, there are
two types of circuit breakers, one thermal and the other
electromagnetic.

Thermal circuit breaker

This type depends upon the effect of heat on a bimetal
strip for its operation. Such a strip bends on heating and,
in the thermal circuit breaker, bending of the strip causes
a contact to open, which breaks the circuit. The bimetal
strip is usually in series connection in the electrical circuit,
its temperature being governed by the current flowing
through it. As the current increases, the temperature of
the bimetal strip rises, bending more the hotter it becomes.
At a predetermined critical temperature the strip is bent
to such an extent that it releases a mechanism which opens
the circuit. Before considering the thermal circuit breaker

further, however, let us find out a little more about the
bimetal strip.

Bimetal strip

Whilst all metals expand on heating and contract on cool-
ing, different metals experience different degrees of expan-
sion for the same temperature rise. If very thin slices of
two different metals, such as iron and brass, are welded
together it is found that the compound strip bends on
heating (Figure 1.14).

Before heating heated after cooling

(a) (b) (c)
Figure 1.14 Bimetal strip when cold (a) and (c), and when heated (b)

Iron and brass have different coefficients of linear expan-
sion*, brass expanding about 60% more than iron for the
same temperature rise. As they are welded together and
expand at different rates for the same temperature rise,
the pressures cause the strip to bend, slowly at first, then
more and more rapidly as the temperature rises. Conver-
sely, as the strip cools the metals contract, once again at
different rates, and the pressures within the strip cause it
to gradually straighten until it returns to its original state.

A diagrammatic representation of a thermal circuit
breaker is shown in Figure 1.15 which indicates the prin-
ciple of operation of such a device.

Figure 1.15 Thermal circuit breaker (a) set, and (b) overloaded

* Coefficient of linear expansion is the amount by which unit length (1
metre) of a particular substance increases when its temperature rises by
1K (1 degree Kelvin).
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It will be noted that current flowing through the circuit
also passes through the bimetal strip. If the current rises
to an excessive value, the strip bends and releases a spring-
loaded arm, causing a contact to open, breaking the circuit.
The same movement of the arm pushes a red button out.
Current can now no longer flow through the circuit. When
the bimental strip has cooled and returned to its original
shape, the circuit breaker can be reset by pressing the red
button. This closes the contact and the bimetal strip, now
in its original position, holds the spring-loaded arm in
position keeping the contact closed. The circuit now
functions normally. If the device breaks the circuit again,
immediately after being reset, the equipment must be
inspected by a competent person and the fault located.

The advantage of the thermal circuit breaker over a fuse
lies in the ease with which it can be reset. It is, however,
much slower in action than a fuse, as it takes longer for
the metal strip to bend.

Electromagnetic circuit breaker

This device relies upon the magnetic effect of a current-
carrying conductor for its operation. If the current flowing

(b)

Figure 1.16 Electromagnetic circuit breaker, (a) diagram, (b) photo-
graph

through a thick coil of wire, in series connection with the
circuit, rises to an excessive value, the magnetic effect
associated with the current causes a moveable metal core
to be drawn into the coil (Figure 1.16). The metal then
strikes a bar, which operates a trip mechanism, causing
the circuit to be opened and current flow to be stopped.
To prevent the current being switched off by transient rises
in current, movement of the metal core into the coil may
be impeded by pressure of oil in a small dashpot. In this
way only a sustained rise in current will cause the trip
mechanism to be operated and the current to be switched
off. This type of circuit breaker is quickly made functional
again by pressing a button. This resets the trip mechanism.

Operation of the circuit breaker and ‘on’,‘off’ switches
in the X-ray circuit

Pressing the ‘on’ switch (Figure 1.17) completes the circuit
N-S,-‘on’ switch—trip switch—L, (drawn in thin lines).
Current flows through the coil, S, causing closure of
contacts C;, C, and C; which are ganged. The primary
circuit (thick lines) is now complete and current flow to
the autotransformer is established.

Figure 1.17 X-ray unit ‘on’ and ‘off’ switches and circuit breaker switch
connected in circuit

Excessive current through the coil of the circuit breaker,
which forms an integral part of the primary circuit, causes
a moveable core to be drawn into the coil. Movement of
the core operates the trip switch, which opens the circuit
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N-S,-C;—trip switch—L, stopping current flow through
S;. Switches C,, C, and C; are then opened and current
flow through the primary circuit is terminated. -

Circuit N~S,-C;-L,; may also be opened by pressing
the ‘off’ switch. Interruption of current flow through S;
causes switches C;, C, and C; to be opened, terminating
current flow in the primary circuit. See also Figure 2.14 to
see how this fits into the complete circuit.

ELECTRICAL INSULATION

To protect the user against the effects of electric shock,
current-carrying conductors must be insulated, the amount
of insulation being determined by the potential difference
between the current carrying conductor to earth, or to
other conductors at different potential.

Electrical conductors are usually made of copper. The
greater the current to be carried by the conductor the
thicker it must be (to minimize voltage drop) and the
greater the potential difference between such a conductor
and earth the thicker (or more effective) must be the
insulating material surrounding the conductor if the user
is to be adequately protected.

Most of the cables rated to carry current at 240 or 415V
are similar to the one shown in Figure 1.18. They are
identified as live, neutral or earth conductors by the colour
of the plastic sleeve which surrounds the conductor.

Live is coloured brown.
Neutral is coloured blue.
Earth is coloured green with yellow stripes.

Figure 1.18 Low tension (mains voltage) electrical cable

Each cable (conductor and insulation) is rated in terms
of the maximum current it can safely carry and the max-
imum voltage its insulation can withstand to earth.
Note: By convention low voltage =up to 1000V (l.v.);
high voltage (h.v.) = over 1000 V.

EARTHING

All metal parts of electrical equipment, with the exception
of the conductors themselves, must be connected to earth
(Figure 1.19). This ensures that breakdown in the insula-
tion around the conductors does not present a serious
hazard to the user. If the metal parts of a piece of equip-
ment are accidentally connected to the electrical supply,
due to breakdown of insulation, loose connections, etc.,
a current will flow between the metal and earth. If the
metal is connected to earth via a good conductor the
electron current will flow directly to earth. This current is
usually large and ‘blows’ a fuse or trips out a circuit
breaker, breaking the circuit and protecting anyone who
may have been in contact with any metal part of the
equipment, e.g. patient on the table, radiographer, etc.
If the metal parts of electrical equipment (excepting
the circuit itself) are not connected to earth via a good
conductor, a person touching the metal will act as a conduc-
tor and, as the human body is not a good electrical conduc-
tor, current flow to or from the earth through the body
may not be sufficiently high to ‘blow’ a fuse or operate a
circuit breaker. In these circumstances current continues
to flow through the body, possibly with disastrous results.

Thick copper strip

yd

/]

——

1

=

Figure 1.19 Equipment earthed for electrical safety

So far we have discussed shockproofing in terms of equip-
ment operating at voltages of 240V or 415V. The cables
carrying current to the X-ray tube, however, may be at
potentials of up to 75kV with respect to earth and there-
fore need special provision to make them shockproof.

HIGH TENSION CABLES

The high tension conductors are surrounded by thick rub-
ber insulation which is then enclosed by a metallic braid.

Earth



10

EQUIPMENT FOR DIAGNOSTIC RADIOGRAPHY

Rubber insulation

Tube of insulating
material which encases
the conductors

Pin for common

connection filaments —/
and to HT transformer

N

Pin for connection
to fine filament

Pin for connection
to broad filament

Metallic braid (earthed)

Conductors for fine focus, broad focus and
common connection to HT transformer

Outer covering of cotton or plastic

HT Cable

g

Metal snake

Flange —to secure cable end
to tube casing or HT transformer

Each pin has a split end
to ensure good contact (@)

Figure 1.20 High tension cable end (a), cross section of cable (b) and photograph of cable end (c)

Figure 1.20. The metallic braid is continuous with the X-
ray tube casing at one end and with the high tension
transformer tank at the other, as shown in Figure 1.21.

Where the cable bends at an acute angle, e.g. when it
leaves the h.t. transformer or enters the X-ray tube, it is
enclosed within a metal snake. This prevents the cable
from bending too severely and thus prevents damage to
the conductors or the insulation.

Shockproofing the high tension circuit

From Figure 1.21 it will be noted that the complete high
tension circuit is surrounded by insulating rubber or insulat-
ing oil and further enclosed within an earthed metal sheath
or casing. In the event of breakdown of the insulation,
the high tension current will discharge through the low
resistance path to earth rather than through the high resist-
ance path offered by the patient’s or radiographer’s body,
thus protecting patients and staff.

HT cables

X-ray lube/

E

HT transformer tank

=

Figure 1.21 Ensuring safety against h.t. current by earthing X-ray tube
casing, h.t. transformer tank and metal braid around h.t. cable insulation
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THE X-RAY CIRCUIT

We will consider the circuit of a simple X-ray generator
from two aspects:

(1) The primary circuit which is at low tension, i.e. 240
or 415V

(2) The secondary circuit which is at high tension, i.e. up
to 75kV peak with respect to earth.

The primary circuit includes the mains switch, fuses,
circuit breaker, autotransformer, mains voltage compensa-
tor, kV control, primary contactor switch, pre-reading kV
meter, primary winding of the high tension transformer,
timer circuit, filament heating circuit and various compen-
sating circuits. (See Figure 2.14)

The secondary circuit consists of the secondary winding
of the high tension transformer, high tension rectifiers, the
X-ray tube and the secondary winding of the filament
heating transformer.

THE PRIMARY CIRCUIT

As we have already described the mains switch, and circuit
breaker, etc. let us now move on to some other parts of
the primary circuit starting with the autotransformer.

Voltage in excess of mains voltage —————p;

&———— Voltage same as mains voltage ———p

Half mains voltage —»

Figure 2.1 Tapping different voltages from autotransformer winding

The ratio of the voltage applied (Figure 2.1) to the
autotransformer winding, to the voltage tapped from it, is
equal to the ratio of the number of turns to which the
mains voltage is applied, to the number of tapped turns.

No of turns to which mains
voltage is applied

Applied voltage

Tapped voltage ~ No. of tapped turns
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The autotransformer

This consists of a single winding of thick ‘copper wire,
wound on a closed iron core. Alternating current, which
is rising, falling and changing in direction 100 times per
second, flows through the winding. The magnetic field
associated with the alternating current, which is also ex-
panding, contracting and changing its polarity 100 times
per second, is concentrated by the iron core. As the mag-
netic field expands it passes through the core and through
the copper windings, inducing a voltage into each turn of
the winding and also into the iron core itself. Voltages
induced into the iron core cause eddy currents to flow in
the core. These are reduced by laminating (slicing) the
iron core, each slice being electrically insulated from the
next. As the magnetic field collapses it once again induces
a voltage into each turn of the autotransformer winding
(and the core) but this time in the opposite direction.

Any desired voltage, from zero up to rather more than
the input voltage, can be obtained by simply tapping off a
particular number of turns.

Example (See Figure 2.2)

10 tapped
tapped

h—— 120 turns ————4»

240V
Figure 2.2

Applied voltage =240V

No. of turns to which voltage is applied = 120
Tapped turns = 10

Tapped voltage =x

240 _ 120
x 10
120x = 240 x 10
_ 240x 10
* =10
x =20V

In this example it can be appreciated that a voltage of 20V
is always obtained when ten turns of the autotransformer
winding are tapped off providing the mains voltage remains

constant at 240V (r.m.s.). If, however, the mains voltage
varies, as it does, over both long and short periods of time,
then the tapped voltage also varies and we no longer get
20V as anticipated but a voltage which is more or less than
this, dependent on how much the mains voltage varies.

Let us calculate mathematically the effect on the tapped
voltage of a change in the mains voltage from 240V to,
say, 210 V. Using the previous example,

Applied voltage now =210V

No. of turns to which the mains voltage is applied,
still = 120

No. of tapped turns = 10
The tapped voltage now = x

210 _120
X 10
120x =210 % 10
210x 10
x=—"T—"———""
120
x=17.5V

A drop in mains voltage from 240V to 210V therefore

-results in a tapped voltage across ten turns of 17.5V

mpared to 20V obtained at 240V even though the
number of tapped turns remains the same in each case.

‘Now any desired kV may be obtained from the secon-
dary winding of the high tension transformer by applying
the appropriate voltage to the primary. If, for example, a
high tension transformer with a turns ratio of 300:1 has
200V applied to its primary winding, the output from
the secondary will be 200 X 300 = 60kV (assuming 100%
efficiency). Providing therefore 200V (no more, no less)
is applied to the primary of such a transformer, the output
will always be 60kV. Similarly, of course, any other kV
may be obtained by applying the appropriate voltage to
the primary winding and providing the applied voltage
remains constant we will always get the anticipated kV
from the transformer secondary. Unfortunately, however,
the primary voltage, which is obtained by tapping off a
selected number of turns from the autotransformer varies
with variation in the mains supply voltage. It is, therefore,
essential, if the X-ray unit is to function reliably, to compen-
sate for the effects of mains voltage variation.

The mains voltage compensator

The mains voltage compensator fulfils this function by
ensuring that the voltage induced into each turn of the
autotransformer winding remains constant, despite vari-
ations in mains voltage. This is achieved by varying the
number of turns to which the mains voltage is applied
(Figure 2.3).
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? kV control

P A /’/

Mains voltage

Mains voltage compensator meter

compensator control

Figure 2.3 Autotransformer, mains voltage compensator and kV con-
trol

Considering the same examples as before

Applied voltage =240V

No. of turns to which voltage is applied = 120

Tapped turns = 10

Tapped voltage =20V
If, however, the applied voltage drops to 210V

No. of turns to which voltage is applied remains 120

Tapped turns remain 10

Then tapped voltage now=17.5V
To restore the tapped voltage to 20V (2V per turn) we
must vary the number of turns to which the mains voltage
is applied.
By calculation

The applied voltage =210V

Tapped turns = 10

Tapped voltage =20V

No. of turns to which voltage must now be applied = x

No. of turns to which mains

Applied voltage voltage is applied

Tapped voltage ~ No. of tapped turns

210 _x
20 10
20x = 210 X 10
210x 10 -
X=—
20
=105

If, therefore, the reduced voltage of 210V is applied to
105 turns (instead of 120 as previously), 2 V will be induced
into each turn and 10 tapped turns will give us 20V.

These calculations need not be made in practice, of
course, as a voltmeter called a mains voltage compensator
meter (Figure 2.4) is connected across a fixed number of
turns of the autotransformer winding.

Consider our previous example. We required 2V to
be induced into each turn of the winding. A voltmeter
connected across, say, 75 turns would indicate 150 V if the
mains voltage was at its correct value of 240V. (Note, the
mains voltage compensator meter does not indicate the
value of the mains voltage itself but the voltage induced
across a specific number of turns.) If the mains voltage
drops then the voltage induced into each turn of the
autotransformer winding is less, the voltage across a given
number of turns is reduced, and the mains voltage compen-
sator meter indicates a voltage which is less than 150V,
Indeed, if the mains voltage drops to 210V, 1.75V is
induced in each turn and the meter indicates a voltage of
1.75x75=131V. The induced voltage is restored to its
original value, 2V per turn or 150V across 75 turns, by
applying the reduced mains voltage (210 V) to 105 turns
of the autotransformer winding, instead of 120. It is not
necessary to make any calculations, of course, as we know
the correct voltage is being induced into each turn of
the winding when the mains voltage compensator meter
indicates 150 V. It is not even necessary for the meter to
be calibrated in volts and may indeed by marked with only
two red lines (Figure 2.4). When the pointer is between
these lines we know that the correct voltage is being
induced into each turn of the autotransformer winding and
that when we tap off a certain number of turns we always
get the correct voltage.

0 240

Figure 2.4 Mains voltage compensator meter (sometimes called line
voltage compensator meter)

Automatic mains voltage compensation

Some modern X-ray units have no manually operated
mains voltage compensator control. It should not be assu-
med, however, that because there is no manual control
for the radiographer to operate that no compensation takes
place. Indeed, a moment’s thought will make it obvious
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that despite the lack of such a control, changes in mains
voltage must be compensated for. In fact, the compensa-
tion is automatic in so far as changes in mains voltage
cause a pivoted bar to operate a ratchet which in turn
moves a contact so that more (or less) turns of the auto-
transformer are connected to the mains supply. The opera-
tion of the ratchet, which makes a clicking noise when in
operation, can usually be heard as it functions, between
exposures, to maintain a steady voltage (r.m.s.) from the
autotransformer to the primary winding of the high tension
transformer. When the unit is put into ‘prep’ before an
exposure is made the compensator circuit is automatically
switched off then switched back on again when the expo-
sure is terminated. This is because the compensator cannot
operate fast enough during an exposure and in any case
the high primary current which flows during the exposure
would damage the contacts on ‘make’ and ‘break’.

kV control

Any kV, up to a specified maximum, may be obtained
from the secondary winding of the high tension transformer
by applying the appropriate voltage to the primary wind-
ing. The kV control is used to select the appropriate
voltage from the autotransformer. This may be done by
moving a rotary control which selects the appropriate
number of turns from the autotransformer for application
to the primary winding of the high tension transformer.
This voltage may be indicated on a meter which measures
the primary voltage but which may be calibrated in terms
of the secondary voltage which will be induced during
the exposure. Alternatively, a pointer may indicate the
proposed kV on a scale or on more modern units a digital
readout may be used.

For radiography a range of kV values from about 35 to
a maximum of 100-150kV is obtainable on most major
units in steps of about 2kV. Some other units provide fine
and coarse control, the fine control allowing steps of 1kV
and the coarse control steps of 10kV.

For fluoroscopy stepless or continuous control of kV is
provided by using a variac transformer.

THE HIGH TENSION TRANSFORMER

The high tension transformer is a step-up transformer. It
consists of a primary winding and a secondary winding,
carefully insulated from one another and wound on a shell
type metal core (Figure 2.5). The function of the high
tension transformer is to provide the high voltages (up to
150kVp in some units) needed for the production of X-
rays in the X-rays tube.

Secondary winding

Primary winding

(a) (b)

Figure 2.5 Diagrammatic (a) and symbolic (b) representation of the
high tension transformer

The magnetic field associated with the current flowing
in the primary winding is concentrated in the metal core.
The shape of the core ensures a continuous path for the
magnetic flux with maximum concentration within the core
and minimum leakage to the air (Figures 2.6, 2.7)

Open ended core

Figure 2.6 Magnetic flux leaking away in air
/r N

A\

Figure 2.7 Continuous path for flux

Closed core

N\

«—

The core is made of a metal alloy such as stalloy, an
alloy of steel and silicon, and is built up in laminations or
slices, each slice being electrically insulated from the next
(Figure 2.8).
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Figure 2.8 Laminated core of stalloy, each slice is electrically insulated
from the next

Stalloy has a high magnetic permeability with low hy-
steresis loss, €.g. it magnetizes and demagnetizes easily.
It also has a comparatively high inherent electrical resist-
ance, which, coupled with the fact that the core is lami-
nated, helps to reduce the value of eddy currents induced

Figure 2.9 Solid core arrows indicate eddy current flow

within the core. If the electrical resistance to these currents
is small, as would be the case if the core was of solid iron,
the induced currents would assume large proportions and
cause the core to become red hot (Figure 2.9).

The primary and secondary windings are carefully insu-
lated from each other and the entire transformer is placed
in a metal tank which is filled with oil. The purpose of the
oil is to provide electrical insulation and to convect heat
from the transformer.

The primary winding is made up of a few hundred turns
of thick copper wire. The wire is thick as it has to carry
the high primary current which can momentarily rise to a
value as high as 300 A at the beginning of the X-ray
exposure. The copper wire, coated with a tough insulating
medium such as shellac or enamel is wound onto a cylinder
of insulating material, into which the core is later inserted
(Figure 2.10).

The secondary winding, consisting of thousands of turns
of thin copper wire, also coated with enamel, shellac
or other insulating material is wound onto an insulating
cylinder and fitted over the primary winding. Each layer
of windings is insulated from the preceding layer by a sheet
of insulating material, such as paper impregnated with wax
or oil. The layers of windings are stepped, the narrowest
step being nearest the surface. This prevents an outer turn
slipping and coming into close proximity to an inner turn.
It should be noted that whilst there is a difference of
potential of only a few volts between adjacent turns there
is a potential difference of thousands of volts between
different layers of the windings, up to 75kVp difference
between the outer and inner layers of the secondary win-
dings, and up to 150k Vp between the two sets of windings,
one end being up to 75k Vp negative with respect to earth
and the other up to 75kVp positive to earth.

Between the primary and secondary windings there is a

Figure 2.10 High tension transformer
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stress shield, which is a thin sheet of copper, wrapped
around the primary winding but carefully insulated from
both it and the secondary winding. The stress shield is
earthed and it forms a protective barrier between the
secondary and primary windings preventing high tension
current discharging to the primary circuit in the event
of breakdown of the electrical insulation between the
windings.

The secondary winding is in two parts being earthed at
the centre point, the mA meter is in series connection with
the secondary winding at the earthed midpoint making it
possible to place the mA and mA s meter on the control
unit. Connections to these meters are the only ones
brought out from the secondary circuit to the control unit.
All other meters and controls, including the pre-reading
kV meter, are of course connected into the low tension
primary circuit. It should be borne in mind that although
the mA and mA s meters are connected into the secondary
circuit, there is only a small voltage across either during
an exposure.

The great advantage of a two-part secondary winding is
that each of the high tension cables connecting the output
of the transformer to the X-ray tube needs to be insulated
to withstand only half the total kVp developed across the
secondary winding. For example, if there is a difference
of potential across the secondary winding of 100kVp, one
winding will be S0kVp positive to the earthed centre point
and the other will be 50 kVp negative to the earthed centre
point. Because of this the electrical insulation around the
high tension conductor need withstand only 50kVp to
earth whilst the voltage across the X-ray tube is 100kVp.

TRANSFORMER REGULATION

Copper losses in the high tension transformer vary in direct
proportion to the resistance of the windings and to the
square of the current flowing through them. Such losses
result in the production of heat in the windings and also
in a reduction in the kilovoltage available across the high
tension transformer secondary winding — and therefore
across the X-ray tube. A proportion of the anticipated
secondary voltage is lost in this way whenever an X-ray
exposure is made, the proportion increasing as the mA is
increased.

If the secondary winding is not connected to a circuit it
is said to be in open circuit or ‘no load’ condition. In these
circumstances no current flows in the secondary winding,
there are no copper losses, no voltage drop, and in conse-
quence the voltage available at the secondary winding is
at its maximum value. A

If, however, the secondary winding is connected to a
complete circuit, i.e. to the X-ray tube, current flows,

copper losses ensue, and there is a reduction in the voltage
available across the X-ray tube. When maximum safe
current is flowing in the secondary circuit (max. mA) the
circuit is said to be operating under ‘full load’ condition,
copper losses are at a maximum and voltage drop is also at
maximum value. The difference between peak secondary
voltage under ‘no load’ condition and peak secondary
voltage under ‘full load’ condition is called the inherent
voltage regulation and represents maximum voltage drop
due to copper losses.

Transformer regulation is of importance in radiography
because the voltage applied to the X-ray tube determines
the intensity and the penetrating power of the resultant X-
ray beam and, as we have seen, the voltage available
across the X-ray tube decreases as the current increases.

Example

For a particular examination, factors of 100kVp and
10 mA are selected. The tube current is small and therefore
the reduction in transformer voltage (during the exposure)
is also small and the voltage across the X-ray tube is
100kVp less a small reduction due to transformer regula-
tion.

If, however, 100kVp and 400mA are selected for a
particular exposure, the tube current is larger and there-
fore voltage drop on load (during the exposure) is in-
creased and the voltage available across the X-ray tube is
100kVp less a large voltage reduction. The kVp across
the X-ray tube will be much less than anticipated and
unless compensated for the radiograph will probably be
of no diagnostic value.

With most modern X-ray units, transformer regulation
is compensated for by increasing the primary voltage to
the high tension transformer when a higher value of mA
is selected. This ensures that the kVp across the X-ray
tube remains constant even though the tube current is
changed.

Regulation may be expressed as a percentage using the
following formula:

V; (no load condition) — V;
(full load condition)

V; (no load condition)
(where V,=secondary voltage).

Percentage

; x 100
regulation

TRANSFORMER RATING

The rating of a transformer is a statement of the maximum
safe output of its secondary winding. If this rating is ex-
ceeded the transformer may overheat, causing breakdown
in insulation, or burn out the winding.
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Transformers used for industrial purposes are usually
operated continuously at a constant power output. The
rating of such a transformer can therefore be expressed as
a simple statement of the maximum safe output of its
secondary winding in kV A (kilovolt-amperes).

The high tension transformer used in an X-ray circuit
differs from its industrial counterpart in that it is used
under a wide range of conditions. For example, a small
current at high voltage flows continuously during fluoro-
scopy whilst a large current at high voltage flows for only
a very short period of time during diagnostic exposures. It
is, therefore, necessary to have a transformer rating which
is more explicit than a simple statement of maximum
output as a kV A value.

The rating of a high tension transformer in a diagnostic
X-ray unit should include the following information:

(1) The maximum voltage (kVp) the transformer can
safely deliver under ‘no load’ condition.

(2) The maximum current which may flow for a period
of up to 1 second followed by a stated cooling time.
This is called momentary or intermittent loading and
applies to diagnostic exposures.

(3) The maximum current which may safely flow continu-
ously. This is called continuous loading and applies
to fluoroscopy or therapy use.

(4) The inherent voltage regulation when maximum cur-
rent flows during intermittent loading. Such regula-
tion should not exceed 15% of the maximum kVp
under ‘no load’ conditions.

(5) The inherent voltage regulation at maximum continu-
ous rating. This should not exceed 5% of maximum
kVp under ‘no load’ conditions.

(6) The percentage permissible overload.

(7) Further information of a technical nature relating
to insulation, maximum permitted temperature rise
under certain conditions, etc.

Compensation for voltage drop in the supply cable

We have seen that the primary circuit of an X-ray generator
is completely isolated from the secondary circuit, i.e. there
is no direct electrical connection between primary and
secondary circuits (Figure 2.11). Energy is transferred from
the primary circuit to the secondary circuit of the high
tension transformer by means of the changing magnetic
field. i

It is, therefore, readily apparent that all energy used in
the secondary circuit, i.e. to produce X-rays etc., must be
provided by the primary circuit and equally, of course, if

there is a reduction in the power provided by the primary
circuit the energy or power used in the secondary will also
be reduced. Note that in an ideal circuit without losses
secondary power equals primary power, it is not additive

to it.
LMJLMUMJ Secondary circuit carefully

insulated from primary

Figure 2.11 Secondary circuit carefully insulated from primary

If, for any reason, the power in the primary is less
than anticipated, the power in the secondary will also
be reduced. Such a reduction in secondary power will
obviously create difficulties for the radiographer, i.e. less
kV than anticipated with consequent results so far as film
blackening is concerned. Some way must be provided to
ensure that primary power is increased as secondary power
is increased.

Now we know that kV is increased by increasing primary
voltage, i.e. tapping off more turns from the auto-
transformer, and that changes in mains voltage are compen-
sated for by varying the number of turns on the
autotransformer to which the mains voltage is applied. We
have also seen, however, that the supply cable to the X-
ray unit has significant resistance and that the energy
lost (as heat) in the cables varies proportionally to their
resistance and to the square of the current flowing through
them. Now, if the power used in the secondary is supplied
by the primary it follows that as the secondary power is
increased, by increasing kV and/or mA, the current in the
primary must also increase; and that this will result in an
increased loss of power (as heat) in the supply cables.

Say that an exposure is to be made using S0mA at
100kV, and that the secondary power (vXi)=
100kVx50mA, i.e. 5000 W. From the previous discussion
we know that if S000 W of energy is to be used in the
secondary it must be provided by the primary circuit.

Now the primary voltage is, say, 240V and as
power = vXi we can see that

. power
=
voltage

S N 5000
or, [ (primary c1rcu1t).=% Amperes

Therefore, primary current is about 21 A.
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If, however, we alter the exposure factors to, say,
300mA and 100kV we now need a secondary power of
300 x 100 =30000W and as we have seen, the 30000 W
must be provided by the primary circuit.

Once again therefore,

power

voltage
30000

240
= 125 A
The primary current is now six times the previous value.
We saw on p. 17 that the supply cable resistance must not
exceed the value specified by the manufacturer of that
particular X-ray unit. Let us say that the resistance of the

supply cable is acceptable to the manufacturer at 0.35Q
(Figure 2.12).

1 =

L1 L3
X-ray room
I ~
LT\
Supply cable
resistance = 0.35()
L2 N
Mains supply

Figure 2.12 Supply cable resistance

Now the voltage drop along the cables =i X R. There-
fore, when exposure factors of S0mA and 100kV are used
necessitating a primary current of 21 A the voltage drop
along the supply cables =21 X 0.35 or 7.35V, so the volt-
age to the equipment is 240 — 7.35 =233V (approx.) and
the primary power, instead of being S000 W, is 4893W, a
reduction in power of about 2%. The power in the secon-
dary is therefore 2% less than anticipated.

If we now consider the second case where the factors
are increased to 300mA at 100 kV necessitating a primary
current of 125 A to provide power of 30000 W, the voltage
drop along the supply cables=125x0.35=44V (ap-
prox.). The primary voltage is now reduced from 240 to
196 V and the primary power to 24 500 W. This is a reduc-
tion by 18% of the power to the secondary circuit (as
opposed to 2% in the previous case).

Such variations in secondary power would be disastrous
so far as the radiographer is concerned and some means
must obviously be provided to restore the power to its
original value. ’

The additional power needed to compensate for the
power lost in the supply cable during the exposure is

achieved by connecting a compensatory transformer into
the circuit as shown in Figure 2.13.

o
oo

111111

a4 o
TY TUUUUvUY

—

Figure 2.13 Supply cable resistance compensator circuit

The value of the e.m.f. induced into winding Y is determi-
ned by the current flowing in winding X. As the secondary
power requirement is increased (by increasing kV and/or
mA) the primary current also increases. The greater the
primary current the greater is the power lost, as heat, in
the supply cable, but the greater is the e.m.f. induced into
Y. The voltage induced into Y causes a current to flow
through resistor Z and the greater the current flow through
resistor Z the greater the voltage developed across the
resistor. As Z is in series with the autotransformer winding
it follows that an increase in primary current causes an
increase in the output voltage from the autotransformer.
The values of the resistor Z and the ratio of the compensat-
ing transformer windings X and Y are such that the power
lost in the cables is automatically compensated for, thus
sustaining the correct power in the primary and therefore
in the secondary.

It should be noted that had the equipment been con-
nected to the 415V supply rather than 240V the primary
current would have been smaller and in consequence the
voltage drop in the supply cable would also have been
reduced. It is for this reason that manufacturers quote a
higher acceptable supply cable resistance for the 415V
supply compared to that quoted for 240 V.

The block diagram in Figure 2.14 shows how each of
the components studied up to now fit into the primary part
of an X-ray circuit.

DIAGNOSTIC HIGH TENSION CIRCUITS

Before we move on to study other aspects of the primary
circuit, such as the pre-reading kV meter, timer, filament
heating circuit, etc., let us look at the secondary circuit
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Figure 2.14 Simplified representation of the primary circuit of a basic
X-ray unit

which consists of the secondary winding of the high tension
transformer, some form of rectification, e.g. thermionic
diode rectifying valves, solid state rectifiers, or indeed the
X-ray tube itself, which may act as a rectifier as well as a
producer of X-rays. The secondaries of the step-down
transformers which supply the heating current to the fila-
ments of the valves and the X-ray tube also form part of
the secondary circuit, as do the mA and mA s meters.

mA selector

Thermionic vacuum triode valves and capacitors are
present in some special circuits, e.g. constant potential
generators.

The self-rectified (one-pulse) circuit is very simple and
may be represented as shown in Figure 2.15.

X-ray tube .
Secondary current

% N\ Time
,I \\’

\ 7
~.
| Inverse half cycle
suppressed

_dl

Secondary voltage

'V\Uf\\-/ Time
Inverse half cycle

is larger than
forward half cycle

mA meter

.|”__‘

Figure 2.15 Voltage and current waveforms of a self-rectified X-ray
circuit

This circuit is usually used with a stationary anode X-
ray tube which acts as a rectifier as well as a producer of
X-rays. Let us see how such a tube is constructed.

The stationary anode X-ray tube shown in Figure 2.16 is
used in some (but not all) mobile units, most dental units
and all portable equipment. Unlike the rotating anode
tube which is described later it has no sophisticated associ-
ated circuitry and its great simplicity particularly suits it
to low powered simple circuits. It consists essentially of a
glass insert, containing a cathode and anode, and an oil-
filled casing into which the insert is fitted.

The insert is an evacuated glass envelope made of specially
toughened glass. It encloses the filament, made of tungsten
wire, the focusing cup made of molybdenum or steel
and the copper anode into which the tungsten target is
embedded.

The tube casing, made of steel, contains the insert and is
filled with oil. It provides a means of introduction for the
high tension cables and provides a plane of reference for
the positioning of the tube during radiography. It also
provides attachment for cones, light beam diaphragm, etc.
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Figure 2.16 Stationary anode X-ray tube and casing

All radiation emitted by the target, excepting that which
passes through the radiolucent window, is heavily atten-
uated by the lead with which the tube casing is lined.

In use, the oil within the casing becomes heated and
expands. A bellows within the casing creates extra space
as the oil expands and reduces the available space as the
oil cools. It is necessary to avoid air bubbles being drawn
into the oil as this may result in electrical spark-over
during an exposure and possible puncture of the glass
envelope.

When the bellows are fully contracted, due to pressure
of the expanded oil, it is obvious that maximum space
has been created and that any further increase in the
temperature of the oil would damage the insert, due to
implosion or to leakage of oil, either through the oil seal
or the radiolucent window. Leakage of this nature could
lead to the introduction of air bubbles as the oil cools and
contracts. To eliminate this possibility the bellows, on
maximum contraction, operate a cut-out switch which pre-
vents further exposures being made until such time as the
oil has cooled sufficiently for the bellows to re-expand.
The function of the oil is to provide electrical insulation
and to transfer heat from the anode to the casing.

A fan may be fitted to the outside of the tube casing to
assist in the transfer of heat from the casing to the outside
air. The tube casing is earthed making it shockproof.

The X-ray tube described uses high tension cables to
carry current to and from the high tension transformer.

To obviate the need for such cables many mobile and
all portable units have an oil-filled casing which incorpora-
tes not only the insert but the high tension transformer
and indeed the entire secondary circuit (Figure 2.17). This
arrangement provides a simple uncomplicated piece of
equipment easily manoeuvrable and ideal for bedside radi-
ography. In this unit the X-ray tube functions as a rectifier

Figure 2.17 Single tank unit tube head
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as well as a producer of X-rays. The rating of such a tube
is low as the maximum ‘safe’ temperature of the anode is
not that at which it would be adversely affected as a
producer of X-rays, but the temperature at which it would
emit electrons by the process of thermionic emission
(1600°C) and therefore cease to act as a rectifier.

So far we have considered only the self-rectified X-ray
circuit in which the X-ray tube acts as a rectifier as well as
a producer of X-rays. Such equipment has certain advanta-
ges over full-wave rectified equipment, e.g. simplicity,
compactness, manoevrability, cheapness, etc. It also has
some disadvantages. The major disadvantage is related to
the use of the X-ray tube as a rectifier as well as a producer
of X-rays. To function as a rectifier the temperature of the
target must not exceed about 1600°C, at which tempera-
ture it would emit electrons by the process of thermionic
emission allowing a flow of electrons from target to fila-
ment during the inverse half cycle. Bombardment of the
filament by these high speed electrons would rapidly raise
the temperature of the filament and lead to its destruction.

It should be appreciated that if the temperature of the
target is not to exceed 1600°C the electrical energy, which
is responsible for the temperature rise, must be limited.
(Over 99% of electrical energy is converted into heat at
the target of the tube, less than 1% being converted into
X-rays.)

Heat produced at the target of the X-ray tube, measured
in radiographic heat units may be calculated using the
following formula:

Total heat units = kVp X mA (average) X time (seconds)

However, the rate at which electrical energy is converted
into heat, i.e. heat units per second, at the target of the
tube is the product of kVp and mA.

Heat units per second = kVp X mA (see footnote)

As the temperature of the target is determined by the
product of exposure time and rate at which electrical
energy is converted into heat at the target of the tube
(other factors include the material from which it is made,
rate of heat transfer, area on which heat is concentrated,
etc.) it follows that kVp and mA (heat units per second)
must be restricted if the temperature of the target is not
to rise above the critical value of 1600 °C, at which tempera-
ture thermionic emission would occur.

It should be noted that a given diagnostic exposure, €.g.
total energy expended, can be achieved by either, a high
rate of heat production (kVp X mA) for a short time, or,
a low rate of heat production (kVp X mA) for a long time.

Thus, when using a self-rectified- X-ray unit the same

These radiographic heat units should not be confused with watts or joules
per second. To convert heat units to watts see appendix.

radiographic contrast and density, e.g. kVp X mA s can be
achieved as with a full-wave rectified major X-ray unit but
the exposure time will be much longer and the mA much
lower when using the self-rectified unit. This, of course,
means that there will be increased danger of motional blur
unless the part under investigation can be completely
immobilized.

Other disadvantages include a reduction in tube rating
(discussed later) due to high peak value of current com-
pared with average value, and, when high tension cables
are used, the increased insulation needed to overcome the
problem of high inverse voltage. The latter difficulty is
alleviated by using an inverse voltage reducer (Figure
2.18).

Inverse voltage reducer (primary circuit) — used in self-
rectified X-ray circuits only

The inverse secondary voltage may be reduced to roughly
the same value as the forward voltage by means of an
inverse voltage reducer. This consists of a gas-filled diode
valve (or solid state device) and a resistance, connected in
series with the primary circuit as shown in Figure 2.18.
During the forward half cycle when ‘A’ is negative and ‘B’
is positive, electron current flows freely through the valve
(current flow rises rapidly to a high value due to ionization
of the gas in the valve).

During the inverse half cycle when ‘A’ is negative and
‘B’ positive electrons are unable to flow through the valve
and must perforce pass through resistance R, thus causing
a reduction in inverse voltage.

Secondary winding
‘ high tension transformer

(TT0

Primary winding
high tension transformer

'

Gas filled
diode valve

Resistance
R

A—
Figure 2.18 Inverse voltage reducer circuit

B+

Absence of the resistor would lead to complete suppres-
sion of current flow in the inverse half cycle. This, how-
ever, would lead to difficulties, as the high tension
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transformer core would become permanently magnetized
in one direction. The presence of the resistor ensures an
inverse current flow which is equal to the forward current
flow and therefore demagnetization of the fransformer
core.

This system is used in some self-rectified equipment,
particularly if the high inverse voltage is likely to create
problems, e.g. if the equipment is using high tension
cables, or if the tube shield needs to be kept as small as
possible.

If the secondary circuit is full-wave rectified, i.e. both
half cycles of current are used, there is no need to use an
inverse voltage suppressor.

Full-wave rectification two-pulse (single-phase using four
rectifiers)

If the X-ray tube is relieved of its function as a rectifier,
by rectifying the current before it reaches the X-ray tube,
the temperature of the tungsten target may be safely
increased beyond 1600°C. In theory is should be possible
to raise the temperature of the target to 3400°C, at which
temperature it would melt but in practice the maximum
temperature is usually set at a lower value so that thermal
stresses will not cause undue crazing of the tungsten sur-
face. Vaporization of the tungsten is also reduced.

Current through the X-ray tube is made unidirectional
in the following way. By the appropriate use of rectifiers
in the secondary circuit the inverse half cycle of current is
made to flow through the X-ray tube in the same direction
as the forward half cycle. That is to say, the target of the
X-ray tube is always positive and the filament always
negative. The circuit is arranged as in Figure 2.19. Note:
the high tension transformer is frequently drawn in block
form as in the circuit on the right.

A B

or like this

-

Figure 2.19 Full wave rectified (2 pulse) circuit

When ‘A’ is negative and ‘B’ positive electron current
flows through rectifier 1 and if it were possible would
return to ‘B’ via rectifier 2. However, rectifier 2 is non-
conducting so the electrons pass through the X-ray tube
to point ‘C’. It would appear that electrons are free to pass
through either rectifier 3 or 4 as both are conductive but
in practice electrons flow through rectifier 3 to ‘B’. This is
because ‘B’ is positive and attracts the electrons whilst ‘A’
being negative repels them. During the next half cycle ‘B’
is negative and ‘A’ positive. Electrons now flow through
rectifier 2; then as rectifier 1 is non-conductive the elec-
trons pass through the X-ray tube from filament to anode,
to point ‘C’, and on this occasion the electrons pass through
rectifier 4 to ‘A’ which is positive.

Note that only two rectifiers are in circuit at any one
time and that each half cycle of current flows through the
X-ray tube in the same direction.

Single phase constant potential circuit using secondary
switching

Constant potential units of modern design use a three
phase supply, but for simplicity, the principle of operation
is indicated here by using a single phase supply. This
circuit (Figure 2.20), in addition to the components of a
conventional four valve circuit, contains two capacitors
and two high tension vacuum triode valves. The triode
valves, as the name implies, consist of an evacuated glass
envelope enclosing three electrodes, an anode, a cathode
and a grid.

Preparing for an exposure

In this circuit (Figure 2.20), pressure on the exposure
‘prepare’ switch boosts the filaments of the X-ray tube and
valves to their full working temperature, starts the anode
rotating and in addition closes the primary contactor thus
energizing the high tension transformer. When the capaci-
tors C1 and C2 are fully charged (i.e. to the peak output
voltage of the high tension transformer) current flow ce-
ases, as the negative bias on the grids of the high tension
triode valves render them non-conductive.

Making the exposure

The exposure is initiated by exerting full pressure on the
exposure switch. This applies a positive voltage to the grids
of the triode valves sufficiently high to neutralize the
existing negative bias. The triodes are now fully conductive
and current flows through the valves and the X-ray tube.
At the end of an interval of time, determined by the timer,
the positive voltage is removed from the grids of the triode
valves, the negative voltage re-establishes itself on the
grids, current flow ceases and the exposure is terminated.
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Figure 2.20 Diagrammatic representation of constant potential circuit

Functioning of the secondary circuit

Assume an exposure is to be made at 100kV for 0.02s.
The rectified high tension transformer voltage is indicated
by a dotted line in Figure 2.21. The continuous line indica-
tes the smoothed rectified voltage from the capacitors.
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Figure 2.21 Capacitor smoothed secondary voltage

At the beginning of an exposure the negative bias is
removed from the grids and the valves become conductive.
The exposure commences at instant X. At this instant in
time the rectified transformer voltage is at zero value
whilst the capacitors, which have previously been charged
to a potential of 100kV, are free to discharge. The capaci-
tors therefore begin to discharge through the triode valves
and the X-ray tube (period X to A in the graph). As they
discharge their voltage drops and after a brief period of
time (at point A on the graph) the voltage of the partially
discharged capacitors and the rectified voltage from the
high tension transformer (which has been steadily rising
since the beginning of the exposure) are of equal value.
The high tension transformer voltage, however, continues
to increase until it reaches peak value, at point B. During
the period A to B the high tension transformer voltage is
sustaining current flow through the X-ray tube and also
recharging the capacitors to peak value. As the trans-
former output voltage drops the capacitors begin to dis-
charge until at point C the rectified transformer voltage
and the discharging capacitors are once again at the same
voltage. The high tension transformer voltage now in-
creases to a maximum at point D and the capacitor then
discharges until point E when the exposure is terminated
by reimposition of the negative bias on the grid of the
valves. At this instant the output voltage of the high
tension transformer is zero and the capacitors are partially
discharged.

Constant potential across the X-ray tube is achieved in the
following way. The output voltage from the capacitors is
shown on the graph (Figure 2.22).

\/\/\

kv

Time
Output voltage from capacitors

Figure 2.22 Capacitor smoothed voltage

Whilst this voltage varies less than the rectified transformer
voltage it is still not constant. To achieve true constant
potential it is necessary to remove the peaks of voltage 1,
2 and 3 on the graphs, which results in a constant potential
as indicated by the thick black line in Figure 2.23.
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Figure 2.23 Constant potential

The peaks 1, 2 and 3 are removed by varying the negative
bias on the grids of the triode valves (i.e. by applying a
high negative voltage to the grids of the valves when the
kV is at its peak and reducing the grid bias as the kV
decreases). This variation of grid bias is, of course, auto-
matic; the correct voltage being applied to the grid by an
electronic control circuit.

The greatest advantage associated with constant poten-
tial generators is the very short exposure times it is possible
to obtain and the high repetition rate (no mechanical
contactor). This is of particular value in cine fluorography
where exposure rates of 200 per second are not uncommon.

kV control — using high tension triodes

The kV across the X-ray tube, in addition to being made
constant, may also be adjusted to any desired value by
varying the voltage applied to the grids of the triode valves.

The triode valve may be considered as having an imped-
ence, or internal resistance, which varies with grid bias,
small variations in grid bias having a large effect on the
internal resistance of the valve, the greater the negative
bias of the grid the greater the impedence of the valve and
the greater the voltage drop across the valve. By varying
grid bias voltage to the valve it is therefore possible to
vary the kV across the tube, any particular kV being
obtained by applying the appropriate negative voltage to
the grid.

In practice an autotransformer is used in the conven-
tional way to produce a kV somewhat higher than that
which is to be applied to the X-ray tube. The triode valve
is then used in the manner described to reduce it to the
required value.

Three-phase circuit six-pulse (six rectifiers)

Whilst single phase X-ray generators are connected to
either a live phase and neutral, or two live phases of the
a.c. mains supply, the three-phase (six-puls€) generator is
connected to three live phases. The primary circuit is

usually in triplicate, e.g. three autotransformers, three
sets of primary contactors, three primary windings to the
high tension transformer, etc. The circuit is drawn as
in Figure 2.24. ‘A’ is the delta-connected triple primary
winding of the high tension transformer whilst ‘B’ is the
secondary winding, made up of three coils X, Y and Z
in star connection. The midpoint of the star-connected
secondary is at earth potential. The rectifiers are numbered

1-6.
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Figure 2.24 Rectified three phase (6 pulse) circuit

Functioning of the circuit

Current can flow in one way only through the X-ray tube
irrespective of which end of the triple secondary winding
is negative or positive with respect to the other windings.
If, for example, Z is negative and X positive current can
only flow through rectifier 2 to the X-ray tube then back
to X via rectifier 4. By the same token if Y is negative with
respect to Z current will flow through rectifier 1 through
the X-ray tube and back to Z via rectifier 5. The current
through the X-ray tube is always from filament to anode.

Some three phase circuits; particularly those to be used
for techniques such as cine fluorography, where short
exposures and fast repetition rates are needed, use capaci-
tors and vacuum triodes to provide constant potential and
secondary switching. The circuit functions in the same way
as that described in the four-valve constant potential circuit
but the use of a six-valve three-phase circuit ensures a
greater source of power.

It is of interest to note that whilst a three-phase genera-
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tor is frequently described as having ‘constant’ potential
(inverted commas indicating almost constant potential)
the potential is not truly constant unless the secondary
voltage is smoothed by means of capacitors and the remain-
ing ripple removed by varying the negative voltage applied
to the grid of a high tension vacuum triode valve.

Some manufacturers, however, accepting the ripple in
the voltage waveform as being nearly constant, use
(without capacitors) a grid controlled X-ray tube to func-
tion both as a producer of X-rays and a secondary switch.
This provides the fast repetition rates needed for cine
fluorography.

Advantages of the three-phase over single-phase circuits

From the diagrams in Figure 2.25 it will be appreciated
that for a given exposure time, e.g. 0.01s, the three-phase
unit gives:

(1) more X-rays,

(2) X-rays of shorter average wavelength than the single-
phase unit, even though kVp and mA are the same
in each case.

Figure 2.25 Useful radiation produced by 2 pulse and 6 pulse generators

This is due to the rectified three-phase voltage (and cur-
rent) being closer to a constant value than single-phase
voltage (and current) which is pulsating. This means that,
whilst rectified single-phase voltage is at or near zero point

at the beginning and end of each half cycle, the rectified
three-phase voltage is close to peak value at all times and
never drops to zero value.

It follows therefore, that if single-phase voltage (and
current) is periodically at or near zero value during the
exposure whilst three-phase voltage (and current) remains
at or near peak value during the exposure, that the energy
expended (X-rays produced) during the exposure is greater
for the three-phase circuit than for that operating on single-
phase although the kVp is the same in each case.

Radiographic advantages of three-phase X-ray generators
compared to those operating on single-phase

As the kV remains constantly at a high value during the
exposure:

(1) Less soft radiation is produced, resulting in a reduc-
tion in skin dose to the patient.

(2) More X-rays are produced for a given mA and kVp.

(3) Because of (2) the same film dose, e.g. radiographic
exposure, can be achieved in a shorter time. There-
fore reduction in exposure times is achieved.

(4) Improved tube rating is achieved at short exposure
times (this will be discussed later in ‘tube rating’).

(5) The X-ray tube has a longer life due to more even
thermal loading.

With reference to the third advantage above, it isimportant
to remember that the amount of radiation needed to pro-
duce a particular film density (i.e. film dose) is constant
for the particular film, screens, processing conditions, etc.
being used, therefore the use of three-phase equipment
does not reduce the amount of radiation needed, it only
means that the same amount of radiation can be obtained
in less time than is possible with single-phase generators.

Three-phase X-ray generators are of particular value
when it is necessary to reduce exposure time to a minimum,
e.g. paediatric, casualty, chest radiography, etc. or when
heavy energy expenditure is required at a rapid rate, e.g.
angiography, using film changers such as the AOT, etc.

The only real disadvantages that can be associated with
three-phase equipment are not related so much to their
use as their cost. Such equipment is extremely sophisti-
cated and very expensive and on this account its use may
be precluded.

12-pulse (12 rectifier) circuit

Whilst the three-phase (six pulse) circuit produces a volt-
age waveform which varies less than that of the single-
phase circuit, the output voltage of the 12-pulse circuit
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varies even less and is almost constant in value. The circuit
may be drawn as in Figure 2.26.
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Figure 2.26 Twelve pulse circuit and output voltage waveform

The capacitor discharge unit is discussed on page 119.

POSITION OF METERS IN THE CIRCUIT

When a voltage is to be measured, using for example the
prereading kV meter, the meter is connected across the
circuit and when a current is to be measured, the meter is
connected in series with the circuit. Examples of the latter
are the mA and mA s meters which are connected in series
with the secondary circuit at the midpoint of the high
tension transformer (Figure 2.27).

As the measuring instrument in each case forms part of
the circuit it is important that it should not significantly
affect the value of the voltage or the current being meas-
ured. For this reason the voltmeter has a very high resist-
ance in series with it whilst the mA meter has a very small
internal resistance. From this it will be appreciated that
the voltmeter with its high associated resistance allows

Rectifying
circuit
makes
current
to mA meters
uni-
directional

mA and mAs
selector switch

2]

mA meter

mAs meter

To high tension rectifying circuit

Figure 2.27 Position in circuit of mA and mA s meters

only a small proportion of current to flow through it and
therefore causes only a very small change in the voltage
drop across the resistor to be measured. The mA meter
which is placed in series with the circuit, having very small
resistance, interferes very little with the current flow.

Reading meters

Before reading a meter it is essential to check that it has
been zeroed. To do this a small screw at the base of the
meter is moved in a clockwise or anticlockwise direction
until the needle is pointing to the zero point on the scale.
Care should be taken that the glass covering of the meter
is not damaged. A cracked glass may press on the needle
resulting in a false reading, whilst a broken glass cover
may cause glass fragments to fall into the moving part of
the meter which may result in either a false reading or no
reading at all.

In most circuits the mA meter is used to measure rate
of current flow (exposures over 0.5s) whilst the mAs
meter, which reads the product of mA and time, is used
for short exposures of less than 0.5s. The mA's meter is
similar in construction to the mA meter, but it has no
return spring. Consequently the coil makes a continuous
rotation during the exposure. When using the mA s meter,
it is important to check that it has been zeroed. This is
normally done by passing a reverse current through the
coil. Zeroing is particularly important as the needle may
creep across the scale between exposures due to the effects
of electrostatic force. For example, friction on the glass
front will cause the needle to move across the scale. This
difficulty is overcome in some units where a reverse current
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is passed through the mA s meter when the unit is put into
prep, thus ensuring that the meter is reading zero at the
commencement of the exposure.

Let us now study the remaining parts of the primary
circuit, e.g. filament circuit, timer circuit, compensating
circuits, etc.

X-RAY TUBE FILAMENT HEATING CIRCUIT

The voltage for this circuit is obtained by tapping off an
appropriate number of turns from the autotransformer.
The block diagram shown in Figure 2.28 illustrates the
layout of the principal components in the filament heating
circuit.
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Step down
transformer

Trimmer
resistance

[

—— Resistance
control
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Space charge
compensator

kv
compen-
sator _—
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Frequency
compensator
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Voltage
stabilizer

Autotransformer

Mains voltage
comp. meter

Mains voltage
compensator

Figure 2.28 Block diagram of X-ray tube filament heating circuit

Longterm variations in the circuit supply voltage are
compensated for by the mains voltage compensator which
is part of the autotransformer. Minor variations, however,
which occur during the actual exposiire must be compen-
sated for; this may be done by means of a static voltage
stabilizer or an electronic voltage stabilizer.

The static stabilizer, so called because it has no moving
parts, consists of a transformer and a capacitor connected
in such a fashion that the effects of inductance and capaci-
tance, at a particular frequency, ensure a stable output
voltage. The static voltage stabilizer is frequency depen-
dent, that is to say it only functions correctly with a mains
frequency of SOHz. Any change in the mains frequency
results in a variation in output voltage. Whilst the mains
frequency itself cannot be adjusted, since this is determi-
ned by the speed at which the coils rotate at the electricity
generator, the effect of such changes can be compensated
for by increasing or decreasing the output voltage. This
may be done manually or electronically.

The electronic stabilizer uses a transductor (an inductor
which has its impedence varied by means of a separate d.c.
winding). The electronic voltage stabilizer is not frequency
dependent.

The space charge compensator compensates for the
effects of space charge. Space charge is the collection of
electrons around the filament and is greatest when there
is no kV across the tube. As the voltage across the tube
increases space charge decreases and maximum current
(mA) flows when the kV is sufficiently high to pull all the
electrons across to the anode as fast as they are emitted
by the filament. This is called saturation current.

If the anode voltage is too low to produce saturation,
electrons exist around the filament as a space charge and
in these circumstances the filament heating current must
be increased, if the mA is to be maintained at its original
value, e.g. at 50kV a certain filament heating current
produces, say, 200mA. When the anode voltage is reduced
to, say, 40kV the anode current (mA) drops to, let us say,
150mA. To restore the current (reduced by the effects of
space charge) to its original value of 200mA, the anode
voltage must be increased or, alternatively, the filament
heating current increased. From the foregoing it can be
appreciated that, because the anode current varies with
anode voltage, the filament current must also be varied if
the mA is to remain at a constant value when the kV
is changed. This variation in filament heating current is
achieved by means of a space charge compensator. From
Figure 2.29 it can be seen that, as the kV control is moved
to increase the voltage across the tube (anode voltage),
the voltage applied to the space charge compensator trans-
former primary winding is in such a direction as to induce
a voltage in the space charge compensator transformer
secondary in such a direction as to oppose the voltage from
the autotransformer, reducing current flow in the filament
circuit. Conversely, when the kV control is adjusted so as
to reduce the kVp across the tube, the voltage applied to
the primary of the space charge compensator transformer
is in such a direction that the voltage induced in the
secondary is additive to the filament heating voltage, which
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results in an increase in filament temperature, In this way
variation of kVp automatically adjusts the filament heating
current to compensate for the effects of space charge.

E
kV control F
Space charge
,"\ compensator
pd N transformer
/ \
B/ \C
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Figure 2.29 Space charge compensation circuit

Let us look again at Figure 2.29. When the kV control
is in position A the voltage across EF is zero and the
filament voltage is unaffected, so no compensation is
needed at this particular kV. If, however, the kV control

|

-
D il

Figure 2.30 Direction of voltage induced into secondary of space charge
transformer (H) indicated by dotted arrows (induced voltage in this case
is additive)

is moved to position B, i.e. kV is increased, or to a position
C where the kV is reduced, a voltage is applied across EF,
the value and direction of which is determined by the
position of the kV selector arm. In Figure 2.30 end A of
the autotransformer is at negative potential and end B is
positive. In so far as the filament current is concerned, B
is negative with respect to C and electron current flow is
in the direction indicated by the arrows. The kV control
is in position C and point Y is positive with respect to point
X. Direction of electron current flow is indicated by the
arrows. Current flow through winding G results in a volt-
age being induced in winding H which is additive to the
filament circuit voltage and current flow in the filament
circuit is increased. From this it can be appreciated that
reduction in kV results in an automatic increase in filament
heating current.
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Figure 2.31 Direction of voltage induced into secondary of space charge
transformer (H) indicated by dotted arrows (this time subtractive)

In Figure 2.31 the kV control is now in position B, i.e.
kV has been increased. It can be seen that Y is now
negative with respect to X and electron current is now in
the opposite direction to that shown in Figure 2.30.

In these circumstances the voltage induced into the
winding H is in opposition to the filament voltage and in
consequence the filament heating current is reduced. From
this it can be seen that increase in kV results in an auto-
matic reduction in filament heating current.

kV COMPENSATOR

Ganged to the mA control is the kV compensator. This
ensures that as the mA is increased the resultant drop in
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kV from the high tension transformer is automatically
compensated for. This is achieved in slightly different ways
depending on whether the unit uses a prereading kV meter
to indicate kV as found in some older major units and on
some mobile equipment, or, as in the case of more modern
equipment, the kV is indicated on a scale or indeed by
means of a digital readout. Let us first of all consider what
happens when a prereading kV meter is used.

Such a meter measures the output voltage of the auto-
transformer, previously selected by means of the kV con-
trol, which is to be applied to the primary winding of the
high tension transformer during an X-ray exposure. As the
high tension transformer has a fixed ratio of secondary to
primary turns, say 300:1, it follows that the application
of say 200V to the primary winding of the high tension
transformer will result in a secondary voltage of 200 x 300
or 60kV. The prereading kV meter is therefore measuring
the primary voltage, in this case 200V, which will result
during the X-ray exposure, in a secondary voltage of
60kV. If the meter which is measuring 200V is therefore
calibrated not in terms of the primary voltage of 200V it
is actually measuring, but the 60kV that will be delivered
by the secondary of the high tension transformer during
the actual exposure, we have a means of predicting the kV
before an exposure is made. This is the reason for it being
called a prereading kV meter.

The voltage applied to the X-ray tube is always expres-
sed as a peak value whilst primary voltage is measured as
an r.m.s. value (see footnote). In our previous example
an applied potential difference of 200V r.m.s. resulted in
an output at the secondary of 60kV r.m.s. However,

peak value =1.414 X r.m.s. value.

Therefore
60kV x 1.414=85kVp (approx.)

The meter would, therefore, be calibrated to read 85 kVp.
Because the prereading kVp meter is in the primary circuit,
and therefore at low tension, it may be located on the
control panel and by calibrating it in terms of the antici-
pated kVp we are able to set a particular kVp value before
the high tension transformer is even energized. It must be
emphasized once again, however, that the prereading kVp
meter does not measure the kVp obtained from the secon-
dary winding of the high tension transformer during the
exposure but the voltage to be applied to the primary of
the high tension transformer and which will result in that
particular kVp.

Peak value of voltage (or current) is the maximum value reached in a
sinusoidal waveform.
For a constant potential generator peak value and r.m.s value are equal
but for a 6 pulse generator peak value is 1.048 Xr.m.s. value whilst
r.m.s. value is 0.94 X peak value. -
For a 2 pulse generator peak value is 1.414 X r.m.s. value and r.m.s.
value is 0.707 X peak value.
See also appendix.

It will be recalled that when an exposure is made the
secondary voltage is reduced to an extent which is depen-
dent on the value of the current flowing in the secondary
circuit, i.e. the greater the secondary current (mA) the
greater is the reduction in kVp. Relating this to the exam-
ple used previously, let us say that the application of 200V
r.m.s. to the primary of the high tension transformer
results in an output from the secondary of 85kVp when
the secondary current is 100 mA.

If however, the secondary current is increased to say
500mA we will get less than 85kVp at the secondary of
the high tension transformer; let us say that in fact we get
80kVp. To maintain the secondary voltage at the correct
value (85kVp), when the secondary current is increased
to 500mA, we must increase the primary voltage by about
12V r.m.s. In practice it is arranged that, in the above
case, the prereading kVp meter reads 85 kVp when 100 mA
is selected but the selection of S00 mA automatically redu-
ces the meter reading to 80kVp. To restore the meter
reading to 85kVp necessitates the selection of sufficient
extra tappings by the kV selector to provide an extra 12V
to the primary of the high tension transformer. This is
called prereading kVp meter compensation and may be
achieved in the following way.

(00000000000

Primary winding

Primary high tension
contactor transformer
switch

(7
(/)

Pre-reading kVp meter Ganged to

mA control
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L...AA,@L.

Counter
wound
turns

Figure 2.32 Prereading kVp meter and kV compensation circuit
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Autotransformer

One end of the autotransformer winding has a number
of extra turns which are counterwound, i.e. wound in the
opposite way to those of the main winding (see Figure
2.32). The kVp meter is connected to the tapped output
of the autotransformer (via kVp control) at one end, and
to a number of counterwound turns at the other, the
precise number being determined by the value of the mA
selected. (See Figure 2.33 for the way in which this is
done.) Selection of the appropriate number of counter-
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wound turns is automatic, as the control is ganged to the
mA selector switch, i.e. the mA selector arm and the
counterwound turns selector arm are physically linked,
therefore movement of one automatically causes move-
ment of the other. Consequently, movement of the mA
selector arm, i.e. selection of a particular mA value,
results in the automatic selection of an appropriate number
of counterwound turns by the prereading kVp meter com-
pensator control. The kVp meter reading is therefore
reduced by an amount which is dependent on the number
of counterwound turns selected, and this in turn is determi-
ned by the mA value selected.

300
200 400

100

To various resistors

Movement of the mA
selector arm also moves
the arm which selects a
number of counterwound
turns appropriate to that
particular voltage drop.
kVp meter reading
reduces, as mA increases.

To counter
wound turns

Figure 2.33 Prereading kV compensation

The effect of the counterwound turns is to induce a
voltage acting in an opposite direction to that of the main
winding. As the voltage induced into the counterwound
turns is of smaller value than the voltage induced into the
main autotransformer winding, and is acting in an opposite
direction, it has a subtracting effect and reduces the value
of the main voltage. If, for instance, 200V is induced into
the turns selected from the autotransformer, by means of
the kV control and 15 V is selected from the counterwound
turns, the voltage across the meter is 200—-15=185V. As
the number of selected counterwound turns increases with
increase in mA selected it can be appreciated that increase
in mA causes a reduction in the voltage indicated on the
prereading kVp meter. To restore the voltage to its original
value the number of turns selected by the kV control must
be increased or, of course, the mA value reduced.

An example might make this clearer. We will use the
same values as before. Assume that an exposure of 85kVp
and 100 mA is to be made and that this necessitates the
kV and prereading kVp compensation controls being set
as shown in Figure 2.34.

The prereading kVp meter gives a reading of 85kVp.
Imagine the secondary current is now to be increased to
500mA whilst the secondary voltage remains unchanged
at 85kVp. Rotating the mA selector control to increase

l 85kVp
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kVP control
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ra re
I VVUUVU VUV UV UUVUVVUVVVUVY

Figure 2.34 Setting for 85kVp and 100mA

the current in the secondary circuit to 500mA also in-
creases the number of counterwound turns to which the
kVp meter is connected and in consequence increases the
opposing voltage. The kV control has not been moved so
the main voltage from the autotransformer is unchanged.
In these circumstances it can be appreciated that, the
voltage induced into the main autotransformer winding
being constant whilst the opposing voltage obtained from
an increased number of counterwound turns is increased,
the voltage now registered on the prereading kVp meter
is reduced (Figure 2.35).
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Figure 2.35 mA increased to 500, meter now reads 80kVp

To restore the kVp meter reading to its original value
we must either reduce the mA value and thereby reduce
the number of selected counterwound turns, or increase
the number of turns selected by the kV control and thereby
increase the voltage from the main autotransformer wind-
ing (Figure 2.36).

Increase in the voltage applied to the primary winding
of the high tension transformer when the secondary current
(mA) is increased and reduction of the primary voltage
when the mA is reduced provides the ncessary compensa-
tion for variation in kVp due to changes in mA, thus
ensuring a constant kVp at different mA values.

Before leaving the subject of kVp meter compensation
certain important facts should be re-emphasized:

—————— Ganged to 100mA
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Figure 2.36 kV control adjusted so that meter reading is restored to
85kVp

(1) The prereading kVp meter does not measure kVp. It
measures primary voltage.

(2) The fact that the prereading kVp meter is connected
across a number of turns of the autotransformer
winding plus a number of counterwound turns affects
the meter reading only. It does not directly affect the
voltage applied to the primary winding of a high
tension transformer. This voltage is determined only
by the number of autotransformer turns selected by
the kV control. Study Figure 2.37 carefully. The
connections of the prereading kVp meter to the auto-
transformer winding via the kV control and to the
counterwound turns are shown as dotted lines whilst
the connections of the primary winding of the high
tension transformer to the autotransformer winding,
via the kV control, are shown in heavy lines. This
should demonstrate that the meter circuit has no
direct influence on the voltage applied to the primary
winding of the high tension transformer. This can
only be influenced by selecting a greater or lesser
number of turns from the autotransformer.

|
i o
Hb—*«¢_
(Do
b—e
h o
p

e e e e s S e s e a o
(VA s B A A~ et~ a e

Figure 2.37 Thick lines indicate voltage applied to the primary of the
high tension transformer and show that it is not affected by changes in
voltage across the meter

— — A ———Ganged to 500mA

kV compensation when there is no prereading kV meter

As stated previously, kV meters are used mainly with
mobile units. Most modern units indicate kV by means of
a digital readout. Where there is no prereading kV meter,
compensation for kV drop on load may be achieved in the
following way (Figure 2.38).
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Figure 2.38 kV compensation circuit

It will be noted that once again there is a selector which
is ganged to the mA control. This time, however, there
are no counterwound turns. The operation of the circuit
is simple in that increase in mA (which would lead to
reduction in the kV applied to the tube) automatically
increases the number of turns tapped from the auto-
transformer whilst a reduction in mA reduces the number
of tapped turns. In this way the kV is maintained at the
selected value despite changes in mA. Note: In each case
the primary voltage is being changed when mA is changed
to make up for the energy lost as heat in the secondary
winding of the high tension transformer.

THE mA CONTROL

This consists of a number of resistors as shown in Figure
2.39, any one of which may be selected at will to provide
the necessary voltage across the filament of the tube and
therefore produce the desired mA. (R1-R6 represent dif-
ferent values of resistance, each resistor corresponding to
a particular mA value.) Each mA can be adjusted in value
by altering the value of the controlling resistor, i.e. R1-R6.
This is normally done by the Engineer.
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Trimmer
resistance

mA 50 100 200 | 300 400 500 mA

R1 >R2 2> R3> R4 2> R52> R6

mA control

Figure 2.39 mA selector circuit

TRIMMER RESISTANCE

This a variable resistor which is used to alter the value of
all mA readings. Thus if all mA values are less than they
should be, as occurs for instance when the filament wears
thin due to age and consequently has increased resistance,
the trimmer resistance can be reduced, restoring all mA s
to their original value.

FILAMENT STEP-DOWN TRANSFORMER

The next component is the hlament step-down trans-
former. This consists of two primary and two secondary
windings, one for the broad focus and one for the fine
focus. The filament supply voltage may be applied to either
of the primary windings. The switching is arranged in such
a fashion that only one primary winding can be energized
at any one time. It will be noted that the negative side of

the high tension transformer is connected to the conductor
which is common to both filaments (Figure 2.40).

Fine focus E

Broad focus E

4y

Secondary
winding 000000/
Primary
winding wrm]__(mnﬁ
v
S
[
Tube focus

selector switch

Figure 2.40 Tube focus selector circuit

The filament heating transformer reduces the primary
voltage of, say 200V, to approximately 10 V. It must be
clearly appreciated, however, that when an exposure is
being made this potential difference (10V) is applied to
conductors which are already at a high potential difference
with respect to earth. An example might help to make this
clear.

X-ray tube
—GD—

Secondary ' D
winding

A B Earth
Step-down —/————= 50kV+ = 50kV~
transformer MQJ

™ Ton0e0e00),

Primary winding

Figure 2.41 Self rectified circuit
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In the circuit diagram (Figure 2.41) X and Y are the
ends of a high tension transformer secondary winding. It
should be noted that end X of the winding is S0kV positive
to earth (during an exposure) and that points A, B, C and
D are at the same potential. If the step-down transformer
is not energized no voltage is induced into its secondary
winding and points C, D remain at 50kV. As there is no
potential difference across the filament no current flows
through it. If, however, the step-down transformer is ener-
gized and a potential difference of 10V is induced across
its secondary winding one end of the winding is 10 V higher
than the other, i.e. A is now 10V higher than B. This
means that B is at a potential of 50000V (50kV) to earth
and A at 50010V which means a potential difference of
10V across A-B, C-D and of course, the filament itself.

The important thing to remember is that, although the
voltage induced into the secondary winding of the step-
down transformer is small it is being added during the
exposure to an existing voltage of very high value. It is
necessary therefore to provide electrical insulation be-
tween the secondary and primary windings of the step-
down transformer sufficient to withstand the full value of
the secondary voltage on that side of the circuit, in this
case 50kV with respect to earth.

Supply to sotenotd
(part of timer circuit)

Copper contacts
(carry primary current
when closed)

Starting contacts
(early closing)

EXPOSURE SWITCHING (PRIMARY CIRCUIT)

Pressing the X-ray exposure button energizes the timer
circuit, which in turn energizes the solenoid of an electro-
magnet, causing a switch in the primary circuit to be closed.
The current which now flows in the primary and secondary
circuits results in the production of X-rays at the target of
the X-ray tube. At the end of a period of time, determined
by the timer mechanism, current stops flowing in the timer
circuit, the solenoid of the electromagnet ceases to be
energized and the switch in the primary circuit opens,
terminating the exposure.

The primary switch may be mechanical (electro-
magnetic) or electronic in operation. The electronic type
will be considered in detail in the next chapter. (Note,
electronic switching is also employed in the secondary
circuit — this will also be considered later.)

The mechanical (electromagnetic) contactor switch

Study the diagrammatic representation of the primary
switch in Figure 2.42. Note especially the following points,
which should help you understand the basic principles
underlying the structure and operation of such a switch.

Solenoid winding

Copper contacts (carry
primary current when closed)

Metal block

Flexible conductor
(metal braid}

Iron core

Spring (to hotd contacts apart)

Assembly mounted on
insulated board

Bar of insulating materiat
(carries metal contacts)

Symbolic representation of mains
(exposure} contactor

Figure 2.42 Diagrammatic representation of mechanical switch and inset symbolic representation
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(1) Fixed components, secured to a base board of insulat-
ing material, include:

(a) A solenoid whose winding )
is in series with the timer

> 1105 Functions as an
circuit.

electromagnet
(b) The core, which is ¢ When current
flows in the

magnetized when current
flows through the
solenoid.

timer circuit

(c) A number of copper
contacts (in this case three).

(2) Moveable components consist of an insulated bar free
to rock through a small angle and attached to it:
(a) Copper contacts (in this case three) held on arms
which are firmly secured to the rocker bar and
which therefore move, or rock, with it.

(b) A large piece of metal which is attracted to
the core when the solenoid has current flowing
through it.

The insulated rocker bar is spring-loaded to ensure that
the contacts open at the end of an exposure.

Note also the symbolic representation of the switch,
which is frequently drawn thus and is connected in the
circuit as shown in Figure 2.43. It is necessary to absorb
initial current flow as there is a momentary surge of current
at the beginning of the exposure. This initial surge is
absorbed by the resistor (R) which is of high resistance.
Contact A closes before contact B. Primary current there-
fore flows through resistance (R) for a fraction of time
before contact B closes. As soon as contact B closes
resistance (R) is bypassed.

In major units a phasing circuit is used to ensure that
the contacts close and open when voltage is at or near
zero point, i.e. whilst little or no current is flowing. This
minimizes arcing which would otherwise cause damage to
the copper contacts. It must be remembered that the
primary current is of very high value in a diagnostic circuit,
currents of 100-300 A being fairly representative.

Figure 2.43 Primary switch and surge resistor

Sheets of asbestos on either side of each set of contacts
give protection against the heat generated by the spark
which occurs at ‘make’ and ‘break’ of current flow. An
asbestos-lined box fitted over the contactor fulfils a similar
function and also deadens the noise made by the switch
when the contacts close.

Not all contactor switches function in air, some are oil-
immersed, the oil quenching the spark generated at ‘make’
and ‘break’. Contactors operating in oil need to be bigger
and more powerful than those operated in air because of
the resistance to movement offered by the oil.

Because the contactor closes with considerable force,
the board to which it is attached may be mounted on strong
springs to avoid mechanical damage. As there are obvious
limitations to the speed with which mechanical switches
can be opened and closed and to the rapidity with which
they can be operated most modern high powered units use
electronic switching in either the primary or secondary
circuits. Electronic switching is discussed in the next
chapter.

Note: Until now we have considered primary switching
in terms of a single switch. It should be noted however
that some equipment has not one but two switches, one to
‘make’ the circuit and the other to ‘break’ it.
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Before considering electronic switching in the primary
circuit we should perhaps look at the word electronic and
consider its meaning. The term ‘electronic’ means the
control of electron motion in a circuit by means of ther-
mionic valves (or solid state devices). Until recently ther-
mionic diode valves were used for high tension rectification
and thermionic triode valves (thyratrons) for primary
switching. However, these devices are now rarely, if ever,
used in modern X-ray circuits. In each case they have been
superseded by solid state devices which have numerous
advantages. However, an understanding of some ther-
mionic devices is still essential, i.e. the X-ray tube itself,
the grid controlled X-ray tube, vacuum triodes in the high
tension circuit, etc. In addition to these an understanding
of the way in which other now obsolete thermionic devices
work should make it easier to understand the working of

35

solid state equivalents which have replaced them. To avoid
any confusion to the reader it will be clearly stated when
the device being described is obsolete and is being descri-
bed for purposes of understanding only.

THE THERMIONIC DIODE VALVE (now obsolete)

The thermionic diode valve consists essentially of two
electrodes in an evacuated glass envelope (Figure 3.1).
One electrode, the filament, is made of thoriated tungsten
wire, and is heated, whilst the other, a cup-shaped cylinder
made of nickel, remains cold.

Filament

Cup shaped cylindrical
anode made of nickel _~"

Figure 3.1 High tension thermionic diode rectifying valve

Operation of the valve

When the thoriated tungsten filament is heated, electrons
are emitted by the process of thermionic emission (see
following note on thermionic emission). If the cylindrical
electrode is positive with respect to the filament, electrons
are attracted to it (Figure 3.2). If, however, the filament
is positive and the cup-shaped electrode negative, i.e.
during the inverse half cycle, no current flows, as the
cylindrical electrode is cold and does not emit electrons.
If the cylindrical electrode were to become heated to such
a temperature as would allow the emission of electrons,

A B A B

N Y
N NS

Figure 3.2 When A is negative and B is positive electron current flows,
but when A is positive and B is negative no current flows
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then the diode would stop functioning as a valve, as current
flow would be possible in both directions. It is essential
therefore, if the valve is to function correctly, to ensure
that the cylindrical electrode never reaches the critical
temperature at which electrons would be emitted.

Thermionic emission

This is the emission of electrons from a body by the
application of heat energy. Consider a piece of metal such
as tungsten. It is rich in ‘free’ electrons which are able to
move freely within the metal. They do not, however,
under normal circumstances (i.e. low temperature) have
sufficient energy to leave the surface of the metal. This is
due to the cumulative force exerted by the metal’s positive
nuclei which tend to keep the electrons within the confines
of the metal. If, however, the energy of the electrons is
increased, by heating the metal, the free electrons nearest
the surface of the metal are able to overcome the attractive
force of the nuclei and leave the confines of the metal. The
additional energy needed by the electrons to overcome the
force of attraction exerted by the atomic nuclei of a metal is
called the work function of that particular metal. Different
metals have different work functions.
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Figure 3.3 Tungsten at low temperature

‘Free’ electrons move in a haphazard fashion within the
metal at low temperature (Figure 3.3). They do not possess
the necessary energy to leave the surface of the metal.
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Figure 3.4 Tungsten at high temperature

When the tungsten is heated to a sufficiently high tem-
perature, some of the electrons nearest the surface acquire
the extra energy needed to lift them from the surface of
the metal (Figure 3.4). If the heated metal is contained
within a vacuum, the eléctrons are able to move some
distance from the surface before they are attracted back.
The reason they are attracted back is that those atoms

which lost electrons are now positive and exert a force of
attraction on the liberated electrons. If there is another
force in the vicinity of the liberated electrons, such as a
positive electrode, then it also exerts a force of attraction
on the liberated electrons and attracts some or all (depend-
ing on its strength) of them towards it.

ELECTRONIC SWITCHING (Primary Circuit)

Switching of the primary current may be achieved by the
use of triode valves, called thyratrons, now obsolete, or
by solid state devices called thyristors. Let us consider first
the way in which the thyratron works.

Thyratron
valve 1

Thyratron
valve 2

A
\N
7/

o

iUUUUUVUU (Vv AV AR A VA A
Figure 3.5 Primary switching using thyratron valves

The thyratron valve (now obsolete)

This consists of a gas-filled glass envelope which encloses
a cathode, a grid and an anode. The presence of gas
ensures a rapid and large flow of electrons (by ionization)
when the valve is conducting.

Electronic switching in the primary circuit of a single-
phase generator operates in the following manner. Two
thyratrons in inverse parallel connection are connected in
series with the primary circuit as shown in Figure 3.5.
When ‘A’ is negative and ‘B’ positive, electron current
flows from ‘A’ through valve 1 to ‘B’ via the primary
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winding of the high tension transformer. When ‘B’ is
negative and ‘A’ positive, electrons flow from ‘B’ through
valve 2 via the primary winding of the high tension trans-
former to ‘A’.

Prior to an X-ray exposure the timer circuit maintains
the grid of each thyratron at negative potential with respect
to the filament. Because the grid is close to the filament
the repelling effect on filament electrons is very much
greater than the force of attraction exerted by the anode
(Figure 3.6). Under these circumstances no electron cur-
rent flow is possible.

Anode positive with
respect to filament

Force of
___ attraction

exerted by

anode

‘_

Grid negative

Force of
repulsion
exerted by
grid bias

to filament

Filament

Thyratron valve

Figure 3.6 Gas-filled triode valve (thyratron)

At the beginning of an exposure the timer circuit re-
moves the negative bias from the grids of the thyratrons.
Current is now able to flow in the primary and secondary
circuits. At the end of the exposure the negative voltage
is re-applied to the grids, by the timer circuit. This does
not stop current flow instantaneously, unless the mains
voltage is at zero when the voltage is applied to the grids.
If the mains voltage is of sufficient value to maintain
ionization (between A and B or C and D in Figure 3.7),
current continues to flow until the mains voltage next
reaches zero value, after A-B at X, after C-D at Y, etc.

A B
\%
X Y
Time
° .

D

Figure 3.7 Current flow can be stopped only when voltage is at or near
zero valve

SOLID STATE DEVICES

So far we have seen that gas-filled triodes (thyratrons)
may be used in the primary circuit as switches whilst
vacuum triodes (Figure 2.20) are used for switching in the
secondary circuit. We will also see that the vacuum triode
in the form of a grid controlled X-ray tube can combine
the functions of an X-ray tube with that of a switch (Figure
5.19).

All these devices require, of course, a heated filament,
a cathode, an anode and a glass envelope to contain either
a vacuum or a gas. Note that vacuum devices are used in
the secondary circuit whilst gas-filled devices are used in
the primary. The reason for this will become apparent
later.

Solid state devices have no filaments, no glass envelope
and no associated components such as step-down transfor-
mers to heat the filaments, etc. Their use, therefore, in
the X-ray equipment offers obvious advantages in terms
of space, reliability, etc.

Solid state devices tend to be used mainly in the primary
circuit. The only solid state device to be used in the
secondary circuit is the solid state rectifier, so let us look
at that first and then go on and see how it works.

THE SOLID STATE RECTIFIER

Ineach of the high tension circuits so far described, rectifica-
tion has been achieved with the use of solid state rectifiers.
Such devices have the same function as thermionic diodes
in that they allow current to flow in one direction only,
current flow in the inverse half cycle being suppressed. At
this point, however, their similarity ends as they achieve
their objective in completely different ways. Whereas the
thermionic diode needs a step-down transformer to pro-
vide its filament with the necessary heating current, the
solid state rectifier has no need for such associated devices.

This means that solid state rectifiers take up less space
which means that they can be built into a single structure
tube head, for instance, to provide full-wave rectification
for high powered mobile units. They are also more reli-
able, have longer life, etc., all good reasons why the
manufacturer of modern X-ray equipment now uses them
in preference to thermionic diode valves.

The circuit symbol for a solid state rectifier is shown in
Figure 3.8. Note that the black arrow head in the symbol
points in the direction of conventional current flow. Elec-
tron current is in the opposite direction as indicated by the
dotted arrow (which does not of course form part of the
circuit symbol).

To understand how such a device works requires that
we first of all understand how and why electrical conduc-
tion takes place easily in some substances and much less
easily in others.
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Electron current flow

<+———-- —

Conventional current flow

Figure 3.8 Circuit symbol for the solid state rectifier

Conduction band theory
Conductors

An electrical conductor, such as a metal, allows a steady
drift of electrons through the conduction band when a
potential difference is applied across its ends. This is due
to the fact that the valence and conduction bands overlap
as shown in Figure 3.9.

Conduction band (CB)

Valence band (VB)

Filled band (FB)

Figure 3.9 Conduction band diagram for a conductor

Insulators

On the other hand insulators have a large gap between
the valence and conduction band such that in normal
circumstances (i.e. when the temperature of the material
is not too high and when the potential difference is not
excessive) there is insufficient energy in the electric field
to raise electrons from the valence band to the conduction
band. This is illustrated in Figure 3.10.

s /LIS

Forbidden gap
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Figure 3.10 Conduction band diagram for an insulator

Semiconductors

As its name implies a semiconductor falls midway between
a good conductor and a bad conductor (insulator) so far
as its conduction characteristics are concerned. This is
illustrated in Figure 3.11. It will be noted that the gap

AN

Forbidden gap

= 11T

B

Figure 3.11 Conduction band diagram for a semiconductor

between the valence band and the conduction band is
much less than that of the insulator. The energy differences
between the bands of three different materials are illu-
strated in Figure 3.12.

= g W T -
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Figure 3.12 Conduction band diagrams for a conductor, semiconductor
and insulator

Improving the conduction characteristics of a
semiconductor

Under normal circumstances a pure semiconductor such
as silicon will not easily conduct. If, however, its tempera-
ture is raised, some of the electrons in the valence band
may gain sufficient energy to bridge the energy gap and
become carriers in the conduction band. A semiconductor,
therefore, has its conductivity increased by heating. Its
conductivity may also be increased by fusing into the
semiconductor an impurity which will provide electrons at
an energy level only slightly less than the conduction
band as shown by the dotted line in Figure 3.13. When a
potential difference is applied across the material the
electrons in the energy band lying just below the conduc-
tion band gain energy from the electric field which enables
them to pass into the conduction band and thus current is
able to flow. Such carriers are called ‘n’ type carriers as
they are electrons and thus negative carriers, and the
material is called an ‘n’ type material. The added impurity
in this case would be phosphorus or arsenic.

Figure 3.13 Semiconductor material with ‘n’ type impurity
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If, however, an impurity is added to a semiconductor
which provides an energy level just higher than the valence
band, e.g. boron or indium, and a potential difference is
applied, electrons are given sufficient energy to move out
of the filled band but nor into the conduction band (Figure
3.14).

Figure 3.14 Semiconductor with ‘p’ type impurity. Energy level indi-
cated by dotted line

As the electron is raised out of the filled band, however,
it leaves behind a ‘hole’ and these ‘holes’ appear to move
in the opposite direction to electron current (Figure 3.15).
They are said to be positive or ‘p’ type carriers.

Figure 3.15 Conduction by holes

Now, just as a piece of copper has lots of ‘free’ electrons
and yet remains electrically neutral (unless a potential
difference is applied across it), so a piece of ‘n’ type
semiconductor and a piece of ‘p’ type semiconductor also
remain electrically neutral unless connected in a circuit
and a potential difference applied. If, however, a piece of
‘n’ type material has a ‘p’ type impurity fused into it, it
would seem that the electrons and holes would arrange
themselves as shown in Figure 3.16. This, however, is not
the complete picture as some of the electrons from the ‘n’
type material move across the boundary to the ‘p’ type
material as shown in Figure 3.17. After the initial move-
ment, however, no more electrons move across. This is
because movement of electrons from ‘a’ to ‘b’ gives ‘b’ a
small negative charge which repels further migration of
electrons from ‘a’. At the same time the electrons lost
from ‘a’ give ‘a’ a small positive charge and the material
now looks as shown in Figure 3.18. There is thus a small
potential difference of about 0.1V developed across the
junction at ‘b’ due to the migration of electrons. The layer
which has lost electrons is therefore called the depletion
layer. Such a device is called a solid state rectifier.

Let us now see what happens if we apply a potential
difference across its ends, as shown in Figure 3.19. There
is a movement of electrons through the material towards
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Figure 3.16 Electrons and holes are not equally distributed
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Figure 3.17 Migration of electrons to the ‘p’ type material
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Figure 3.18 Solid state rectifier

Figure 3.19 Solid state rectifier forward biased (current flows)

the junction in one direction and a movement of ‘holes’
towards the junction in the other. The small potential
difference of 0.1V at the junction is overcome and the
electrons and holes neutralize one another as fast as they
recombine at the junction. However, fresh electrons are
introduced at the ‘n’ side of the material and fresh holes
are created at the ‘p’ side by movement of electrons to the
positive pole of the battery.

Now let us connect the battery in the opposite sense,
i.e. in the reverse direction as in Figure 3.20. Electrons
are now swept back from the junction, the original 0.1V
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potential barrier is reinforced, thus offering great opposi-
tion to current flow. The device thus acts as a rectifier
allowing current to flow easily in one direction but not in
the other. If an alternating voltage is applied it will be
found that the inverse half cycle of current will be suppres-
sed (except for a very small reverse current due to minority
carriers).

+
L —

Figure 3.20 Solid state rectifier reverse biased (only negligible current
flows)

Unlike the vacuum diode, the solid state rectifier has no
need for a step-down transformer, has no filament to wear
out and therefore has a much longer life. Its characteristics
remain constant over a long period of time and a full-wave
rectifier system takes up much less room.

When used for high tension rectification one such rect-
ifier would be unable to withstand the high voltage applied
across it during an exposure so a large number of individual
rectifiers are connected in series within a tube some 25cm

Figure 3.21 (a) Solid state rectifier as used in high tension circuit. (b)
Cut away section ot high tension rectifier showing numerous individual
rectifiers in series connection

long and 2.5cm in diameter. There is a protective plastic
covering over the tube excepting at its ends which have
metal caps for connection into the circuit (Figure 3.21).
Rectifiers are the only solid state devices used in the
secondary circuit. All other components such as switching
triodes, X-ray tube, etc. are thermionic vacuum devices.

AVALANCHE DIODE

When a pn junction is reverse biased a negligibly small
current flows, due to minority carriers, i.e. electrons from
the ‘p’ region and holes from the ‘n’ region. The number
of such reverse carriers is limited and the reverse current
is usually sufficiently small as to be ignored. If, however,
the reverse voltage in an avalanche diode is raised to a
sufficiently high value, at a certain critical voltage, the
internal resistance of the device drops to a low value,
breakdown occurs and a high current flows. This surge of
current is due to the electrons from the ‘p’ region gaining
sufficient energy from the electric field to ionize atoms
within the crystal lattice and so produce an ever increasing
number of electrons and holes once breakdown occurs.
Such a device is used in voltage stabilizer and voltage
reference circuits. See Figure 3.22 for its symbol.

Figure 3.22 Circuit symbol for avalanche and zener diodes

Zener diode

This diode exhibits breakdown at a lower voltage than the
avalanche diode. Breakdown is due this time not to the
avalanche effect but to the zener effect. This effect is
thought to be due to spontaneous generation of electron
hole pairs from the inner shells of atoms in the junction
region. Whilst this region is usually carrier free, the intense
electric field across the junction provides the necessary
energy to produce the current carriers.

Light emitting diode (LED)

We have seen that when a pn junction is forward biased
electrons and holes flow towards the junction where they
recombine. In light emitting diodes this recombination
results in the release of energy, in the form of light. LEDs
may be used in digital displays.
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THE TRANSISTOR

We have seen that the vacuum triode valve can be made
conductive or non-conductive depending on whether or
not its grid is biased sufficiently with respect to its filament
and that such a device may be used as a secondary switch
or as a means of controlling kV. We will also see that an
X-ray tube may function as a switch as well as a producer
of X-rays. These are all examples of thermionic vacuum
triodes used in the secondary circuit of X-ray equipment.

The solid state equivalent of the triode valve is the
transistor. It may be drawn schematically as in Figure 3.23
as an n p n transistor, or in Figure 3.24 as a pn p transistor.
The circuit symbol is drawn as in Figure 3.25. Unlike the
vacuum triode it has no need for a glass envelope, filament
or step-down transformer. Note that the transistor is never
used in the high tension circuit as it could not withstand
the high tension needed to produce X-rays.

Figure 3.23 npn transistor

p n p

Figure 3.24 pnp transistor

npn pnp

Figure 3.25 Circuit symbols for npn and pnp transistors

Mode of operation

The transistor may be used as a power, current or voltage
amplifier, or as an electronic switch. It has three connec-
tions called the emitter, base and collector which might
be connected as in Figure 3.26. The n p (emitter base) part
of the transistor is forward biased with respect to battery
A, i.e. electrons act as majority carriers which flow through
the n (emitter) part of the transistor whilst ‘holes’ acting
as majority carriers pass through the p (base) part of the
transistor to neutralize electrons at the np junction. The
np (emitter base) part of the transistor is therefore acting
in a manner similar to the n p rectifier previously described.
Because the emitter base junction is forward biased, a lot
of electrons are injected into the base where they become
minority carriers; some recombine with ‘holes’ in the base
but a large number are swept across the p n (base collector)
junction attracted by the large potential of battery B

which, in the presence of these minority carriers, over-
comes the negative biasing of the pn junction.

Input Output

A

—_
t

Figure 3.26 The transistor as a current amplifier

The transistor is only conductive when a base current
flows and the greater the base current the greater is the
collector current. As the collector current (ic) is large
compared to the base current (ib) the transistor is a current
amplifier. In the case of a d.c. input the amplification
factor =ic/ib.

If an a.c. input signal is superimposed on a d.c. supply
the amplification factor = change in ic/change in ib.

When there is a resistor in the collector circuit, (R
in Figure 3.26) voltage amplification can be obtained.
Variation in collector current causes a varying voltage
drop across the resistor.

change in output volts

Voltage gain= .
change in input volts

THE THYRISTOR (SCR)

You will recall that the gas-filled triode valve (thyratron)
can be used as an electronic switch to rapidly make and
break the high primary current which flows during an X-
ray exposure. The solid state equivalent of the thyratron
is the thyristor or more correctly the silicon-controlled
rectifier (SCR).

It may be drawn schematically, or as a circuit symbol as
in Figure 3.27. It has three connections, a cathode, an
anode, a gate and three junctions, J;, J, and J;. If the
thyristor is connected to a source of potential difference
so that the anode end (p) is negative and the cathode end
(n) positive no current flows through the device as the two
pn junctions, J; and J;, are reverse biased. Even if the
potential difference is reversed so that the cathode end (n)
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is negative and the anode end (p) is positive current will
still not flow because the pn junction J, is reverse biased.
So, in the absence of any current to or from the gate, the
thyristor is non-conducting in either direction. If, however,
a positive pulse is applied to the gate, current flows from
cathode to gate, minority carriers (electrons) are produced
in the p part of the thyristor, the negative bias is overcome
and a surge of electrons pass through the thyristor.

(a) T Anode (b) o Anode

p

J1 :
n
Jz
Gateo—— p Gate o_j-

J3

© Cathode

Cathode

Figure 3.27 The thyristor drawn (a) schematically and (b) as a circuit
symbol

In effect, a small positive pulse to the gate causes a large
current to flow through the thyristor. Because the thyristor
is also a rectifier it is necessary to have two in opposed
parallel connection, in series with the primary circuit
(Figure 3.28).

J

~ r

Figure 3.28 Thyristors in opposed parallel connection

Silicon-controlled rectifiers can handle up to 200 A at
mains voltage, they are fast acting and have a relatively
small power consumption. They can be switched on with
a gate voltage of about 1.0V. They are now used in
most modern X-ray equipment for switching the primary
current.

The Triac

This is a single three-terminal device which can conduct
or block in either direction and can be triggered on with
a gate signal of either polarity. It is the equivalent of two

SCRs in inverse parallel connection as shown in Figure

V.Y

Figure 3.29 Circuit symbol of the triac

The diac

This is a single two-terminal device which has a breakdown
voltage of about 32 V. When this voltage is reached, in
either direction, the internal resistance of the device falls
and current flows. The diac is used mainly as a trigger
device for SCRs. Its symbol is shown in Figure 3.30.

N A

Figure 3.30 Circuit symbol of the diac

FIELD EFFECT TRANSISTOR (FET)

| B
Control gate
Source Drain
(emitter) (collector)

Figure 3.31 Field effect transistor

In Figure 3.31 note that the device is forward biased
by battery A but reverse biased by battery B. We have
previously seen that the greater the reverse bias across a
pn junction the wider is the depletion layer and, conver-
sely, the smaller the biasing voltage the thinner is the
depletion layer. The FET therefore has its current carrying
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ability influenced by the gate voltage. The FET functions
in a similar manner to the triode valve, the source corres-
ponding to the cathode, the gate to the grid and the drain
to the anode. The symbols of the FET are shown in Figure
3.32.

Other types of FETs include MOSFETSs (metal oxide
semiconductor FET) which are used mainly in integrated
circuits, particularly digital memory chips.

n channel p channel
Figure 3.32 Symbols for FET
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We have seen that the primary current in an X-ray unit
may be switched on or off by means of electromechanical
contactors, thyratrons or thyristors. As the length of time
for which the switching device is closed is one of the
factors which determines film blackening, some means of
accurately measuring and reproducing the time of expo-
sure is essential. One or other of a number of different
types of timer may be used for this purpose, the simplest
of which is the clockwork timer.

44

CLOCKWORK TIMER

The principle of operation is that a tensioned spring takes
a certain length of time to unwind (usually through a
system of gears). From Figure 4.1 it can be seen that a
spring is tensioned when the pointer is moved over the
scale which is graduated, usually from 0 to, say, 10
seconds. Tensioning of the spring, i.e. setting of the timer,
closes contacts A and B. Pressure on the exposure button
releases the spring (the pointer begins its movement
towards zero) and simultaneously closes contacts C-D.
Closure of these contacts (a) completes the primary circuit
and initiates the exposure, i.e. C-D functions as a primary
Clockwork motor

(tensioned by moving
pointer over scale)

Spring
-~

Pointer

Insulated circuit breaker arm
(contacts A-B close, when
pointer is moved over scale;
contacts A-B open when
pointer returns to zero)

Exposure button (made of
insulating material) (when

pressed the button closes
contacts C-D and releases
clockwork mechanism)

_

To primary contactor solenoid

Figure 4.1 Clockwork timer
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contactor switch, or, (b) causes current to flow through a
solenoid which closes the primary contactor and initiates
the exposure. When the pointer reaches zero position,
contacts A-B are opened by the insulated arm E and the
exposure is terminated.

Whether a clockwork timer is used in an X-ray circuit
to function as a primary switch in addition to its timing
function or whether the clockwork timer is used to operate
a relay is determined by the value of current flow in the
primary, i.e. whether it is a portable unit (low power) or a
mobile unit (higher power). Clockwork timers are simple,
strong and robust and are used on most portable and some
mobile units. They are not accurate for short exposure
times and must be reset after each exposure.

Note: Clockwork timers are never used on major units
and even mobile units now use a more sophisticated kind
of timer. It should be noted that some equipment is pro-
vided with two primary switches connected in series with
one another. One is the ‘“make” switch, normally open,
which is closed at the start of the exposure and the other
is the “break” switch, normally closed which opens to
terminate the exposure.

THE ELECTRONIC TIMER

This timer operates on the principle that it takes a specific
length of time to charge a given capacitor to a given voltage
through a given resistor. From Figure 4.2 it can be seen
that closure of the exposure switch completes the circuit
through the solenoid of the primary ‘make’ contactor
switch. Current now flows through the primary circuit
and the X-ray exposure commences. At the same instant
current begins to flow through the timer circuit and the
capacitor begins to charge. When the voltage across the
plates of the capacitor reaches a specified value, determi-
ned by the value of resistor selected, current to the base
of the transistor initiates current flow in the collector
circuit; this then triggers the thyristor which allows current
to flow through the solenoid of the primary ‘break’ contac-
tor. Current flow in the primary circuit is therefore stopped
and.the exposure is terminated. A switch shorts out the
capacitor after the exposure and it remains closed until
the unit is put into ‘prep’ ready for the next exposure. This
ensures that the capacitor is always completely discharged
at the beginning of an exposure.

The length of exposure is determined by the value of
resistor selected as this controls the time it takes for the
capacitor to reach the critical stage at which it will switch
‘on’ the transistor.

When equipment uses only one primary contactor switch
to “make’ and “break’ the primary current the solenoid
Sc in Figure 4.2 is used to open an interlock switch in the
primary contactor circuit and thus terminate the exposure.

Note: All primary switches used with major units are
phased, that is to say they can only close and open when
the primary voltage is passing through zero value. This is
to prevent damage to contactors which would otherwise
occur if they were opened or closed when the voltage was
at high value due to the dissipation of large amounts of
power by the switch.

To primary winding
of high tension
. transformer
Exposure switch
-y
—— — — B o ) —— ——— ——— —— — —
] 112 \
Primary contactor circuit 5 / Make switch
3
_____ e -]
1
R
I_T;: Sc ﬂ Break switch
AAAAM
Tr
1. Th
Ss ( C
-1
Timer circuit

Tc — Timer control

Ss —Shorting switch (open when unit is put into ‘prep’)
C - Capacitor

Tr— Transistor

Th — Thyristor

R~ Rectified and smoothed d.c. input

Sc — Solenoid coil of primary ‘break’ contactor switch

Figure 4.2 Simple circuit to illustrate principle of electronic timer

Ay

— T

Capacitor begins to
charge, through a
resistor at the same
instant that current
flows through the
‘make’ primary
contactor (exposure
starts)

Transistor passes a
trigger pulse to the
thyristor when the
capacitor reaches a
critical voltage (time
to reach this voltage
is determined by the
value of selected
resistance)

Thyristor switches
current to ‘break’
contactor
(exposure ends)

Figure 4.3 Electronic timer drawn as a series of blocks
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It should also be borne in mind that this description of
an electronic timer is extremely simple and, although it
adequately describes the basic principle of operation, the
circuits used in modern X-ray timer circuits are, of course,
much more complex and a thyristor would act as the
primary switch rather than a mechanical switch as shown
in Figure 4.2. After studying Figure 4.2 consider, for the
sake of simplicity, the timer in terms of a series of blocks
as shown in Figure 4.3.

AUTOMATIC EXPOSURE CONTROL

A given amount of radiation is needed to produce a given
density on a radiograph. Automatic exposure control ensu-
res that the film always receives this fixed amount of
radiation despite changes in kV, mA, focus film distance
(FFD) or patient thickness, etc. There are two main types
of autotimer, namely the phototimer and the iontomat.

Phototimer

A phototimer such as the CGR Luminex device consists
essentially of a luminescent sheet (i.e. lucite sheet which
transmits light in a similar fashion to glass fibres) onto
which is coated a thin photoemissive layer (Figure 4.4).
This luminescent sheet is situated between the grid and
cassette when used with a moving grid mechanism or
directly in front of the cassette when used with a chest
stand. It is, of course, within a light tight container, the
side of the sheet presenting to the radiation being masked
with the exception of three windows, any one or all of
which may be selected by the operator.

When an exposure is made radiation passes through the
patient and the grid to the luminescent sheet and then to
the cassette. Light is produced at one, or all, of the
windows which is then transmitted through the sheet to a
series of photomultiplier tubes. A current proportional to
the intensity of the light is amplified and used to charge a
capacitor. On reaching a critical voltage the capacitor
discharges to the base of a transistor which then produces
a pulse of current to the gate of the thyristor, thereby
allowing current to flow through the solenoid of the ‘break’
contactor terminating the exposure. The time taken for a
given amount of radiation to reach the cassette and for a
given amount of luminescence to be produced is, of course,
governed by the intensity of the X-ray beam (mA), its
quality (kV), the FFD and the thickness of the patient
part.

Note: The luminescent sheet tends to absorb more radi-
ation at low k'V than it does at high kV values. A compensa-
tion circuit must therefore be provided to compensate for
this effect.
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Figure 4.4 (a) Luminex system used in bucky. (b) Controls on operating
console. (c) A series of different shaped sensing heads are available for
different situations

Automatic brilliance control for fluoroscopy is described
on page 114.

The iontomat

Automatic exposure control using ionization chambers
rather than photomultiplier tubes is the system used in
the majority of X-ray units. A panel containing three
ionization chambers, as shown in Figure 4.5 is situated
between the grid and front of the cassette. The ionization
chamber panel is quite radiolucent and in normal radiogra-
phy no pattern of the chambers can be detected.

The principle of operation of the iontomat circuit is
similar to that of the phototimer. The capacitor is charged
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at a rate which is determined by the amount of ionization
taking place and when it is charged to a given voltage it
initiates current flow through the transistor which in turn
energizes the thyristor. Current then flows through the coil
of the ‘break’ contactor and the exposure is terminated.
In the case of both the phototimer and the iontomat the
exposure is terminated when a fixed amount of radiation
has reached the face of the cassette (or other recording
medium). The time taken for this fixed amount of radiation
to reach the cassette is determined by the selected kVp
and mA, the FFD, thickness of patient, etc.

Grid lonization chamber
Patient \ Cassette
—————
X-rays —me—p .
—— Transm{or
d.c. supply

Density control Break switch
solenoid

VWAAA
Shorting [ 4 Fﬁ
switch ( Capacitor $

Thyristor

Figure 4.5 Automatic exposure control using an ionization chamber

Density control

By altering the value of a series resistor in the capacitor
charging circuit, the amount of radiation and consequently
the density of the film may be adjusted to suit individual
requirements or to match different speed screens, etc.

Note: That in this case the time taken to charge the
capacitor is determined by the resistor (density control)
and the ionization chamber. In the case of the phototimer
a photocell is used instead of an ionization chamber.

Most automatic exposure control devices have three
ionization chambers for general radiography, one or more
being selected at will to suit the particular requirements
of the examination. Particular shapes are available for
different purposes as indicated in Figure 4.6.

O (O @ e

A
A Pelvis

Lumbar spine Skull

Figure 4.6 The diagrams illustrate the most appropriate selection of
ionization chambers for different examinations. The selected chambers
are shown in black

Care must be taken in the use of automatic exposure
control devices. For instance, it is important to ensure that
an ionization chamber is in the field of radiation when an
exposure is made. It is also important to ensure that the
correct chamber is used for a particular examination and
that scatter is reduced to a minimum by careful restriction
of beam size etc.

The speed of intensifying screens and the type of cassette
used in the department should be standardized or, if dif-
ferent speed screens are used, they should be clearly
marked so that the density control can be used to compen-
sate for difference in speed.

The response or reaction time

The reaction time for any system is the time taken for the
system itself to respond to a signal. In the case of the
automatic exposure control it is the time it takes the circuit
and the switches to respond. This time is to a large extent
determined by the type of primary (exposure) switching
being employed, being much longer for mechanical
switches than it is for thyristors, for example. Secondary
switching using a grid controlled X-ray tube or vacuum
triode valves may have a response time as short as 1ms,
whilst primary mechanical contactors may have a response
time of up to 30ms. If an exposure is to be made of less
than 20ms (0.025s) it is probably wiser to use a lower mA
or slower speed screens to ensure that the exposure time
is longer than 20 ms if older equipment using mechanical
switching is being used.

mAs CONTROL (TIMER)

The mA s control rather than measuring a fixed period of
time measures a quantity of charge, i.e. mA X time. It
will be recalled that the midpoint of the high tension
transformer is at earth potential and that the mA meter is
connected at this point in series with the secondary wind-
ing. Because the same current flows through all parts of a
series circuit it will be appreciated that current flowing
through the midpoint of the secondary winding is of the
same value as that flowing through the X-ray tube and it
is at or near earth potential. If this low tension secondary
current is fed to a capacitor, it can be arranged to initiate
current flow to the primary ‘break’ contactor coil and
terminate the exposure when a selected value of mA s has
built up on its plates. When such a timer is used to control
secondary switching values down to 1.0mAs can be
achieved.

GUARD TIMER

Should there be a breakdown in any of the timers pre-
viously described there would be an obvious risk of continu-
ous emission of radiation from the X-ray tube with
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consequent risk of overexposure of the patient and/or
damage to the X-ray equipment. To obviate this problem
a guard timer is incorporated into the circuit. This timer
comes into operation and terminates the exposure if the
main timer fails. Once the guard timer is activated it cuts
off power to the equipment which cannot be restored until
the equipment has been checked by the service engineer.

PRIMARY CONTACTOR EXPOSURE SWITCHING
CIRCUIT

The primary contactor circuit is interconnected with the
timing circuit as shown in Figure 4.7, the voltage for these
circuits being obtained from the autotransformer. The
voltage must, of course, be rectified before being used to
charge the capacitor. It will be noted that there are a
number of switches in series with the primary contactor
circuit and that the circuit cannot be completed, i.e. current
cannot flow through the make solenoid and close the
primary contactor switch, until each set of contacts has
been closed.

From Figure 4.7 it will be noted that there are a number
of switches in series connection with the primary contactor
circuit and that each of these switches is controlled by a
solenoid. Each of the solenoids is in series connection with
a specific circuit, e.g. filament heating circuit, etc. and in
consequence, each of the interlock switches A, B, C and
D, will be closed only when the particular circuit with
which it is connected is energized. Unless all switches are
closed, the primary contactor circuit cannot be completed.

Note: We will see later in Chapter 13 that a logic control
circuit may be used in modern equipment rather than a
series of mechanical switches.

Exposure
switch

A B C

Voltage derived

from autotransformer
‘Make’
_D,4 contactor

j«?&:

lm] Capacitor g ‘Break’
contactor

ST

Figure 4.7 Primary contactor exposure and timing circuit

Rectified voltage
to capacitor

INTERLOCKED CIRCUITS

Some of the more important circuits interlocked with the
primary contactor circuit are:

the initial delay circuit (A),

X-ray tube filament circuit (B),
anode stator supply circuit (C),
X-ray tube overload circuit (D).

Other examples of switches interlocked with the primary
contactor circuit include the tomography switch which
prevents an exposure being made unless the tomographic
attachment is connected and ‘set’, and the screening inter-
lock switch which prevents the screening circuit being
energized on ‘radiography’ mA values, etc.

Let us consider some of these circuits in greater detail.

Initial delay circuit

When the unit is switched on at the mains and the primary
circuit is energized, a time delay (sometimes indicated by
a red light on the control panel) is imposed, before an
exposure can be made. The necessary delay may be
achieved by means of a delay tube as shown in Figure 4.8.
This consists essentially of a bimetal strip heated by means
of a small coil which is energized when the mains supply
is switched on. The primary contactor circuit cannot be
completed as switch A is open. After a fixed period of
time the bimetal strip bends and contacts B-C are closed.
Relay D is then energized and closes initial delay interlock
switch A. At the same time switch E is opened (A and E
are ganged) and the red delay light switches off indicating
that the initial delay period has been completed.

q ~ W e ~v p
Mains ‘on’ pd  Red
switch — delay
light

1
L4 —"% _—/:iti;l—;elay

interlock switch

Heater
coil

0.

C
Delay tube

Figure 4.8 Initial delay circuit
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Alternatively, an electronic circuit similar to the one
described later for the anode delay circuit can be used.

Tube filament interlock

In series with the primary of the tube filament circuit there
is an interlock switch which ensures that an exposure
cannot be made until the filament circuit has been switched
on. Not only must the filament circuit be completed before
an exposure is made, but the filaments of the X-ray tube
(and valves) must be brought up to full working tempera-
ture. This is achieved in the following way.

Tube filament boost

When the unit is put into ‘prep’ ready for an exposure, a
delay is introduced which allows time for the filament of
the X-ray tube to reach full rotational speed before an
exposure is made. The X-ray tube and high tension valve
filaments are brought to full working temperature by short-
ing out a resistance as shown in Figure 4.9.

As the filament is boosted to full working temperature
when the unit is put into ‘prep’ it will be appreciated that
the unit must be held in ‘prep’ for as short a time as
possible. Keeping the ‘prep’ time as short as possible
prolongs the life of the filament and thus extends its
working life. As the anode is also rotated when the unit
is put into ‘prep’ tube life is extended by minimizing the
‘prep’ time and thereby reducing wear on the bearings.

Filament circuit
A A

To prep
circuit

Resistance is in

circuit when the <
filament is first

switched on

When unitis put /
into ‘prep’ the solenoid

is activated, contacts
close and resistance is
shorted out

Figure 4.9 X-ray tube filament heating boost circuit

The necessary delay period during which the filaments
of the valves and X-ray tube reach full working tempera-
ture and the anode reaches full rotational speed is imposed
by the anode delay circuit.

Anode delay circuit

The necessary delay of approximately 2.0s for anodes
rotating at conventional speed (3000 rev/min) and up to
6.0s for anodes rotating at high speed (up to 12000rev/
min) may be achieved by having a capacitor and resistor
connected in parallel with the supply to the coil of the
interlock switch (Figure 4.10).

Anode stator
supply interfock

T

Figure 4.10 Anode delay circuit

When the unit is put into ‘prep’ current flows through
the stator windings and also to the coil of the interlock
switch; it does not, however, immediately close the switch
as the current flows initially to the capacitor which it begins
to charge. Only after a period of time which is determined
by the value of resistance and the capacitance of the
capacitor will current flow through the coil and close the
interlock switch. The time delay is set by the manufacturers
and depends, of course, on the time needed for the anode
to reach a given rotational speed. It thus becomes impos-
sible to make an exposure until the anode has reached full
rotational speed.

X-ray tube overload protection circuits

Protection of the X-ray tube against the effects of electrical
overload may be achieved in a number of ways. Most
systems protect the tube against the effects of a single
exposure and the anode should be given time to cool
before an exposure is repeated. The length of time needed
for the anode to lose all or some of its heat may be
calculated from an anode cooling chart (see Figure 6.24
in Chapter 6). As the tube may not be protected against a
series of repeat exposures, as would occur in angiography
or cineradiography examinations, it is essential that the
appropriate rating chart be consulted if the tube is not to
be subjected to thermal damage (see Chapter 6).

Overload systems protecting the tube against single
exposures and those protecting the tube against multiple
exposures will now be considered separately.
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X-ray tube overload circuit (protection against single
exposure)

The interlock system described is an example of a very
simple type and it ensures that an exposure cannot be
made if the exposure time associated with a particular mA
would result in overload conditions for the X-ray tube.
From the appropriate tube rating chart it is noted that the
following exposure times must not be exceeded at the mA
values quoted when maximum kVp, say 90, is applied to
the tube.

0.1s at 400mA

0.5s at 300mA

2.5s at 200mA

From Figure 4.11 it will be noted that circuit A, B or C
corresponding to 200mA, 300mA and 400 mA respect-
ively may be brought into circuit by means of the rotary
switch S which is ganged to the mA control.

Primary
contactor
solenoid
~ 400mA A e
/‘ 300mA B o
S 200mA  C o

Figure 4.11 Overload protection circuit. Exposure cannot be made
unless mA is reduced

From Figure 4.11 it will be noted that 400 mA has been
selected and in consequence the rotating switch S to which
the mA control is ganged (connected) has selected circuit
A. As the interlock switch in this circuit is open it follows
that an exposure cannot be made until such time as

(a) the mA is reduced thereby selecting circuit B or C
where the interlock switches are closed, or

(b) the interlock switch in circuit A is closed and this, as
we shall see in a moment, can only be done by
selecting a shorter exposure time.

The interlock contacts in circuits A, B and C are opened
or closed by means of plastic discs shaped as shown in
Figure 4.12, which are connected to the spindle of the
timer control. As the timer control knob is rotated in a
clockwise direction to increase exposure time, a disc also
rotates and at a certain position determined by the degree
of rotation, the contacts spring apart opening the circuit.

Whilst the tube overload system just described is simple
and effective, it is nevertheless restrictive in that a reduc-
tion in kV does not close the interlock switch and make
an exposure possible, and it does not protect the tube
against a series of exposures made rapidly one after the
other.

Timer control

To circuit ‘A’
(400mA)

nn___ To circuit ‘B’
| (300mA)

Discs of
insulating
material

(200mA)

I I To circuit ‘C’

Figure 4.12 Overload protection circuit. Exposure cannot be made at
400 mA

An overload system providing an increased degree of
flexibility, i.e. where kV, mA and time each have an effect
on the operation of the interlock switch will now be
discussed.

From Figure 4.13 it will be noted that the voltage tapped
from the autotransformer which results in a particular kVp
across the X-ray tube during an exposure is also applied
to a transformer T1. The output voltage of T1 is propor-
tional to the logarithmic value of kVp. Another voltage
proportional to the logarithm of the selected mA T2 is
added to this and finally a voltage proportional to the
logarithm of the selected exposure time T3 is added to the
other two.

As the three voltages being added together are logarith-
mic values the final voltage is proportional to the antilog
value of the product of kV, mA and time. This voltage
when rectified is used to charge a capacitor which, on
reaching a critical voltage, operates a relay opening the
tube overload interlock switch in the primary contactor
circuit. It is not possible to make an exposure until such
time as the product of kV, mA and time has been reduced
to such a value as to be within the rating of the X-ray tube.
This may be achieved by reducing the kV, mA or time
factors to such an extent that the tube overload interlock
switch closes and an exposure can then be made.

It must be emphasized that this system also gives protec-
tion against a single exposure only and that a proper
interval of time must elapse before the exposure can be
safely repeated.
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Figure 4.13 Tube overload protection circuit for single exposure

Percentage tube load indication

The fully charged capacitor is analogous to the fully loaded
tube. Maximum product of kV, mA and time, i.e. heat
units, is equated to a given charge on the plates of the
capacitor. The charge acquired by the capacitor is thus
proportional to the number of heat units put into the anode
during an exposure. If, for example, a particular exposure
represents 75% of the maximum heat units, i.e. 75%
maximum permissible kV, mA and time, then the capacitor
would be holding 75% of its maximum charge. The meter,
although measuring charge on the capacitor, may be cali-
brated in terms of percentage tube loading.

Tube overload circuit (protection against multiple
exposures)

An overload system which protects the tube against the
effects of repeated exposures will now be discussed. This
system terminates the exposure when the heating effects
associated with a series of exposures reach maximum safe
value. ) .
The three critical parts of the heat path through the X-
ray tube, i.e. the target, anode and the oil surrounding the

tube insert are represented by three capacitors (Figure
4.14). One capacitor represents the target and when fully
charged is analogous to the target of the tube at maximum
safe temperature. We know that heat is conducted from
the target to the mass of the anode and, similarly, the first
capacitor leaks its charge through a resistor to a second
capacitor which represents the mass of the anode. Thus,
just as heat builds up at the target and is then conducted
to the mass of the anode, so charge builds up on the first
capacitor and then discharges through a resistor to a second
capacitor at a similar rate. In a similar fashion as heat is
transferred from the anode through the molybdenum stem
by conduction and from the anode to the oil surrounding
the insert by radiation, so charge is lost from the second
capacitor through a resistor to a third capacitor which
represents the temperature of the oil. Finally, heat transfer
from the oil through the casing to the outside air is repre-
sented by the discharge of the third capacitor through a
resistor.

Primary
/ contactor
Exposure ‘overload’ switch
interlock switch
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[

Voltage = to kVp

Voltage = to mA

Voltage = to
exposure time

Rectifier

— )

R1 3
2 | Tointerlock switch _
R 3 which opens if capacitor
3 is fully charged
3 I |
| e
—an—I 7

R3

Figure 4.14 Tube overload protection against a series of exposures
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We then have conditions prevailing in the three capaci-
tors which are comparable to the conditions applying
within the tube, the charge of each capacitor being propor-
tional to the amount of heat present at each of-the critical
parts of the heat path through the tube. Each capacitor
when fully charged represents a particular part of the X-ray
tube at maximum temperature and in these circumstances a
relay is opened which terminates the exposure. This system
provides protection against a series of exposures.

‘Loadix’

Siemens Ltd. use a method of anode thermal load indica-
tion which is very useful when the tube is used for examina-
tions requiring heavy loading of the anode. The system is
called ‘Loadix’ and it uses a heat sensor to measure the
amount of heat radiated from the anode (Figure 4.15).
The sensor provides a signal proportional to the radiated
heat energy, which is then amplified and used to provide
visual indication on the control panel of the extent of tube
thermal loading. This usually takes the form of green,
yellow and red warning lights. The green light means that
the tube can be used without restriction. The yellow light
means that the anode already has a high heat content and
is reaching maximum safe working temperature and that
an exposure may be completed but a new exposure should
not be attempted until the anode has had time to cool.
The red light indicates that the anode has reached max-
imum safe working temperature and that an exposure must
not be attempted.

Measuring cell

. —— /[ ik

Measuring
amplifier

e O

“LOADIX™ indicator
Figure 4.15 Overload protection for anode disk. A photoelectric cell
checks the temperature radiation of the anode. A three colours indicator
device signals level of loading of X-ray tube

This system is very useful in that it indicates the heat
content of the anode due to exposures which have been or
are being made. It is not," however, a substitute for over-
load protection circuits which prevent an exposure being
made if the exposure factors would overload the tube.

THE FALLING LOAD GENERATOR

As mentioned previously, the mA meter records the rate
of current flow and it measures this as an average value.
As we have seen, the necessary mA s for an exposure can
be obtained by using a low rate (mA) for a long time or a
high rate (mA) for a short time.

We will see when we come to study rating charts that
we can use a very high mA for a short time only and that
if we were to continue beyond the permitted time, that the
tube would be liable to damage.

The falling load generator reduces the mA progressively
during the exposure so that the various parts of the heat
path are maintained at maximum safe temperature. Be-
cause the mA starts at a very high value and progressively
reduces, it follows that a given mA s can be obtained in a
shorter time than would be possible using a fixed mA
(Figure 4.16).

Fixed mA generator

Falling load generator

Figure 4.16 Shaded area represents 600 mA s in each case

From graph A it can be seen that to obtain 600 mA s
the maximum mA we can use at 75kVp for an exposure
of 2.0s is 300mA.

If, however, the exposure starts not at 300mA but
600mA as in graph B then the 600 mA s can be obtained
insay 1.20s. The 600 mA at the start of the exposure must,
of course, be reduced as the exposure progresses in line
with the rating chart.

It should be borne in mind that the falling load generator
does not give very short exposure times. It does, however,
give the appropriate mA s in a shorter time than would be
the case if a fixed mA were used. The mA may be reduced
continuously during the exposure in which case it is called
a continuously falling load generator, or, it may be redu-
ced in a series of discrete steps in which case it is called a
stepped falling load generator. The load is reduced by
reducing mA and keeping the kV constant. Compensation
has to be made, however, to ensure thet kV does not rise
as the mA is reduced. Such compensation is, of course,
automatic.
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As it obviously reduces the tube life to maintain the
target, anode, etc. and other parts of the heat path at their
maximum safe temperature most modern units allow 100%
or 75% of maximum tube loading to be selected. Provision
is also made to allow long exposures to be made at very
low tube loading when such techniques as autotomography
etc. are used.

The falling load generator is ideal for use with automatic
exposure control as the tube is always used within its
maximum rating and there is, therefore, no longer any
need to set the timer for a longer exposure than necessary
to ensure that the automatic exposure device terminates
the exposure and not the timer. Indeed, it should be noted
that a particular mA and time cannot be selected with the
falling load generator, only an mA s value.

HIGH TENSION CHANGEOVER SWITCH

When more than one X-ray tube is to be energized by a
high tension transformer, i.e. over couch tube, under
couch tube, skull unit, chest stand, etc., provision is made
to connect the high tension supply to the particular X-ray
tube we wish to energize. It is obviously important that
only one tube should be energized at any one time and
the circuit is arranged in such a fashion that under normal
circumstances more than one tube cannot be energized at
any one time.

= 1 *_1”1! I
X-ray tube X-ray tube
HT cable HT cable
HT HT
cable cable
ends ends
L H i
Moveable
contacts
(closed) =
Moveable
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(open)
N——
HT rectifying circuit

Dt
HT transformer
Filament

— transformer —————"—"_

Figure 4.17 High tension changeover circuit

SHARED GENERATORS

The oil-filled casing or tank enclosing the high tension
transformer etc. has a number of outlets into which high
tension cables can be fitted, each pair of cables serving
one X-ray tube. There may be as many as 12 such outlets
supplying up to six tubes. There are a number of ways in
which this situation can be exploited, for example one
generator may supply a ceiling-suspended tube used with
a bucky table and also the tube used with a skull unit
or tomographic unit. The bucky table and the skull or
tomographic unit should, of course, be in separate rooms
to minimize the radiation hazard to the patient and to
allow the operator to position the patient in one room
whilst an exposure is being made in the other. The Code
of Practice tells us that there must be a warning light,
clearly visible, and close to each tube to indicate that the
filament of that particular tube has been switched on so
that the operator is aware that an exposure is likely to be
made from it. The two rooms may share the control
console as well as the generator as shown in Figure 4.18.

A A & B —X-ray tables
C — Shared control unit
D - Protective screen

/=N

Figure 4.18 Shared generator: shared control unit

Such an arrangement saves the cost of one generator
but there are also some disadvantages.

(1) Because only one console is available the operator
in one room must wait until the other has made an
exposure before setting up their own factors on the
control console.

(2) Unless great care is taken this can lead to a situation
whereby the operator uses the wrong exposure factors
resulting in an increased radiation dose to the patient
and staff, a waste of expensive film and a slowing
down of the work rate.

(3) Any breakdown results in the loss of two rooms.

(4) There are delays in the work of one room if the other
uses the generator for long periods. For this reason a
generator used for fluoroscopy or angiography should
never be shared.

The first two disadvantages can be overcome by using
two control consoles as the exposure factors for one room
can be set up independently of the other. Exposures cannot
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be made simultaneously as one control panel is automatic-
ally blocked off when the other one is in use. A possible
layout is shown in Figure 4.19.

A & B —X-ray tables
C - Master control console

D - Second console
A E — Protective screen
(o]

Figure 4.19 Shared generator with master control and second console

HIGH FREQUENCY GENERATORS

Until now we have considered those high tension gener-
ators which operate from a 50 (or 60) hertz electrical
supply. Siemens Ltd. have recently introduced a generator
which, although operating from a 50 Hz mains supply,
provides high tension of approximately 10000 Hz.

This is done by converting a S0Hz a.c. supply to a
pulsating unidirectional current by means of solid state
rectifiers. Unidirectional current is smoothed by means of
a capacitor so as to give a near d.c. voltage. Current is
switched on and off by means of thyristors, the gates
of which are supplied from a microprocessor controlled
circuit, an invertor causing gate current to be switched on
and off some 5000 times per second. This high frequency
supply is passed to the primary of the high tension trans-
former and the secondary output which is, of course, twice
the frequency of the primary, is then rectified before being

applied to the X-ray tube. The principles of operation are
indicated in Figure 4.20.

Line-voltage one or three phase

il 1[0

Figure 4.20 Block diagram of the high frequency generator (see also
Figure 9.8, Chapter 9)
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What are the advantages of this high frequency supply
to and from the high tension transformer? Firstly, the
secondary voltage produces, after rectification, a virtual
d.c., so the unit has all the advantages associated with a
constant potential circuit.

Secondly, the high frequency primary current means
that the high tension transformer is operating in almost
ideal conditions and transformer losses are very small.
The greater efficiency means that the transformer can be
much smaller and indeed some units are provided with the
high tension transformer and the X-ray tube in one casing.
These units with a microprocessor control, which is also
very small, means that a relatively high powered unit can
be installed in quite a small X-ray room (Figure 4.21).

Finally, because the primary current is of high fre-
quency, the exposure time which is controlled by the
thyristors can be very short. Millisecond exposures are
achieved with primary switching, so this unit gives the
facility of short exposure times without the need for high
tension triode valves or a grid-controlled tube.

J

Figure 4.21 (a) medium frequency generator; (b) conventional generator. Note the increased space made available due

to the absence of high tension cables, etc.



EXPOSURE TIMERS AND SPECIALIZED X-RAY GENERATORS

55

THE CONTROL PANEL OR CONSOLE

The control panel or console enables the operator to select
the appropriate factors for a radiographic exposure. It may
have a very simple layout as in the case of a mobile unit
or be quite complex as in the case of, for example, a three-
phase six-pulse unit. Whether the control panel be simple
or complex however, it should be easy for the operator
to read and if any difficulty is experienced by staff in
interpreting the symbols used, extra labelling should be
provided to clarify its use. A simple control panel is shown
in Figure 4.22.

Figure 4.22 Example of simple control panel used with a low powered
unit
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Whilst the primary function of the X-ray tube is to convert
electrical energy into X-rays, it may, in the case of some
low powered equipment, also act as a rectifier.

Every X-ray tube consists essentially of a glass insert
(containing a cathode and anode) and an oil-filled casing
into which the insert is fitted.

THE STATIONARY ANODE X-RAY TUBE

The stationary anode X-ray tube (Chapter 2, Figure 2.16)
is the simplest type and is used in some (but by no means

all) mobile units, most dental units and all portable equip-
ment. Its great simplicity particularly suits it to low pow-
ered simple circuits. It may be connected electrically to
the high tension transformer by means of high tension
cables or, alternatively and probably more likely, the
stationary anode tube will be placed in the same casing as
the high tension transformer — an arrangement previously
described on p. 14.

THE ROTATING ANODE X-RAY TUBE AND
SHIELD

Whilst the rotating anode tube is similar in many respects
to the stationary anode X-ray tube it nevertheless has a
number of additional features as shown in Figure 5.1.

The insert

The insert is made of borosilicate glass (a hard, heat-
resistant glass, similar to Pyrex) and encloses the anode,
rotor, rotor support and cathode block (into which the
filament is set). During manufacture the cathode block,
anode assembly and the glass of which the insert is made
are all freed of remnant gas atoms. The space within the
insert is then pumped out leaving it as near as possible a
complete vacuum. It is important that as high a degree of
vacuum as possible is preserved within the insert so that
the chances of ionization occurring during an exposure are
reduced as far as possible. Such ionization would lead to
increased and erratic mA values, and to bombardment of
the filament by positive ions.

The filament

The filament is a spiral of tungsten wire set into a nickel
block. In addition to supporting the filament the cathode
block focuses the electron beam on to the target area. This
is achieved electrostatically, one end of the filament being
in electrical contact with the cathode block which in its
turn is in connection with the negative end of the high
tension supply. This produces an electrostatic field of force
which focuses the electrons on to the target area (Figure
5.2). Exact focusing of the electrons to the desired target
area is achieved, during manufacture, by setting the fila-
ment to the correct depth in the cathode block.
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Figure 5.1 Rotating anode tube and casing
Seen from above

Single focus anode @ (b)

Seen from above

Seen from the side

Figure 5.2 X-ray tube filament in focussing block

Reasons for choosing tungsten as a filament material
include:

(1) It is capable of stable electron emission at high tem-
peratures.

(2) It has a high melting point (3400°C).

(3) It has mechanical strength, long life, and can be
drawn out into a fine filament.

(4) The remnant gas atoms can be removed with relative
ease.

Most modern tubes have twin focii, e.g. 1.2mm and
2.0mm, 0.6 mm and 1.2mm, 0.3mm and 2.0mm, etc.

The filaments may be mounted side by side as in Figure
5.3a, b or in line (biangular tubes) as in Figure 5.3c, d.

Seen from the side Seen face on

Figure 5.3 Filaments mounted side by side (a) and (b) and in line (c)
(d) as in the biangular tube

Line focus principle

A line has a specific length. Consider for instance a line
2cm long. Now it will always appear to be the same length,
e.g. 2cm, so long as it is viewed ‘face on’, i.e. at an angle
of 90° (Figure 5.4).

If, however, the line is viewed at an angle of, say, 20°,
then it appears foreshortened — it looks shorter (Figure
5.5).

Note: 1t is only the length which appears shorter, the
width is, of course, unchanged.
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Figure 5.4 Line viewed ‘face on’ always appears same length

A4

Figure 5.5 Line viewed at an angle appears foreshortened

From the foregoing it will be appreciated that the real
length of a line can only be visualized by looking at it ‘face
on’, i.e. at an angle of 90°. When viewed at any other
angle it appears foreshortened.

Now it is important, from the point of view of tube
loading, to have as large a focal area as possible, so that
the heat produced at the target during an exposure may
be spread over as large an area as possible, thus minimizing
temperature rise. It is equally important, however, that
the focal area be as small as possible to minimize geometric
unsharpness of the image.

These conflicting requirements are met, to some extent,
by using the line focus principle in the design of the X-ray
tube, as demonstrated in Figure 5.6.
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(from the aspect of the
central ray, i.e. atan
angle of say 20° to the
anode face)

Figure 5.6 Actual and apparent focal areas

The area bombarded by electrons, the focal area, is
large compared to the apparent focal area. Heat energy is
therefore spread over a large area which reduces tempera-
ture rise, whilst X-rays are produced from an area which
appears to be much smaller, from the aspect of the central
ray. The central ray is the ray emitted from the centre of
the focal area, at right angles to the long axis of the tube
(Figure 5.7).

Long axis of tube

Central ray
Figure 5.7 Central ray

Extra focal radiation is radiation produced outside the
focal area. This extra focal radiation may be produced by
electrons which have either strayed from the electron beam
or by electrons which have been ‘scattered’ from the focal
area. Extra focal radiation is produced from all parts of
the anode and its support. It is, of course, much less

intense than that produced from the focal area (Figure
5.8).

Extra focal electrons

Focal area
electrons

Extra focal electrons
Figure 5.8 Extra focal electrons

Anode rotation

By causing the anode to rotate during the exposure the
area bombarded by the electrons can be increased still
further for a given apparent focal area (Figure 5.9).
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Figure 5.9 Increased area of bombardment due to anode rotation

The anode

The anode in a simple rotating anode tube is a solid disc
of tungsten (or rhenium tungsten alloy) about 80 mm in
diameter. Speed of anode rotation is approximately
3000 rev/min. Such a tube is used for general radiography.

Tungsten is used as a target material, for the following
reasons:

(1) It has a high atomic number (74) and efficiency of X-
ray production increases with the atomic number of
the target.

(2) It has a high melting point (3400 °C) and is thus able
to withstand the high temperatures reached by the
target during an exposure.

(3) The characteristic radiation of tungsten makes a use-
ful contribution to the beam of X-rays.

(4) It has reasonably good thermal conductivity. This is
important as heat must be transferred from the focal
areas to the mass of the anode.

(5) It has reasonable thermal capacity.

(6) It has low vapour pressure at high temperature which
helps to preserve the vacuum within the insert.

Heavy duty, mammography and special types of X-ray
tube will be described in greater detail later.

The anode angle determines not only the apparent focal
spot size but also the area covered by the beam at a given
focal film distance. Anode angle for general purpose tubes
is usually about 17° and for skull units, image intensifiers,
etc. where the required field is smaller, a narrower anode
angle of about 9° may be used (Figure 5.10a). When two
field sizes are required a biangular tube may be used
(Figure 5.106). The complete assembly of a biangular tube
insert is shown in Figure 5.10.

Narrow angle anode

(a) Il \

Narrow angle with small field
of radiation used for image
intensifier

d

Larger angle used for
large film radiography

(b) ///
/1

Figure 5.10 (a) Narrow angle anode. Used, for example, in a skull unit
tube. The field of radiation though small covers the largest sized film
used with the skull unit, i.e. 30 cm % 24 cm and provides a small apparent
focus with large loading. (b) Biangular anode. Frequently used in the
undercouch tube of a fluoroscopy table. Narrow angle with small field
of radiation used for image intensifier. Larger angle used for large film
radiography.
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Crazing of the anode surface

During an exposure the surface of the target area is raised
to a very high temperature. The atoms of tungsien immedi-
ately below the surface are, however, at a much lower
temperature and in consequence tremendous stresses are
set up in the metal. These stresses cause crazing or roughen-
ing of the target surface. Such crazing results in a loss of
radiation output from the tube (photons of radiation being
absorbed to a greater extent as they must now penetrate
a greater thickness of metal) (Figure 5.11).

Electron Electron

(a)

Figure 5.11 (a) Effect of anode crazing. (b) Photographs of crazed
anodes

Crazing is reduced by using a rhenium tungsten alloy
(10% rhenium, 90% tungsten) as the target material. Radi-
ation output is therefore maintained at a higher level giving
the X-ray tube a longer useful life.

The use of rhenium tungsten alloy as a target material
helps to minimize crazing of the focal area and the use of
high speed, large diameter, compound anodes permits
increased loading of the focal area. The high temperatures
reached by the anodes of such tubes result in thermal

stresses within the anode which may cause distortion of
the target angle with a consequent reduction in radiation
output, a restriction in field size and in extreme cases
cracking of the anode. To accommodate these stresses and
to reduce the possibility of anode distortion or fracture,
deliberate cracks, in the form of angled slits may be made
in the periphery of the anode as shown in Figure 5.12.
Alternatively, the anode may have grooves provided on
each side of the focal track to allow for expansion and
contraction and thus reduce the tensions within the anode.
The edge of the anode is bevelled to take advantage of
the line focus principle.

Figure 5.12 Anode discs (Philips Ltd.)
The rotor assembly

The anode disc is mounted centrally on a slender molyb-
denum stem which is, in its turn, secured to a copper rotor.
The rotor is mounted on-a steel spindle, rotation being
achieved by a rotational magnetic field set up by a stator
winding which, although fitted round the rotor, is situated
outside the glass insert.
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Figure 5.13 X-ray tube insert and stator

The diagrammatic representation of the anode and rotor
assembly in Figure 5.13 illustrates the arrangement.

Heat produced at the target during an exposure is rapidly
conducted to the mass of the anode, which experiences a
rise in temperature. Subsequent conduction of heat
through the molybdenum stem to the copper rotor is
minimal due to the fact that:

(1) The stem is made of molybdenum, which is a metal
of relatively low conductivity.

(2) The stem is of small cross-sectional area.

This thermal insulation of the rotor from the anode is of
prime importance as the rotor bearings are heat sensitive,
i.e. if the bearings become overheated they seize up.

As heat cannot readily pass through the molybdenum
stem, it builds up within the anode causing a rapid rise in
its temperature. It is for this reason, i.e. its high tempera-
ture, that heat is transferred from the anode to the oil
mainly by the process of radiation, rather than being
conducted through the stem.

The stator windings

The stator is composed of two windings set into a circular
iron core as shown in Figure 5.14.

The rotational magnetic field is obtained by energizing
wo of the coils, e.g. A and B at different instants in time
to the other pair, C and D; i.e. coils A and B are energized
and the magnetic field associated with the alternating
current flowing in the coils expands and contracts also. As
the magnetic fields associated with coils A and B die away
the magnetic fields associated with coils C and D expand
and collapse. The magnetic fields rotate at the frequency

(a)

Figure 5.14 (a) Stator core and windings. (b) Photograph of stator core
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of the mains supply, i.e. 50Hz. As the magnetic fields
sweep through the copper rotor a voltage is induced and
current flows in the copper. The magnetic field associated
with the current flowing in the copper rotor is in opposition
to the force to which it was due (Lenz’s Law) and in
consequence the rotor begins to rotate, the speed of rota-
tion being determined by the speed of rotation of the
stator’s magnetic fields which are in turn determined by
the frequency of the mains supply, e.g. S0 Hz. The rotor
(and anode) therefore rotate (assuming no friction) at 50
revolutions per second or 3000 rev/min.

Stator supply circuit

Current flows at peak value through coils A and B at a
different instant in time to the peak current flowing through
coils C and D because the currents in the two sets of
windings are 90° out of phase with one another. This is
achieved by placing a capacitor in series with one pair of
windings (Figure 5.15).

Figure 5.15 Stator supply circuit

Note: When current AB is at maximum, current CD is
at zero value, i.e. they reach maximum value at different
instants in time.

Anode speed

Conventional speed of anode rotation is 3000 rev/min (or
slightly less). High speed anode rotation relates to speeds
in excess of this, e.g. 9000 or 12000 rev/min. The effect of
this on tube rating will be discussed later.

The diagnostic X-ray tube shield

The tube shield encloses the tube insert, the latter being
surrounded by oil. The shield is lead lined so that the
radiation emitted by the anode is attenuated to safe levels
(excepting that which passes through the tube window).
Any radiation which does pass through the lead lining,

called leakage radiation, must not exceed 100mR in 1h
at a distance of 1 m from the tube focus whatever rating is
used (Code of Practice).

The shield also gives access to the high tension cables.
It provides attachment for the tube support, so that the
tube may be mounted on the cross-arm of a floor-to-ceiling
tube stand or to a ceiling-mounted gantry. The tube shield
also has a flange to which can be attached filters, cones,
light beam diaphragm, etc. The shield is made of steel,
cast aluminium or aluminium alloy. In figure 5.16 thick
lines indicate where extra lead is fitted to the inside of the
shield to attenuate to safe levels all but the useful beam.
The insert is held in position by the stator windings and
by a collar of insulating material which fits around the
filament end of the insert.

X-ray tube inherent and added filtration
Inherent filtration

This refers to the filtering effect of the X-ray tube insert,
oil and radiolucent window. It is called inherent filtration
because it is the filtration inherently present in the struc-
ture of the tube itself (about 0.7mm aluminium equiva-
lent).

Added filtration

This is filtration which is put in the path of the beam,
usually at the X-ray tube window, special provision being
made for such filtration at the top of the light beam
diaphragm and at the top of most cones etc.

Total filtration

As the name implies, is the inherent filtration plus added
filtration.

Code of Practice states that total tube filtration for a
diagnostic X-ray tube must be not less than:

1.5mm aluminium for voltages up to and including
70kV

2.0mm aluminium for voltages above 70kV

2.0mm plus 0.01 mm per kV above 100kV

The high tension cable ends fit into two insulated sockets
and the earthed metallic braid which envelopes the cables
is made continuous with the tube shield by means of a
collar and screw caps (Figure 5.16). Leads pass through
the oil from the base of the cable sockets to complete the
high tension and filament circuits. The shield is filled with
oil; as the oil is heated, due to the effects of repeated
exposures, it expands, the expansion being taken up by a
metal bellows or diaphragm. When the bellows are fully
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Figure 5.16 X-ray tube insert and casing. Thick lines indicate where an extra thickness of lead is needed

contracted, a microswitch is operated which prevents fur-
ther exposures being made until the oil has cooled suffici-
ently to allow the bellows to expand and release the
pressure on the microswitch. The temperature of the oil
is, of course, related to the amount of heat produced at
the target of the tube over a period of time, the oil
gradually getting hotter as more exposures are made.

HEAVY DUTY X-RAY TUBE

The heavy duty X-ray tube, whilst basically similar to
the general duty type of tube, has certain special and/
or additional features. These features enable (a) shorter
exposure times to be made, and, (b) allow high loading
for longer periods of time.

The shorter exposure time is achieved by increasing the
actual target area, i.e. by using a larger diameter anode,
e.g. up to 120mm, and by having high speed anode rotation
for short exposure times. The tube will have a compound
anode, i.e. a target area of rhenium tungsten alloy backed
by molybdenum and/or graphite (Figure 5.17). Such an
anode has improved thermal capacity as it can store more
heat for a given temperature rise than the anode of the
general duty tube previously described.

Figure 5.17 Compound anode

The greater the volume of metal, the more heat it can
store for a given temperature rise.

Molybdenum has half the weight of tungsten.

Graphite has one-tenth the weight of tungsten.

The anode angle is usually reduced from the conven-
tional 17-21°, to 9-14°, which improves loading for a given
focal spot size.

The anode may have slits (‘cracked’ anode) which allow
for expansion and contraction of the metal without distor-
tion. Such a tube would normally be fitted with a heat
exchange unit, consisting of pipes in the oil-filled casing
through which water or oil is pumped before being re-
turned via flexible pipes to a heat exchange unit, where
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the water or oil is cooled before being piped back to the
oil-filled casing.

Figure 5.18 Heat exchange unit

The temperature of the anode may be monitored by a
heat sensor which is placed inside the oil-filled tube casing,
behind the anode disc (Siemens Loadix system) (Chapter
4, Figure 4.15). Information regarding the temperature of
the anode is presented to the radiographer in the form of
green, yellow and red indicator lights on the control panel.
Green means that the tube can be operated without restric-
tion, yellow that the exposure can be completed but a new
loading must not be started (accompanied by a warning
signal) and red that the tube has reached its maximum
load limit and, of course, must not be used until the
temperature has dropped sufficiently to ensure safe oper-
ating conditions.

Heavy duty tubes of this nature would be used whenever
short exposure times and sustained high loading are
needed, e.g. cine, serial radiography, etc.

THE GRID-CONTROLLED X-RAY TUBE

The grid-controlled X-ray tube acts as a secondary switch
as well as a producer of X-rays. It may be drawn diagram-
matically as in Figure 5.19.

The grid-controlled X-ray tube uses a negative field of
force to repel filament electrons, preventing them moving
from filament to target. If the negative bias is removed
from the grid (by the application of a positive pulse)
electrons are able to move to the target and produce X-
rays.

In use the secondary circuit is energized by pressing the
‘prepare’ button. No X-rays are produced at the target of
the tube, however, as the grid has a negative bias. At the

Figure 5.19 Grid controlled X-ray tube insert

start of an exposure the negative bias is removed from the
grid and electrons move across the tube at high speed
producing X-rays (and heat) at the target of the tube. The
exposure is terminated when the negative grid bias is re-
imposed. The removal and re-imposition of the negative
grid voltage is performed by the timing circuit, the length
of the exposure being determined by the length of time
the negative voltage is removed from the grid.

As the exposure is initiated and terminated by starting
and stopping electrons, which have virtually no mass and
therefore practically no inertia, very rapid exposure se-
quences can be achieved. The grid-controlled tube is fre-
quently used with 6- or 12-pulse circuits. Such equipment
is well suited to cine fluorography, switching of the tube
in this manner produces pulses of radiation which are
synchronized to the movements of the film in the cine
camera (Figure 5.20).

Figure 5.20 Pulsed exposures for cine radiography

Note: In appearance the grid controlled X-ray tube may
appear similar to a conventional X-ray tube. This is due
to the fact that there may be no actual grid in the ‘grid-
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controlled’ tube, the electrostatic effect being achieved by
making the specially shaped focusing cup highly negative
with respect to the filament (Figure 5.21).

Figure 5.21 Focusing cup of grid controlled tube

THE SUPER ROTALIX METAL X-RAY TUBE
(PHILIPS LTD.)

One of the limiting factors in tube loading is the maximum
‘safe’ temperature of the filament. This ‘safe’ temperature
is related not only to the temperature at which it would
melt (or have an unacceptably shortened life) but also to
the temperature at which evaporation of the tungsten
filament would become excessive. Evapcration not only
makes the filament thinner but leads to the build up of a
thin layer of tungsten on the inner surface of the insert.

This layer of tungsten does not constitute much of a threat
in terms of filtration of the beam as the layer of tungsten
is very thin; it does, however, form a third electrode which
may lead to premature breakdown of the tube if the
insert is made of glass (glass being vulnerable to electron
bombardment). In this case the formation of the third
electrode due to evaporation of the filament is a limiting
factor in terms of tube rating.

The Rotalix ‘metal’ tube has an insert made of metal
(steel), the central portion of which is set into glass at
the anode end and ceramic at the other, as indicated
diagramatically in Figure 5.22, and as a photo in Figure
5.23, the glass and ceramic acting as electrical insulators.
The metal part of the tube is earthed and thus captures
stray electrons. It has a window made of beryllium which
absorbs less of the primary beam than glass or metal and
because the metal part of the tube is earthed it is possible
to bring the tube collimator much closer to the anode than
in conventional tubes which results in a reduction in the
effects of off-focal radiation.

As there is no danger of breakdown of the tube due to
vaporization (as in the case of the glass insert), it is possible
to heat the filament to higher temperatures. This leads to
an improvement in rating. It also makes it possible to
use higher mA values at lower kVs than was previously
possible.

The metal tube is fitted with a large diameter compound
anode (rhenium tungsten alloy target backed with molyb-
denum) which may contain slits to allow for expansion
and contraction of the metal without distortion of the
anode. The anode would normally be capable of high

Figure 5.22 Diagram of Philips Rotalix metal tube and casing
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Figure 5.23 Photograph of Rotalix metal tube insert

speed rotation, the oil would be water cooled, and the tube
used in conjunction with a 6- or 12-pulse generator for
diagnostic examinations requiring short exposure times
and sustained high loading, e.g. cine radiography, tomogra-
phy, serial radiography, CAT units of the later generation,
etc. Focal spot sizes available are 0.3/0.7 mm, 0.6/1.2 mm,
0.6/1.8 mm. The anode angle is 11° or 12°.

Note: There is less scatter within the tube as there is no
oil between the beryllium window of the insert and the
window in the casing.

X-RAY TUBE INSERT FOR MAMMOGRAPHY
(SIEMENS LTD.)

Figure 5.24 Mammography tube insert

Some mammography techniques require the use of soft
radiation; such radiation is best produced by a tube oper-
ating at low kV and preferably with a molybdenum anode
in place of the more commonly used tungsten (Figure
5.24). The k, characteristic radiation of molybdenum is
of much lower energy (longer wavelength than that of
tungsten and therefore forms a useful part of the low
energy beam needed for mammography).

The cathode end of the beam is limited by means of a
diaphragm so that the radiation dose to the patient’s chest
wall is minimized during the exposure.

The tube has a beryllium window as this is less absorbent
than glass, an important factor with a low energy beam,
and a molybdenum filter rather than aluminium. Unlike
aluminium, molybdenum is translucent to the characteris-
tic radiation emitted by the molybdenum target and it
therefore allows the radiation we particularly require to
pass through the filter with minimal absorption. A proxi-
mal diaphragm reduces the effects of extra focal radiation.

The filament of the mammography tube is set much
closer to the anode than that of the conventional tube
which means that a given mA is obtained at a lower
filament temperature. This is of importance as it results in
a reduction in the amount of tungsten evaporation taking
place. The deposition of such tungsten on the inner surface
of the tube insert is of little importance in the conventional
tube, but is a significant factor in the mammography tube
which produces low energy radiation which would be
much more readily absorbed than the high energy beams
produced by conventional tubes. Indeed, the absorption
of low energy radiation would be an advantage in the
latter case.

The focal spot size of the Siemens tube is 0.6 X 0.6 mm,
and the heat storage capacity of the tube is high enough
to allow up to 60 radiographs per hour to be taken. The
tube is intended for use with the Siemens Mammomat
unit in conjunction with a three-phase (6-pulse) generator
giving 300 mA at 25kV. This unit is described in greater
detail in Chapter 11.

CODE OF PRACTICE

In the case of tubes for general examinations which may
be used for soft tissue procedures such as mammography,
when the filter is removable there must be some permanent
visible indication on the tube housing that the filter has
been removed. Even when the main filter has been remo-
ved the total filtration must not be less than 0.5 mm equiva-
lent of aluminium; this is particularly important in the case
of beryllium window tubes, the inherent filtration of which
is only equivalent to about 0.05mm of aluminium.

MICROFOCUS (0.1mm and 0.2mm) X-RAY TUBE
(SIEMENS)

As previously mentioned the X-ray tube may be used as a
switch as well as a producer of X-rays. It will be recalled
that this is achieved by making the grid of such a tube (or
the focusing cup) negative with respect to the filament.
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To stop all electrons from leaving the filament, i.e. to
make the tube operate as an open switch, a bias voltage
of some 2400V must be applied to the grid (or focusing
cup). If the voltage is of some value less than that required
to completely stop electron flow it can be appreciated that
such a bias on the focusing cup will have an effect on
electron flow and indeed the negative bias tends to push
the electrons together as shown in Figure 5.24. In short it
acts like the ‘normal’ negative field of force associated
with the conventional focusing cup in the conventional X-
ray tube but its effect is much greater.

Figure 5.25 Focusing arrangement for microfocus tube

By such means and with a negative bias of 400V a focus
of 0.1mm X 0.1 mm can be achieved and by using rather
less negative bias a focus of 0.2mm X 0.2 mm can be pro-
duced.

A microfocus tube of this nature is of course ideal for
macroradiography. The 0.2 mm focus is used for macroangi-
ography with a times two magnification factor and the
0.1 mm for macroangiography with a times three magnifica-
tion factor. The 0.2 mm focus is used for angiography of
the abdomen and the 0.1 mm focus for angiography of the
hand or foot. Abdominal angiography with the microfocus
tube is made possible by the high speed of anode rotation
which is 17000 rev/min.

SUPER ROTALIX CERAMIC 12) X-RAY TUBE
(PHILIPS LTD.)

This is a heavy duty tube capable of short exposure times
and sustained heavy loading. This tube differs from more
conventional tubes in that the anode is rotated on an axle
with bearings at each end (Figures 5.26 and 5.27). It has
a large diameter compound anode disc of 120 mm diameter
which is contained within an earthed metal envelope, with
ceramic insulation.

Figure 5.26 Diagrammatic representation of insert

Figure 5.27 Photograph of actual insert

The target is of rhenium alloyed tungsten on a molyb-
denum anode disc. Focal spot sizes of 0.6 mm and 1.3 mm
or 0.5mm and 0.8 mm are available. The target angle is
13° for the former and 9° for the latter. The anode rotates
at 8000 rev/min. The starting time is 1.0s for the 0.6 mm
and 1.3mm tube and 1.4s for the 0.5 mm and 0.8 mm tube.

The insert is contained within a steel casing which is no
larger than that required for a conventional tube (Figure
5.28). An external heat exchange unit is used with this
tube.

The main applications for this type of tube are serial
radiography, tomographic series, cine, etc.
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Figure 5.28 Super Rotalix Ceramic tube in housing, cut away to show
internal arrangement
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HEAT AND TEMPERATURE

Before moving on to study tube rating let us see what is
meant by heat and temperature and the various heat
transfer processes.

Heat is a form of energy. The SI unit of energy is
the joule and 1J/s equals 1W. (This unit should not be
confused with the heat unit (HU) used by radiographers
only). The application of heat energy to a body or the
transfer of heat energy from a body causes either a change
in its state (i.e. it will melt, boil, freeze or condense), or

a change in its temperature. It is interesting to note that
whilst a body is actually changing state its temperature
remains constant. For example, the application of heat
energy to a pan of water causes the temperature of the
water to rise until it reaches a temperature of 100° Celsius
(373K). It then begins to change into steam. The applica-
tion of greater amounts of heat energy (turning up the gas
flame) does not cause an increase in the temperature of
the water, it remains at 100°C; it does, however, cause it
to change state (turn into steam) more rapidly. It requires
a small amount of energy to make all the water boil
compared to the large amount of energy needed to change
all the water into steam.

Temperature is the relative hotness or coldness of a
body compared to some fixed value such as the boiling
point of water or the melting point of ice. Temperature
may be measured in degrees Celsius, °C (centigrade),
degrees Fahrenheit, °F, or degrees kelvin, °K.

The Celsius scale is divided into 100 divisions ranging
from the lower fixed point (the melting point of ice) to the
upper fixed point (the boiling point of water) (Figure 6.1).

Figure 6.1 Fahrenheit and Celsius scales

Itis important that you understand clearly the difference
between the terms heat and temperature. For example, a
cupful of boiling water and a bathful of boiling water are
each at the same temperature (100 °C) but the heat content
is different in each case. The heat capacity of a body is
defined as the amount of heat needed to raise its tempera-
ture through one degree kelvin. It is expressed in joules
per degree kelvin JK~!.

Heat capacity C = mass X specific heat capacity

Specific heat capacity is the heat energy needed to raise
unit mass of the substance through one degree kelvin. It
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is expressed in joules per kilogramme per degree kelvin
(Jkg™'K™!). (The specific heat of copper is about
400Jkg K1)

To raise the temperature of a body, heat energy must be
given to it. Assuming that no heat is lost to the surrounding
air the temperature rise experienced by the body is determi-
ned by the amount of heat energy it has been given, the
mass of the body and the material of which it is composed.
The applied energy may be electrical, chemical, mechani-
cal or electromagnetic. Thus a gas flame or an electric
current may be used to raise the temperature of, say, a
piece of copper. Now the smaller the piece of copper the
greater will be the temperature rise for a given amount of
heat energy. Let us now consider the difference between
the copper when it is cold and when it is heated. The cold
copper, like all matter, is composed of atoms, which are
bonded together to form molcules. At room temperature
the molecules are vibrating and, as the copper is heated,
the rate of vibration also increases. If one end of a copper
bar is heated as shown in Figure 6.2, the molecules of
copper in the region of the flame vibrate at an increased
rate. If we touch the other end of the bar we find that
it gradually gets hotter and hotter, in fact, the heat is
transferred from one end of the bar to the other. The
transfer of heat through the bar is achieved by the gradual
increase of molecular vibration throughout the bar, vibra-
tion of one molecule causing vibration of the next until all
the molecules are vibrating at the same rate (assuming no
loss of heat energy to the surrounding air). At this point
the temperature of the bar would be constant throughout.
Transfer of heat through a solid in this way is called
conduction. If the copper is heated to a temperature of
1080°C, it begins to melt (change its state). If the source
of energy is removed the thermal activity (molecular vibra-
tion) of the copper decreases and its temperature falls
until it reaches the same temperature as its surroundings
(room temperature). When the copper bar is at the same
temperature as its surroundings there is, of course, no
further transfer of heat. From this it can be appreciated
that a hot body transfers heat to a colder body and that heat
transfer is at a maximum when the temperature difference

Figure 6.2 Heat transferred through the medium by the process of
conduction

between the bodies is greatest. As the temperature of a
body rises, the body physically expands and occupies more
space; it becomes less dense. The forces of expansion and
contraction are considerable, and due allowance must be
made for these effects in the design of X-ray equipment,
e.g. expansion bellows or diaphragm in the X-ray tube to
allow for the expansion and contraction of oil.

We have noted some of the effects of heat on a solid
body. What happens when a liquid or a gas is heated?
To answer this question we must compare the molecular
structure of a liquid or gas to that of a solid. In a solid,
the molecules of which the material is made are bonded
tightly together, whereas in a liquid they are less tight and
in a gas less tight again.

0]
i

When a liquid is heated (see Figure 6.3) the molecules
nearest the heat source (Bunsen flame) vibrate at an in-
creased rate. Because the molecules in a liquid are not
tightly bound to one another the molecule has space in
which to increase its vibration without unduly affecting its
neighbouring molecules. Because the molecule is occupy-
ing more space it becomes less dense and rises through the
liquid towards the surface. Colder molecules from the
surface of the liquid fall and take the place of the heated
ones. These in turn are heated and rise to the surface. This
movement of heated molecules in an upward direction and
colder molecules in a downward direction is called a
convection current. Heat is thus transferred throughout
the liquid and the process is called convection. The same
effect is observed in gases, e.g. hot air (heated molecules)
rising from the surface of a heated body.

The third process of heat transfer is called radiation. A
heated body emits photons or radiation, the number of
emitted photons depending upon the temperature of the
body, the hotter the body the greater the number of
photons emitted. The emitted photons have properties
similar to those of all other electromagnetic radiations,
e.g. they travel in straight lines, travel at the speed of light
in a vacuum, obey the inverse square law etc. (Figure 6.4).
Now heat is conducted through a body by the transfer of
molecular vibrations throughout the body and heat is

Figure 6.3 Convection
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convected through a liquid or a gas by the movement of
molecules throughout the medium. In each case molecules
are essential for the transfer of the heat energy. Heat
transfer by the process of radiation is, however, unique in
that molecules are not an essential prerequisite and heat
can be transferred by the process of radiation through a
vacuum. Photons of heat energy from the sun travel across
93 000000 miles of empty space to reach the earth. Were
we dependent on the transfer of heat from the sun by the
processes of conduction or convection then life on earth
would not be possible.

Radiation

Figure 6.4 Photons are emitted in all directions

The rate at which heat is transferred from one body to
another by the process of radiation is determined by the
difference, to the fourth power, in their temperatures.
(Absolute temperature = —273°C)

Rate of

heat = (Temp of one body)*—(Temp. of other body)*
transfer

From this it can be appreciated that radiation as a heat
transfer process predominates at high temperatures.

THE RATING OF X-RAY TUBES

An X-ray tube converts electrical energy into heat and X-
rays.

kVpXmA

The rate of energy expenditure in heat units = "
ime

Total energy expenditure in heat units = kVpXmA Xtime

Over 99% of the electrical energy is converted into heat.
Tube rating tells us the maximum time a specific rate of
electrical energy can safely* be applied to an X-ray tube
(e.g. maximum exposure time for a particular kVp and
mA) or, alternatively, the maximum safe* rate of electrical
energy expenditure for a given period of time (e.g. max-
imum kVp and mA for a particular exposure time).

The information is usually presented in the form of a
graph, called a Tube rating chart (Figure 6.5). From such
a chart the maximum kVp for a particular mA and expo-
sure time or the maximum mA for a particular kVp and

* The term ‘safe’ in this context implies that the life of the X-ray tube
will not be unduly shortened by the application of such energy.

50-CYCLE STATOR OPERATION
Radicgraphic Rating Chart

Ratings for Single-Phase Full-Wave Rectification

MAXIMUM EXPOSURE TIME IN SECONDS
Figure 6.5 A typical rating chart

exposure time, or the maximum exposure time for a particu-
lar kVp and mA can be easily read off. The rating chart
should specify the type of tube, size of focal area, type of
rectification and speed of anode rotation to which it relates.

Although it is the product of k Vp and mA which determi-
nes the rate of energy expenditure, expressed in heat units,
each of these factors is subject to individual limitation.

Maximum kVp is governed by the physical structure and
dimensions of the tube, e.g. distance between points of
different electrical potential, electrical insulation, etc.
Each tube is fitted with a plate on which is recorded
maximum safe operating kVp, typical examples being
100kVp, 125kVp and 150kVp.

Maximum mA (tube current) at low kV values is determi-
ned by the maximum temperature to which a particular
filament can be raised before it burns out, or has an
unacceptably shortened life.

Let us consider further the way in which maximum
filament temperature limits the mA we can safely use.
Although the X-ray tube may operate close to saturation
condition it does not necessarily do so. From Figure 6.6 it
will be noted that, although the temperature of the fila-
ment remains constant, increase in kV results in an increase
in mA.

This increase in mA is compensated for by decreasing
the filament heating current when the kVp is increased,
and on most modern units this is done automatically.

Let us consider this in greater detail. From Figure 6.6 it
can be seen that for the same filament current, say 4.8 A
the tube current (mA) increases as tube voltage is in-
creased, i.e. as the voltage rises from 25kVp to 100kVp
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8500 r.p.m.
50 Hz-150 Hz

Figure 6.6 Filament heating curves

the mA also increases, and that within the space charge
limited region mA decreases rapidly with reduction in
kVp.

In short, the mA varies with the applied kVp even
though the filament temperature remains constant. From
this it will be appreciated that if, for example, the tube
passes 130 mA at 25kVp for a particular filament heating
current (say 4.8 A) the mA wll rise to 390 mA at 100k Vp.
It is, therefore, necessary to progressively reduce the fila-
ment heating current (to 4.35A) as the tube voltage is
increased from 25kVp to 100kVp if the mA is to remain
at a steady value, e.g. 130mA.

Conversely, when the selected tube voltage is reduced
from 100k Vp it is necessary to increase the filament heat-
ing current if the tube current is to be maintained at a
constant value. If, for example, we wish to maintain tube
current at a value of 130 mA and reduce tube voltage from
100kVp to 25k Vp it is necessary to increase the filament
current (in this case from 4.35A to 4.8 A).

Now, an increase in filament heating current, to main-
tain a particular mA at reduced kVp does not cause the
temperature of the target to rise as the rate at which
electrical energy (kVp X mA/time) is being converted into
heat at the target of the tube is actually being decreased.

For example, in the first instance, assuming an exposure
of 1.0s,

100kVpx130mA
1.0s

= 13000 heat units per second

and in the second case,

25kVpx130mA
1.0s

= 3250 heat units per second

This demonstrates that the target is now receiving heat
energy at a reduced rate and the limitation in rating is due
to the maximum safe working temperature of the filament
having been reached.

Such a limitation in the rating due to filament tempera-
ture may be indicated on the rating chart by means of an
arrow as in Figure 6.7. This shows that at high kVp values
it is the temperature of the target which limits the amount
of energy we can apply whilst at low kVp values it is the
temperature of the filament which is the limiting factor.

Maximum power

The heat produced at the target of the tube for a given
exposure time is determined by the kVp applied and the
current flowing (kVp X mA) and their combined effect
must not cause the temperature of the focal area to rise
above a certain critical value.

Note: Whilst the target would not melt until it reached
a temperature of 3380°C it is the usual practice to limit
the temperature to a lower value, so that the life of the
tube will be extended.

It should be remembered that the production of X-rays
(intensity) is directly proportional to mA and exposure
time but varies to the square of the kVp. On the other
hand film blackening, which is also proportional to mA
and exposure time, varies to the fourth (or fifth) power of
kVp.

We may consider that mA and exposure time affect the
amount of radiation produced (i.e. number of photons)
whilst kVp affects not only the amount of radiation but its
average penetrating power (Figure 6.8).

TYPE OF RECTIFICATION

We will now consider how constant potential, full-wave
Change inmA

Intensity varies directly with mA E

Variation of mA has no effect on
penetrating power of photons.

Change in kVp

\ Average penetration of
\ photons increases with kVp
\ — average wavelength decreases
\
\

increase in kVp

Number of photons varies

Film blackening varies to
the 4th power of kVp

Figure 6.8 Effects of change in kVp and/or mA

\
‘\ Intensity increases with
\

\

\
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8500 rp.m.
50 Hz-150 Hz

10000 r.p.m.
60 Hz-180 Hz

Figure 6.7 Arrows indicate limitation in rating due to filament temperature

rectified three-phase, full-wave rectified single-phase and
half-wave or self-rectified voltage affects tube loading and
why we need different rating charts for different types of
rectification.

Assume that a series of exposures are to be made using
a different type of rectification in each case and using the
following factors for each exposure.

0.04s 50kVp 100mA

Remember that in each case the mA meter on the control
panel will read an average value, i.e. it will measure the
average current flowing over the period of the exposure.

In the case of the constant potential unit Figure 6.9
indicates the current flowing during the exposure. The
current is flowing at a steady value during the exposure
and consequently there are no peaks.

mA
Average current
(as registered on l
100 the mA meter) :
|
|
|
l¢ 0.04s »!

Time
Figure 6.9 Peak and average values of current are equal with a constant
potential generator

In the case of the full-wave rectified single-phase unit,
however, the situation is rather different. From Figure
6.10, it will be noted that to achieve the same average
current of 100 mA it is now necessary to have high peak
values of current at instants A, B, C, D to compensate for
the reduced current flow at E, F, G, H.
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Figure 6.10 Peak and average values of current with 2-pulse generator

Now we have seen that the total heat produced at the
target of the tube during an exposure time (f) is propor-
tional to kVp X mA X t. That is to say, the same amount
of heat is produced during the exposure (0.04s) whether
the average current (100mA) is flowing at a constant rate
or is produced in a series of bursts or pulses.

If, however, the current is produced in bursts, where
each burst has a peak value which is 1.57 times the average
value, it is easy to understand that, although the target
receives the same amount of heat in total over the complete
exposure, the surface temperature of the target is raised
at the instants of peak value (A, B, C and D) to a much
higher value than is the case when current is flowing at a
constant value, i.e. at constant potential.

Figure 6.11 Hot spots produced during one revolution of the anode

Consider an exposure of 0.02 s. During such an exposure
the anode will make one complete revolution (assuming
the anode is rotating at 3000 rev/min (Figure 6.11). When
the exposure starts at A the current is zero. At B the anode
has made a quarter of a revolution and the current (mA)
and target temperature are at maximum value. At C the
current is once again at zero value and also the heating
effect. At D current and heating effect are once again at
peak value and at A current and heating effect are back
to zero.

This results in hot spots at B and D and it is the
temperature to which these parts of the target are raised
which determines tube rating, but only for short exposure
times.

To summarize,
peak value of current Imax = 1.57 X Liverage,

so that 100 mA average has a peak value of 157 mA.
Let us now compare this with the self-rectified circuit.

Figure 6.12 Peak and average current with a self-rectified circuit

Once again we need an average current of 100mA but in
this case the current passes in not four pulses but two as
shown in Figure 6.12 (the other two puises are, of course,
suppressed). Now, if the average current is to remain at
100mA, but, if on this occasion it is flowing for only half
the time, the actual current flowing during each pulse must
be doubled to achieve an average current of 100mA; the
actual current per pulse must be 200 mA.
Once again, peak value

Imax = 157 X Iavcrage
=1.57 x 200
=314mA

So that in the case of a four-valve full-wave rectified circuit
a peak value of 157 mA results in an average current of
100mA but in the case of the half-wave rectified circuit a
peak value of 314mA is needed to achieve the same
100mA average value.

Now the intensity of the radiation produced at the target
is proportional to the mA (average). Therefore the same
radiographic density is achieved in each case. However, as
the maximum temperature of the anode for short expo-
sures is determined by the peak value of current, it follows
that the temperature of the target will be raised to twice
the value in the latter case to achieve the same mA value
(and same film blackening). The energy we can safely use
is therefore much reduced in the case of a half-wave
rectified circuit.
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A further limitation is imposed in self-rectified circuits,
where the temperature of the anode must not exceed
approximately 1600°C, at which temperature thermionic
emission would provide sufficient electrons to constitute
an inverse current as opposed to 3380°C (temperature at
which it would melt), in the case of full-wave rectified
circuits.

The three-phase rectified circuit

From Figure 6.13 it can be seen that the peak value of
rectified three-phase current is very close to the average
value. It will also be noted that the peak value of three-
phase is much less than that of rectified single-phase cur-
rent.

Figure 6.13 Peak and average values of current for 1-pulse, 2-pulse and
6-pulse circuits

The energy we can safely use for short exposure times,
when the skin temperature of the focal area is the critical
factor, is therefore much higher when using rectified three-
phase current. For long exposure times, however, it is
found that the energy we can use is less than that of single-
phase. This is due to the fact that the voltage waveform
never drops to zero and indeed remains close to peak
value for the whole of the exposure. As the same average
current flows in each case it follows that more energy is
expended in a given period of time with three-phase than
with single-phase voltage. In fact, there is an increase, in
the order of about 35%, in the number of heat units
produced by a three-phase circuit as compared with a
single-phase circuit.

The formula for calculating heat units must now be
written thus:

Heat units = 1.35 X kVp X mA (average) X time (s)

Figure 6.14 illustrates this point. The shaded area under
the curves represents energy expenditure during a period
of 0.01s. The same average current flows in each case and
the peak kV is the same in each case but the energy
expended in 0.01s is obviously greater in the case of the
rectified three-phase voltage.

Figure 6.14 Energy expenditure during 0.01s for 2 pulse and 6 pulse
generators using the same kVp

Figure 6.15 shows the difference in tube rating between
single-phase and three-phase X-ray generators.

Figure 6.15 Ratings for 2-pulse and 6-pulse generators

Note: Although maximum mA at a given kVp is less at
long exposure times, when using the three-phase unit, the
kV is near peak value during the whole of the exposure.
This results in an X-ray beam of greater intensity and
shorter average wavelength than that of the single-phase
unit and therefore a greater degree of film blackening for
a given exposure.

Up to now we have discussed those factors which deter-
mine the rate at which electrical energy is converted into
heat in the X-ray tube. The rate at which such energy can
safely be used in any given tube is, of course, determined
by the physical characteristics, of the tube itself. These
characteristics would include:

(1) Focal area,

(2) Material of which the anode is made,

(3) Diameter of the anode,

(4) Speed of anode rotation,

(5) Heat dissipation, i.e. volume of oil within the casing,
forced cooling, etc.

Let us now consider some of these factors in greater detail.
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Focal area (focal spot size)

The smaller the focal area, the greater is the temperature
rise for a given amount of heat energy. Figures 6.16-18
may help to make this more clear.

Figure 6.16 Electrical energy (kVp X mA X time) is converted into heat
energy (99%) at the target of the tube

High X
Total energy expenditure A (X x t1)
is equal to
A Total energy expenditure B(Y x t2)
Heat production rate
(kVp x mA)
Y
B
Low
t1 _ t2
Time

Figure 6.17 Total energy expenditure A (x X T1) is equal to Total
energy expenditure B (y X T2) (Although time taken is different in each
case)

A given amount of heat energy
(kVp x mA x time)

B

Concentrated on

Small area D Large area

/ \

Produces large temperature rise

Produces small temperature rise
Figure 6.18 Effect of focal area on temperature rise

Relationship of temperature rise to area and linear
dimensions of the focal spot

The temperature rise at the target for a given amount of
heat energy is determined by its area. The rate of heat
transfer from the focal area to the mass of the anode is,
however, related to the peripheral dimensions of the focus
as well as its actual area.

3.0cm
(@ (b)

2.0cm

t——‘ Area = 6.0cm?2 ——T

Figure 6.19 Rectangles with same area but different peripheral dimen-
sions

6.0cm

1.0cm

Let us consider two rectangles, A and B, each having
the same area but different peripheral dimensions (Figure
6.19). The peripheral dimensions of A are 10cm whilst
those of B are 14 cm and it can be readily appreciated that
B conducts heat to its surroundings at a faster rate than A
and in fact the rate of heat transfer varies proportionately
to the peripheral dimensions rather than to the areas of
the rectangles.

2.0mm focus

Ie.o

1.0 mm focus 0.3mm focus

109
B 03
10

Area = 0.27mm?

2.0
Area = 3.0mm?2 )
Peripheral
Area = 12.0mm2 Peripheral dimensions
o | dimensions total = 2.4mm
‘cj?r:z::ir;’ns total = 8.0mm Max. load = 2.0kW

total = 16.0mm Max. load = 20kW

Max. load = 40kW
Figure 6.20 Tube loading for different sized focal spots

Let us now consider the actual dimensions and areas of
three focal spot sizes (Figure 6.20). (We will assume that
the actual focus in each case is three times as long as it is
broad.)

From this it can be seen that the maximum loading of
the 2.0mm sq. and 1.0mm sq. focii varies to the ratio of
their peripheral dimensions, e.g. 16mm to 8mm and
40kW to 20kW, whilst the loading of the microfocus
compared with the 1.0 mm sq. focus varies more nearly to
the ratio of their respective areas, e.g. 3.0 to 0.27 and 20
to 2.

To sum up, loading is usually related to the peripheral
dimensions of the focus but for very small focal spot sizes
(e.g. microfocal spots) loading is more nearly related to
the focal area. This means that for a microfocus tube the
rating is much less than we might at first imagine.

Speed of anode rotation

If a stator supply current with a frequency of 50 cycles per
second is used to rotate the anode it will revolve 3000
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times per minute and it will take 0.02s to make one
complete revolution. If, during an exposure the anode is
made to rotate at twice or even three times this speed it is
possible to apply more heat to the target (Figure 6.21). In
other words the rating of the tube can be increased. This is
because the actual focal area is increased at short exposure
times.
Apparent focal area

0.007s exposure 0.007s exposure

Actual focal area when
anode is rotating at
normal speed (3000 rev/min)

Actual focal area when
anode is rotating at twice
normal speed (6000 rev/min)

Figure 6.21 Effect of anode rotational speed on focal area

Generally speaking, if the exposure time is reduced, the
mA can be increased. One of the limiting factors is the
time it takes the anode to make one complete revolution.
Look at the rating chart for a tube with a stator supply of
50 cycles per second (Figure 6.5) and you will see that
between 0.02s and zero the mA value for any kVp is
constant, and in fact many rating charts have a time axis
which starts at 0.02s.

X-ray tube manufacturers use a range of stator supply
frequencies, examples being 50, 100, 150 and 180 cycles
per sec. High speed anode rotation is usually used only at
high mA values and for short exposure times. For longer
exposures it is recommended that a 50 cycle stator supply
should be switched in so that the life of the tube may be
extended, and this is done automatically in many units. A
50 cycle per second supply is also recommended when the
tube is being used for fluoroscopy. The stator supply
voltage is also reduced in these circumstances. The follow-
ing are examples of starting and running voltages for
different stator supply frequencies.

50 cycle stator operation

Intermittent operation (radiography)

Starting 115V, 4 A, 3.6s starting time

Running 50V, 1.9 A, continuous

Starting time can be reduced to 1.5s by using 230V and
8A.

High speed 150 or 180 cycle stator operation

Intermittent operation (radiography)

Starting and running 230V, 3.5 A, 6.0s starting time
Starting time can be reduced to 1.2s by using 675V and
10A

Continuous operation (fluoroscopy)

Starting 230V, 3.5A

Running 115V, 1.8A

Alternatively tube stator may be switched to 50 cvcle
supply and 50V operation during fluoroscopy.

Note: after high speed operation the anode must be slowed
down rapidly. This is achieved by either applying a rectified
voltage to both stator windings or by switching the stator
winding to 50 cycles per second operation. Braking should
slow the anode to 4000 rev/min or less in 10s.

In some fluoroscopy units where the mA is very low the
anode may actually be stationary whilst screening is in
progress. Other units as indicated above use a reduced
voltage and current for fluoroscopy. It should be noted
that a slotted anode must always be rotating even during
fluoroscopy as otherwise the electrons might pass through
the slots.

We have seen that when electrical energy is converted
into heat at the target of the X-ray tube, the temperature
of the focal area (area bombarded by electrons) is deter-
mined by the rate at which heat energy is applied
(kVp xmA), the length of time for which it is applied
(exposure time in seconds), the size of the focal area, and
the rate at which heat is transferred from the focal area
during the exposure.

Let us now consider how heat is transferred from the
target.

Heat transfer through the X-ray tube

The route followed by the heat as it is transferred from
target to anode to oil to casing to outside air may be called
the heat path. Heat energy is transferred through the tube
from one point to another, by the process of conduction
through the target and the anode; by convection through
the oil surrounding the insert, by conduction through the
casing and by convection and radiation from the casing to
the outside air.

It should be noted that in the case of the stationary
anode tube although some heat is radiated from the target
and anode, radiation is not a primary form of heat transfer,
most of the heat being transferred from the target to the
anode and then to the oil by the process of conduction.
Conversely, in the rotating anode tube, whilst heat is
conducted from the target area to the mass of the anode,
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the amount of heat transferred by conduction from the
anode to the rotor and then to the oil is relatively small,
most of the heat being radiated by the anode to the oil
surrounding the insert, by convection through the oil, by
conduction through the casing and by convection (with
some radiation) from the casing to the outside air.

It is important to clearly understand the processes by
which heat is transferred from one point to another through
the X-ray tube, as tube rating is closely related to the
temperature reached by each of the component parts of
the tube in turn, the critical points being:

(1) Tungsten target (melts at 3380°C),

(2) Anode to rotor junction (copper rotor melts at
1080°C),

(3) Oil surrounding the insert (maximun temperature
being related to maximum safe expansion of the oil).

The part played by the various heat transfer processes
in passing heat from the anode to the outside air is shown
diagrammatically in Figures 6.22 and 6.23.

Figure 6.22 Heat path through stationary anode tube

Heat path (stationary anode) - Figure 6.22
Component through which heat Heat transfer process
is transferred

A = Target Conduction
B = Anode Conduction
C= 0il Convection
D = Tube casing Conduction
E = Outer side of the tube Convection
casing to surrounding air and
radiation

Heat path (rotating anode) — Figure 6.23

Component through which heat Heat transfer process
is being transferred

A = Target and anode Conduction
B = Vacuum Radiation
C= 0il Convection
D = Tube casing Conduction
E = OQuter side of tube casing to Convection
surrounding air and
radiation

Figure 6.23 Heat path through rotating anode tube

In addition to the rating chart previously described
which relates to a single exposure followed by a period of
rest of at least 1.0s, there are other charts and graphs
supplied by the manufacturers which are of great value to
the radiographer who may be planning a series of exposu-
res in rapid succession, for example an angiographic or
cine series. There are also graphs which tell us how much
heat has built up in the anode over a period of time for a
given heat input as well as the amount of heat lost from
the anode in a given period of time after an exposure.

Anode cooling chart

Let us look first at a typical anode cooling chart (Figure
6.24). Note the following:

(1) The chart should apply to a particular tube.

(2) The maximum number of heat units the anode can
safely accept in this case is 400000 and that it will
take 11 min for the anode to cool down to ambient
room temperature (assuming no further exposures
are made in the meantime).

(3) In addition to providing information regarding the
rate of anode cooling it also tells us how much heat
will build up in the anode in a given time for different
rates of heat input.

We can see from the graph that heat can be applied
continuously at the rate of say 800 heat units/s. We know
this because the curve for 800 heat units/s if extended
would never reach maximum value of 400000 heat units.
This, of course, is due to the fact that after a given period
of time heat is being transferred from the anode at the
same rate as it is being applied and temperature of the
anode therefore remains constant. If, however, we use,
say, 1350 heat units/s we find that after 11 min the tempera-
ture of the anode has reached maximum safe value.

Now 80kVp at 10mA equals 800 heat units/s which is,
of course, a very small rate of heat input compared with a
radiographic exposure of say 80kVp and 500mA which
equals 40 000 heat units/s. We have seen that a heat input
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Figure 6.24 Anode cooling chart

of 800 heat units/s would never overheat the anode but
over a period of say 10 min the heat build up would amount
to 800 x 60 x 10 = 48000 heat units and whilst the rate of
heat input for the diagnostic exposure is much higher at
40000 heat units/s, the total heat units for an exposure of
say 0.25s would be 10000. From this it can be appreciated
that there is little or no danger to the anode when very
small mA values are being used but a very real danger
when high mA values are selected even though the total
heat developed over a long exposure time at a low mA is
much greater than that associated with a very short expo-
sure time at high mA.

Tube housing cooling chart

With low mA values the heat build up, which presents no
difficulties so far as the anode is concerned, can and
does become a problem so far as the oil in the casing is

concerned. Because, as we have seen, if the temperature
of the oil rises to a certain critical value its expansion will
cause maximum contraction of the oil expansion di-
aphragm (or bellows) and a safety cut-out switch will
prevent further exposures being made until the oil has
sufficiently cooled. A graph supplied by the manufacturer
tells us how much heat the oil in the casing can safely
accommodate and the rate at which it loses heat. A typical
graph is shown in Figure 6.25.

Note that once again such a chart applies to a specific
tube and that in this particular case it can accommodate
1750000 heat units before the oil expands to such an
extent that it operates the safety cut-out switch preventing
further exposures being made. In the previous case we
discussed we noted that whilst a heat input of 800 heat
units/s would never overheat the anode it would provide
a significant heat input to the oil and indeed we can
calculate that it would take approximately 35 min for the

Figure 6.25 Tube housing cooling curves c — without fan d — with fan
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oil in the casing to reach the critical temperature at which
the cut-out switch could become operative.

Such a build up of heat in the oil may also be brought
about when a series of diagnostic exposures are made over
a lengthy period of time, e.g. in chest clinics, angio series,
cine examinations, etc. It is worth noting that in these
cases the use of an air circulator such as a fan fitted to
the outer casing of the X-ray tube can improve matters
dramatically and will indeed, in the case of the tube
cooling graph described, allow a 50% increase in the
operating time before the thermal cut-out prevents further
exposures.

It is also worth noting, when comparing high speed
rotating anode tubes with those operating at slower speeds,
that additional heat is generated by the increased current
flowing through the stator coils. The extra current is, of
course, needed to provide the increased speed of anode
rotation. This extra heat could be accommodated by incre-
asing the volume of oil in the tube casing, but as this leads
to an increase in tube size it is not a popular solution.
Instead heat transfer is improved by circulating water
through pipes which pass through the oil in the casing to
a heat exchange unit which is usually fixed to the wall of
the X-ray room. Remember when using such a tube that
heat is transferred through the oil in the casing by the
process of convection. It is advisable, therefore, when the
tube is tilted through 90°, i.e. for chest examinations, to
have the cathode end of the tube uppermost so that there
is a greater volume of oil available for heat transfer from
the anode.

Angiographic rating chart

Charts of this nature are used when planning a series of
exposures which need to be made in rapid succession, as
for example when using the AOT or puck film changer. It
is important to note that a particular chart relates to a
particular tube and to that tube only. It should also be
noted that the tube must be rested for a specified period
before the series of exposures is commenced and again
before another series is started. The chart illustrated in
Figure 6.26 relates to the Philips ceramic tube
SRC1200613 and is for a tube loading of 40kW. Charts
for tube loads of 32, 100 and 120kW are also provided for
use with this tube.

Let us see how such a chart would be used. Assume that
a series of exposures are to be made at a rate of 6 per
second for 3 seconds and that each exposure is to be made
at 75kV 500 mA with an exposure time of 0.04s.

We must first of all calculate the tube loading which in
this case would be 75 x 500 = 37.5kW. (As this tube would
almost certainly be used with a 12 pulse or constant poten-
tial generator we can consider, for practical purposes, that

SRC 120 0613
LOAD DATA FOR SERIAL RADIOGRAPHY 8000/min
The table shows the number of exposures permissible per series

The intervals to be observed before and between series must not be
shorter than 20 min. T

EXPOSURE TIME OF THE INDIVIDUAL RADIOGRAPH IN msec

TUBE LOAO| EXPOSURE
kW RATE 3| 6] 10]20]25]32 |40 | 50 | 63|80 |100 | 120 | 160

EXP /sec
12 100 11007100 {82 {60 142 |30 j2z | 16 |- - - -

10 100 | 100|100 [ 88 164 [45 |33 |24 | 17 |12 ) - - -

8 100 | 100|100 [ 97} 71|50 |36 |26 § 19|13 ] 10| - -

6 100 | 100|100 pOO [ 80 |56 |41 | 30 | 21 15| 11 41 -

40
4 100 | 100|100 floo (95 |67 [49 |35 { 25 {18 | 13} 10| 7

3 100 | 100§100 J1OC 400 §76 {55 | 40 | 29120 | 15§ 11 8

2 100 | 100|100 100 100 |90 |66 | 48 | 34 |24 | 18 14 9

1 100 | 100|100 {00 poO (100|188 | 64 | 46 |33 ] 24| 18| 12

Figure 6.26 Angiographic rating chart

the r.m.s. factor is unity.) We would now consult the
rating chart for 40kW and looking down the exposure rate
column we come to 6 and then reading across to the right
we come to the column under 40 (ms) and see there the
number 41. This means that we can make 41 exposures at
a rate of 6/s at a tube loading of 40kW. As we know that
the tube loading we wish to use (37.5kW) is less than

Figure 6.27 Cine radiographic rating chart
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40kW and as we need to make only 18 exposures (6/s for
3s) we know that the series of exposures using these factors
will not overload the tube and we can theréfore safely
proceed providing the tube has been rested for 20 minutes
before the sequence begins.

It should be noted that some modern units using micro-
processor control will make such calculations for us and
will indicate on the control panel the number of exposures
permissible under given circumstances and will indeed
tell us how many permissible exposures remain as the
examination proceeds.

Cine radiographic rating chart

This chart tells us the tube loading permissible under
specified conditions. The chart illustrated in Figure 6.27
once again relates to the Philips ceramic tube SRC 1200613
and we note that it also relates to the 0.6mm focus and
an anode rotational speed of 8000 rev/min. We will once
again assume that the tube is being used with a 12-pulse
or constant potential generator.

The tube loading in kW is indicated on the vertical
axis of the graph and the exposure time in milliseconds
multiplied by the exposure rate in seconds is shown on the
horizontal axis (t X f). On the right side of the graph the
total time of the series is indicated in seconds (T). To use
the cine rating chart we must once again calculate the tube
loading in kW. Say we wished to make a cine run of 10s
duration using a 2ms exposure at 80kV and 250 mA and
that we intend to expose the film at a rate of 75f.p.s. The
tube loading is therefore 80 X 250 = 20kW. We must now
multiply the exposure time by the f.p.s. 2Xx75=150.
Looking at the rating chart we find 150 on the horizontal
axis, then following the line upwards until it crosses the
line corresponding to T = 10s we trace the horizontal line
from the intersection to the left vertical axis which indicates
the permitted tube loading in kW. From this we see that
we can use up to 28kW for the cine run we have chosen
and as we will be using a tube loading of 20kW it can be
appreciated that we can safely make this cine run without
overloading the tube.

As we have now discussed the role of most of the major
components in the typical X-ray circuit let us see how they
fit into the complete circuit and how they relate to one
another (Figure 6.28).

A — Mains switch box and fuses

B —On" “Off" switch (on control panel)
C — Circuit breaker

St and Sz - Circuit breaker switches

K — Primary contactor switch
L~ Timer and interlocks

M — High tension transformer
N — Rectifying circuit

Q — X-ray tube

P —Tube filament transtormer
Q — Trimmer resistance

D - Mains voltage compensator controf
E — Autotransformer
F — Counter wound turns of autotransformer
G - Mains voltage compensator meter R —mA control (ganged to kV compensator control)
H—-kV control T — Space charge compensator
| — Pre-reading kV meter U — Frequency compensator
J — Pre-reading kV meter compensation control  V —Voltage stabiliser
(ganged to mA control) W — Filament circuit switch

Figure 6.28 Block diagram showing principle components of an X-ray
circuit
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X-RAY TUBE SUPPORTS

The X-ray tube should be mounted in such a manner as
to provide the following:

(1) Movement of the tube vertically up or down.

(2) Longitudinal movement along the long axis of the X-
ray table and transverse movements.
(3) Angulation of the tube.

(4) Positive locking of the tube in the desired position.

(5) Complete stability when the tube is locked in the
selected position.

There are three main types of tube support:

(1) Floor or floor-to-ceiling tube stands,
(2) Ceiling-suspended tube supports,
(3) Mounting on a ‘C’ arm.

Floor stands

The vertical tube column is mounted on a trolley which
runs along a single or double floor track. The X-ray tube
is mounted on a gimbal attached to a cross-arm which

moves up and down on the vertical column. The tube is
usually suspended by steel cable and is counterbalanced.
The range of movements is shown in Figure 6.29. The tube
may be locked in any desired position or angle by means
of mechanical or electromagnetic locks. It is provided with
a fail-safe mechanism which ensures that the tube will not
fall if the cable snaps.

Floor to ceiling stands

Extra stability may be achieved by having the vertical tube
column run along a ceiling track as well as the floor track
just described. The additional ceiling support tends to
offset the inbalance caused by the weight of the X-ray
tube.

The ceiling-suspended tube support

Compared with the tube stand just described, which is
restricted in its transverse movements, the ceiling-sus-
pended tube has no such restriction and therefore offers
much greater flexibility in use. Its range of movement is
shown in Figure 6.30.

Figure 6.29 Vertical tube stand viewed from above
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1t will be noted that longitudinal movement is achieved
by moving the tube and transverse carriage along the fixed
track in the direction of the broken arrows. Transverse
movement is achieved by moving the tube and cradle (from
which it is suspended) along the transverse carriage in the
direction of the black arrows. The transverse movement
may be locked whilst the tube is moved in a longitudinal
direction and conversely the longitudinal movement may
be locked when the tube is moved in a transverse direction.
If both locks are left off the tube may be moved diagonally
or even in circles. The tube is usually suspended on a
telescopic arm, Figure 6.31(b) by means of which it is
raised or lowered, the movement usually being motorized.
The switches controlling the various movements etc. of
the tube may be gathered together on a control unit as
shown in Figure 6.31(a).

1 — Switch for transverse movement lock

2 — Switch for centre locking

3 — Locking switch for tube in oblique positior

4 — Angle indicating scale

5 —Tube angle locking switch

6 — Switch controlling horizontal movements
of the tube (longitudinal and transverse)

7 — Switch controlling vertical movement

D

Figure 6.31 (a) Handlebar control unit. (b) telescopic tube support
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Motorized movements

The up and down movements of the tube are usually
motorized whilst movement of the tube in a longitudinal
or transverse direction is usually controlled manually.
Electromagnetic locks effectively hold the tube in the
desired position or angle. Automatic stops at selected
focus to film distances are usually provided as well as
automatic stops which limit the longitudinal and transverse
movements of the tube and thus prevent it banging into
walls etc.

Switches to control the motorized movements and the
electromagnetic locks are usually mounted on a conven-
iently placed control box which is located either at the
front of the tube itself or on a rod which is attached to the
ceiling cradle.

An automatic cut-out switch is fitted to the base of the
light beam diaphragm — this switches off the electric motor
drive if the encircling metal band at the base of the light
beam diaphragm is depressed. This prevents the tube being
driven inadvertently into the table top or the patient!

Advantages of ceiling-suspended tubes
Advantages in the use of ceiling suspended tubes include:

(1) Uncluttered floor space due to absence of floor track.

(2) Gereater area of the room made available for radiog-
raphy due to increased transverse movement of the
tube.

(3) Greater flexibility in the use of other equipment, e.g.
chest stand, pedestal bucky, etc.

(4) Ability to radiograph patients on accident trolleys,
wheelchairs, etc.

(5) Ability to take lateral views from either side of the
table.

Disadvantages

(1) Possible need to reinforce the ceiling, to provide
necessary strength to hold the tracks, suspension and
tube.

(2) Need for minimum room height.

(3) Extra length of high tension cable needed to cover
the increased area.

‘C’ arm supports

The ‘C’ arm is used with mobile image intensifier units,
skull units, etc. These will be described in greater detail
later. Suffice to say at the moment that the X-ray tube is
positioned at one end of a metal arc whilst the counterbal-
ance or image intensifier is mounted at the other.
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SCATTERED RADIATION

Formation of the radiographic image

As radiation traverses the patient’s tissues during a diag-
nostic exposure it is attenuated by the processes of photo-
electric absorption and compton scatter. The processed
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radiograph is a pattern of densities forming a shadow image
of the structures penetrated by the radiation. The extent
to which the radiation is absorbed is determined by the
atomic number of the tissues encountered. Bone, for exam-
ple (atomic number 14), absorbs more radiation than soft
tissue (atomic number 7.4) or fat (atomic number 6.0).
The image is formed by emergent primary radiation reach-
ing the film. Contrast is determined partly by the extent
to which primary radiation penetrates the various body
structures and partly by the effects of scatter.

The optimum kVp is that which will adequately pene-
trate the part under examination so as to outline it against
surrounding tissues and demonstrate its structure. When
the atomic number of the structure is the same as its
surroundings it cannot be differentiated, e.g. gall bladder,
alimentary tract, etc., and in these circumstances it is
necessary to use a contrast agent with a different, in this
case a higher, atomic number to demonstrate the part
against its surroundings.

Scattered radiation is radiation deviated in direction from
that of the primary beam. At low kVp values scatter
tends to be sideways and backwards in direction whilst at
increasing kV values the proportion of scattered radiation
in a forward direction is increased. The effects of scattered
radiation are always deleterious in diagnostic radiography.
As forward scatter falls indiscriminately on the film it has
the same effect as general fog. Scatter reaching the film
thus reduces contrast. Figures 7.1-5 illustrate some of the
factors which affect the amount of scatter reaching the
film.

So far we have discussed a number of ways in which the
amount of scatter reaching the film can be reduced. These
include:

(1) Smallest possible field size, e.g. beam collimation.

(2) Lowestpossible kVp consistent with adequate penetr-
ation of the part in question.

(3) Use of the displacement band to reduce the thickness
of the part under investigation.

(4) In special cases, use of the air-gap technique.

Whilst these measures limit the amount of radiation
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Figure 7.1 Low kVp. A greater proportion of the radiation is scattered
backwards and to the sides at low kVps, thus less scatter reaches the film

Figure 7.2 High kVp. A greater proportion of the radiation is scattered
in a forward direction, thus more scatter reaches the film

reaching the film, they may not, in themselves, be sufficient
to produce satisfactory radiographs of thicker parts such
as the abdomen. The relatively high kVp needed to pene-
trate the part, and the thickness of the part itself results
in a large amount of scatter being produced and conse-
quently a radiograph lacking in contrast.

In these circumstances a secondary radiation grid must
be used to absorb scattered radiation before it reaches the
film. 1t should be borne in mind that whilst the measures
described up to now reduce patient dose, the use of a grid
always necessitates increased exposure dose to the patient.

Figure 7.3 (a) Large field size, large amount of scatter produced. (b)
Small field size, small amount of scatter produced. Moral - ‘cone down’

Figure 7.4 The greater the thickness of tissue the greater the amount
of scatter. Moral — displace fatty tissues by means of a radiolucent pad
and a displacement (compression) band

Figure 7.5 Air-gap technique. All of the scatter reaches the film in
position (1) but only that shown as solid lines reaches the film in position

@
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The secondary radiation grid consists of alternate paral-
lel strips of radio-opaque and radiolucent material. The
radio-opaque strips or slats are usually made of lead or
tungsten and the radiolucent spacing material of alumin-
ium, paper or wood (Figure 7.6). It has a protective cover-
ing, front and back, of thin aluminium or plastic and
protective strips around the edges of the grid.

Figure 7.6 Diagrammatic representation of a parallel secondary radi-
ation grid

Grid ratio is the relationship between the height of the
lead strips to their distance apart. The higher the grid ratio
the more effective is the grid in the absorption of scatter
(see Figure 7.7).

The grid factor, however, which is the number of times
we must increase the exposure when using a particular grid
as opposed to the exposure required without the grid, also
increases with grid ratio.

Grid ratios from 4:1 to 16:1 are available and most
units have the facility of interchangeability of grids. A low
ratio grid is used for low kV work and one of high ratio
for technigues involving the use of high kVp, or the produc-
tion of large amounts of scatter.

Grid lattice is the number of lead (or tungsten) strips
per centimetre measured across the grid (i.e. at right angles
to the grid lines).

STATIONARY GRIDS

There are three main types of grid, the parallel grid
(Figure 7.6) in which the lead strips, separated by radiol-

Grid ratio = Height (h) to distance (d) apart
(or h:d, or h/d)

Figure 7.7 Non-focused or parallel grid

ucent spacers, are positioned parallel to one another, the
focused grid and the cross-hatch grid. The focused grid is
similar to the parallel grid in so far as it also is made up
of lead strips with radiolucent spacers but in its case the
strips of lead are angled towards the edges as shown later
in Figure 7.14. Note that peripheral radiation, absorbed
by the outer strips of lead in the parallel grid, is able to
pass through the angled strips of lead in the focused grid
without hindrance. The cross-hatch grid is composed of
lead strips placed at right angles to one another. The
scatter is thus absorbed from all angles. Note that when
using this grid the beam must be centred to the centre of
the grid and that no off-centring or tilting of the beam is
permissible.

Parallel grid or non-focused grid

The parallel grid is frequently used in conjunction with a
mobile unit for radiography in the ward or theatre. The
focus—grid distance is not critical (as it is with the focused
grid) but it should not be too short as the peripheral cut-
off increases as the focus—grid distance decreases (Figure
7.8).

Limitation of field size also reduces peripheral cut-off
as shown in Figure 7.9.

Centring of the beam to the grid is not critical providing
part of the grid is positioned under the area of interest
(Figure 7.10).

The radiation must be kept as nearly as possible parallel
to the strips of lead. This means that the tube can be
angled parallel to the strips but not against them (Figure
7.11). The grid should not be tilted transversely otherwise
there will be marked cut-off on one side (Figure 7.12).
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The focus—grid distance is not
critical (as it is with the focussed
grid) but it should not be too short

as the peripheral cut-off increases
as the focus—grid distance decreases

Figure 7.8 Dotted lines indicate radiation absorbed due to f.f.d. being
too short

Limitation of field size
also reduces peripheral cut-off
as shown

Figure 7.9 Increased cut off due to large field size

Some parallel grids have shorter lead strips at the edges,
to allow more peripheral radiation to pass through (Figure
7.13).

The following points should be noted when using a
stationary parallel grid.

(1) use a relatively long focus—grid distance particularly
when using a large field of radiation.

(2) Limit the field size as far as possible.

(3) Don’t angle the beam of radiation into the lead strips
by either tilting the beam transversely or angling the
grid transversely.

Centring of the beam

to the grid is not critical

if the grid is positioned
under the area of interest

v 1

Figure 7.10 Centring not critical with a parallel grid

7~ The radiation must be kept as nearly
e as possible parallel to the strips of
lead. This means that the tube can be
angled parallel to the strips but not
against them

Figure 7.11 Tube should not be angled across the grid

The grid should not be tilted
transversley otherwise there will be
marked cut-off on one side

Figure 7.12

Grid must not be tilted
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Figure 7.13 Parallel grid prismatic section

The focused grid

The focused grid is composed of strips of lead angled
towards the edges as shown in Figure 7.14.

Figure 7.14 Focused grid

The lead strips are set at particular angles; if these
angles are extended as shown they intersect at point A.
Distance C-D is the grid focus.

If the tube focus is positioned at point A primary radi-
ation passes through the interspaces parallel to the lead
strips.

It should be noted that even when the tube is positioned
at the correct focal-grid distance (grid focus) some primary
radiation is absorbed by the lead strips. The greater the
lead content of the grid, e.g. the greater the number of
lines per cm or the thicker the lead the greater the absorp-
tion of primary radiation.

If the focal-grid distance is greater or less than the grid
focus there is geometric cut-off. The primary radiation,
instead of passing through the interspaces parallel to the

Figure 7.15 (a) Focused grid with high lead content — absorption of
scattered radiation good but absorption of primary high. (b) Focused
grid with low lead content — absorption of secondary poor but absorption
of primary is also low

strips of lead is partially or completely absorbed by the
lead (Figure 7.16).

Figure 7.16 Absorption of primary due to incorrect grid focus distance
If the grid is tilted transversely to the beam of radiation

there is cut-off, particularly at one side of the grid (Figure
7.17). If the beam is off-centred transversely to the length

Figure 7.17 Cut-off due to tilting of grid
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of the strips of lead there is marked cut-off (Figure 7.18).

Figure 7.18 Cut-off due to incorrect centring of tube to grid

If a focused grid is used with the wrong surface towards
the tube there is marked absorption of the peripheral rays
(Figure 7.19). The extent to which the radiation is absorbed
is dependent on the kVp used and the thickness of the
lead strips. The radiograph shows normal density in the
mid-line portion but fades off rapidly towards the edges.
If the reason for this fault is not immediately com-
prehended and rectified (by turning the grid over) repeat
exposures may be made resulting’in increased and un-
necessary dosage to the patient.

Figure 7.19 Cut-off due to grid being upside down

Ideally, a grid should absorb as little of the primary
radiation as possible, e.g. the grid factor should be as close
to unity as possible. Gridloss is a term frequently used to
denote the amount of primary radiation absorbed by a
grid.

Cross-hatch grids

Cross-hatched grids consist of two parallel or focused grids
placed at right angles to one another (Figure 7.20). The
pattern recorded on the radiograph is of tiny squares.
When a high kV is used, as in examinations such as biplane
angiocardiography, a lot of scatter is produced in all direc-
tions and a cross-hatch grid may be used to good effect.
The X-ray beam must be centred to the grids and be at
right angles to them. If it is necessary to tilt the beam a
single grid must be used, otherwise the beam will be
directed into one or other of the grids. The exposure must
be increased when using a cross-hatch grid, and if the X-
ray tubes are already being used at or near maximum
loading, e.g. in biplane radiography, it may be necessary
to sacrifice the improved quality achieved with a cross-
hatch grid, and accept the results obtainable with a single
grid.

Figure 7.20 Cross-hatched grid

The grid cassette

Whilst the stationary grid may be used by simply placing
it on the cassette, it is possible to obtain cassettes in which
the grid is fitted as an integral part. Whilst grid cassettes
are very convenient in use, if a number of exposures have
to be made, e.g. in the ward or theatre, a number of grid
cassettes, possibly of different sizes, will be required and
the expense may be prohibitive.

The all metal grid

This uses aluminium as an interspacing material and as
a protective covering. A number of different ratios are
available as focused or parallel grids. The aluminium
interspacing material absorbs more primary than organic
material, but their sturdy construction renders them par-
ticularly useful for theatre and mobile radiography. (Exam-
ples of organic material are paper, wood, plastic, etc.)
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Metal filter

A sheet of metal, e.g. lead foil (0.1 mm), may be placed on
top of the cassette to absorb scattered radiation. Although
some primary radiation is absorbed as well as scatter, the
metal sheet does tend to absorb more scatter than primary
(Figure 7.21). The reasons for this are twofold. First,
because the scatter is travelling through the metal at a
greater angle than the primary it must perforce travel
through a greater thickness of metal and, secondly, be-
cause the scatter has less energy, i.e. longer wavelength
than the primary, it is more readily absorbed. The advan-
tage of this method of scatter absorption is that there is no
critical focal-grid distance to be considered and the central
ray may be directed in any direction. It may also be used
in conjunction with a moving grid to further enhance
contrast. The greatest disadvantage is that the exposure
must be increased significantly to offset the high absorption
of primary radiation.

e
D
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Figure 7.21 Metal filter used to absorb scatter

Assessing the efficiency of a grid

The grid is made up of alternate strips of metal and
interspacing material. The function of the metal strips is
to absorb scatter and that of the interspacing material to
support the metal strips at the required angle and position
with minimal absorption of primary.

The higher the atomic number and density of a material
the greater are the chances of that material absorbing
radiation. (Absorption o< Z3.) The metal of choice for the
strips in a grid is usually lead (atomic number 82), but
some manufacturers use tungsten (atomic number 74) as
an alternative material. Siemens Superfine Grids, for in-
stance, with 50 strips to the cm use tungsten as the absorb-
ing metal with which the strips are formed. The ratio of
this particular grid is 5: 1, and its selectivity is poorer than
an 8:1 grid with 40 lead strips per cm. However, it is not
as critical as regards centring and focusing, and as there

are so many strips to the cm they are practically invisible
on the radiograph at normal viewing distance. Such a grid
is particularly useful for theatre and mobile radiography.

Whilst the metal strips must be good absorbers of radi-
ation the interspacing material must absorb as little radi-
ation as possible.

Grid ratio indicates to some extent the radiographic
efficiency of a grid, but it does not tell us the whole story.
For instance, by increasing the number of lead strips in a
grid we increase its efficiency so far as absorption of scatter
is concerned. However, by putting more lead strips in
the grid we also reduce the amount of primary radiation
reaching the film. If the thickness of the lead strips remains
constant and we continually increase the number of lead
strips we would end up with a grid consisting of a solid
sheet of lead — the absorption of the secondary radiation
would be very high, possibly approaching 100%, but the
absorption of the primary would also be so high that we
would get virtually no image-forming radiation through
the grid to the film. What is needed is a high degree of
secondary absorption with minimal absorption of primary.
The efficiency of a grid can best be described by considering
the ratio of these two factors to one another.

The ratio of the amount of primary radiation passing
through a grid to the amount of scatter passing through
the grid is called the selectivity of the grid.

Transmitted primary

Selectivity = -
Transmitted scatter

A variation in selectivity of at least 20% is needed between
two grids before any difference becomes apparent radiogra-
phically.

An example will help make this clear. Table 7.1 shows
the selectivity, at different kV values of two grids, each
having about the same grid ratio but different numbers of
lead strips to the cm.

Table 7.1 Selectivity of two grids at different kV values

75kV 100kV 125kV 150kV
Grid A
40 strips per cm (12:1) 8.5 5.8 5.2 5.1
Grid B
24 strips per cm 16.0 12.0 11.0 10.1

(12.8:1)

The fine line grid (A) has a lower selectivity than grid
(B) at all kV values. This means that, although grid (A)
has a large number of lines per cm which will not be
readily apparent on the radiograph, the elimination of
scatter is not as good as that of grid (B) and the film will,
therefore, have less contrast.
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MOVING GRID MECHANISMS

Whilst stationary grids absorb scatter they also record a
pattern of their grid lines on the radiograph. However, if
the lines are close together (large number of grid lines to
the cm) their presence tends to be unobtrusive and they
may be quite difficult to detect when viewing the radio-
graph at the normal distance.

We also noted, however, that if there are a large number
of grid lines per cm the increased number of strips is
usually accommodated by making each of the strips of
thinner metal (lead or tungsten). Consequently, the select-
ivity of such a grid is usually lower than that of a grid with
fewer lines per cm providing the lesser number of strips are
made of thicker lead and the grid ratio remains constant.

The better grid to use in practice will obviously be the
grid with the greatest selectivity, e.g. the grid which allows
the greatest transmission of primary with the maximum
absorption of scatter but only if the coarse pattern of grid
lines can be eliminated from the radiograph. Elimination
of grid pattern is achieved by causing the grid to move
during the exposure.

It should be noted that everything said previously about
stationary grids applies equally to moving grids, e.g. there
should be minimal off-centring of the beam to the grid. A
focused grid should be used at the correct FFD. Care
should be taken to position the grid with the correct surface
to the tube and the beam should not be directed against
the grid lines etc. It is obvious that if the grid is moving
during the exposure it cannot remain centred to the tube.
Some degree of off-centring is inevitable, but this is mini-
mized by making the grid move as short a distance as
practicable during the exposure (usual distance is about
4.5cm).

Other disadvantages include the possible vibration of
the cassette due to movement of the grid and the unavoid-
able increase in geometric blurring and enlargement of
the image due to the increase in object film distance,
needed to accommodate the moving grid and its associated
mechanism.

The types of grid movement in general use are:

Reciprocating Grid moves fast in one direction and

movement slowly in the other, maintaining this
sequence throughout the exposure

Oscillating Grid moves back and forth across the

(vibrating) film during exposure

movement

Catapult Grid makes one movement across

movement film. Initial speed is very high, then

it moves more and more slowly.

The single stroke, potter bucky movement, using a single,

timed movement of the grid across the film during an
exposure, was popular for many years, but is now almost
obsolete.

Reciprocating movement

Pressing the exposure switch on the unit energizes an
electromagnet which pulls the grid rapidly across the film
and simultaneously tensions a spring. The exposure is
started when contacts are closed shortly after the grid
begins to move. Just before it reaches the end of its travel
the grid breaks a contact which stops current flowing in
the electromagnet and the grid is pulled across the film, by
the spring, in the opposite direction. This time, however,
movement is slowed by the oil in a hydraulic system. Just
before it reaches the end of its travel the grid operates a
contact which energizes the electromagnet once again.
This sequence continues, fast in one direction, slow in the
other, until the end of the exposure.

A short exposure takes place whilst the grid is moving
fast and a longer exposure extends into the slow return
movement. Still longer exposure take place whilst the grid
is moving alternately fast and slow.

Disadvantages

(1) The grid is stationary for a brief fraction of time at
each reversal of movement. There is the possibility
of synchronism occurring. Synchronism occurs when
the grid lines are in the same position for each pulse
of radiation. Such a danger can be reduced by using
a different type of grid movement, e.g. a vibrating
grid movement whose frequency of alternation is not
constant but decreases rapidly with time.

(2) The rapid and slow movements of the grid can easily
cause vibrations to be set up in the X-ray table or
erect bucky. Such vibration inevitably leads to loss
of film quality.

Oscillating ‘vibrating’ movement

The grid, supported by four leaf springs, makes a back-
wards and forwards movement over the film.

When the exposure switch is put into ‘prep’ an electro-
magnet is energized and it pulls the grid across to the limit
of its travel. The grid is held in this position with the
springs tensioned ready for an exposure. When the expo-
sure switch is pressed, a relay is operated which stops
current flowing to the electromagnet and the grid is rele-
ased. The grid is now free to move back and forth under
the influence of the springs. Shortly after the grid begins
its movement it operates a relay which starts the exposure.
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The grid continues to vibrate during the exposure but the
frequency of vibration is not constant and the grid vibrates
slower and slower until it finally comes to rest after 15-30
seconds, which is long enough for any diagnostic exposure
(Figure 7.22).

Figure 7.22 Vibrating grid mechanism and graph showing grid move-
ment against time

Siemens catapult bucky

The grid moves initially at high speed then slows down in
an exponential fashion.

The exposure is initiated shortly after the grid begins to
move, i.e. when the grid is moving at its fastest. In this
way short exposures occur whilst the grid is moving very
fast and longer exposures extend into the time the grid is
moving more and more slowly. This type of movement
ensures grid movement during the exposure, whether the
exposure is long or short.

The grid in this case is driven by an electric motor.
There is no reversal of grid movement and the constantly
changing rate of movement ensures that synchronism does
not occur (Figure 7.23).

Figure 7.23 Catapult grid movement
INTERCHANGEABLE GRIDS

Most modern moving grid assemblies have grids which
are supported in a metal frame and secured by catches.
Releasing the catches allows the grid to be lifted from
the frame and removed. A series of grids with different
characteristics, e.g. different ratios, are available enabling
the radiographer to choose the grid he feels most appropri-
ate for a particular examination or kVp used.

SIEMENS ‘SLOT’ TECHNIQUE

Besides the conventional grid movements previously de-
scribed, which are available in one form or another on all
Siemens X-ray tables, some have an additional facility
using the slot technique (Figure 7.24).

Using this technique the X-ray tube swivels about an
axis, located at the tube focus, when an exposure is made.
The X-ray beam is collimated to a narrow transverse
slit approximately 1cm in width which sweeps down the
patient (and film) during the exposure. A second collima-
tor located under the table top but above the cassette
ensures that the slit of radiation does not exceed 1.0cm
when it reaches the film. Figure 7.25 illustrates the tech-
nique.

During the exposure the tube rotates and the narrow
transverse beam of radiation passes down the patient. The
primary and secondary slit diaphragms move down the
table, as shown in Figure 7.25, exposing only a section of
the film at a time. The film is thus exposed by a slit of
radiation which moves continuously over the film during
the exposure. There is no ‘grid’ as such and therefore
patient dose is reduced by as much as 50%. The disadvan-
tage of this technique lies in the fact that the film is exposed
in sections and although the exposure is continuous the
exposure time is obviously extended. For short exposure
times, i.e. when there is likelihood of physical movement,
the more conventional moving grid technique is used.
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Figure 7.24 Siemens unit (Multix CPS) with choice of SLOT or conven-
tional grid movement

Figure 7.25 Siemens SLOT technique, note reduction in amount of
scatter produced compared with conventional technique

LIMITATION OF THE PRIMARY BEAM

We noted previously that the larger the field irradiated
the greater is the amount of scatter produced. Restriction
of the X-ray beam to the desired limits, with consequent
reduction in scatter, may be achieved by the use of cones,
diaphragms (single or multiplane) or, more usually, the
light beam diaphragm. The cone, made of metal and
sometimes lined with lead, restricts the beam to a specific
area, the dimensions of which are determined by the length
of the cone, its diameter and the focal film distance at
which it is used. Cones project a circular field of radiation
(Figure 7.26) but collimators can be obtained which give
arectangular field. The latter are generally more effective,
excepting those cases especially suited to a circular field,
e.g. radiography of the skull, sinuses, etc.

Figure 7.26 Different types of metal cones

Another simple means of beam collimation is provided
by the plate diaphragm which is simply a metal plate
with a hole in it (Figure 7.27). The diameter of the hole
determines the field covered at a particular focal film
distance. A set of such diaphragms are provided as access-
ories for use with the skull unit. Although cheap and
simple to use, single diaphragms do not give a sharply
defined field because of the effects of the penumbra.

Figure 7.27 Plate diaphragm
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Penumbra, at the edge of the field, can be reduced by
using cones or multiplane diaphragms. The longer the
cone the less the penumbra.

Single plane diaphragms with a variable aperture
(Figure 7.28), either circular or rectangular, whilst more
flexible in use than the plate diaphragm also suffer from
the problem of penumbra at the edge of the field of
radiation.

Figure 7.28 Variable Aperture Diaphragm (Iris Diaphragm) with lead
leaves

The light beam diaphragm

This utilizes lead leaves, usually multiplane, to collimate
the beam of radiation. The field covered is indicated by a
beam of light which follows the same path as the X-ray
beam. The lead leaves in each of the sets (A) and (B) can
be moved in or out as indicated by the arrows (Figure
7.29). Pairs of lead leaves (1-2) and (5-6) and (3—4) with
(7-8) move in and out in unison. However, each set of
pairs (i.e. 1256 and 3478) can be moved independently of
each other, making it possible to produce a rectangle of
any dimensions, within the maximum limits of the housing.

Figure 7.29 Movement of lead leaves

Movement of the leaves is controlled by levers or knobs.
Linear movement of the former or rotation of the latter
operates a drive which moves the diaphragm in or out.
The field covered is indicated by the light from a high
intensity lamp which is focused on to a radiolucent mirror,
usually silvered plastic (aluminium equivalent about
0.5 mm) which is positioned at an angle of 45° to the central

ray (Figure 7.30). Because such a lamp has a short life it
is usual for it to be operated by a press button, self-
cancelling switch which stays on for only a limited period,
usually about 15 seconds. A separate spring-loaded switch
is sometimes provided to allow increased light output for
a limited period of time when the light beam diaphragm
(LBD) is being used in a well lit room. A scale indicates
the dimensions of the field covered at different focal film
distances. The front of the LBD is made of clear plastic
and either intersecting black lines or a black dot indicate
the centre of the beam when the light shines on to the
patient.

Figure 7.30 Diagrammatic representation of the light beam diaphragm

The light beam diaphragm can be rotated through 90°
on its mounting, to allow the rectangular field to be lined
up to the cassette when it is used on the table top. The
underside of the LBD may be fitted with channels to allow
the fitting of cones to provide a circular field for such
examinations as the skull, sinuses etc. When the LBD is
fitted to a tube with motorized movements (e.g. a ceiling-
suspended tube) there may be a metal ring fitted to the
face of the LBD. It is held off the face of the LBD by two
coil springs. Compression of one or both of these springs
operates a microswitch which breaks the circuit to the
electric motor and stops the movement of the tube. This
ensures that careless usage or a faulty electric switch does
not cause the tube to be driven down on to the patient and
cause injury, as the tube movement is stopped when the
LBD touches the patient, compressing the springs and
operating the cut-out switch.

It must be remembered that the beam of radiation and
the beam of visible light are diverging, therefore the area
indicated by the light on the patient’s skin is always smaller
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than the area covered by radiation on the film (Figure
7.31). Care must therefore be taken not to irradiate too
large an area, especially when such examinations as lum-
bosacral junctions etc. involving a large skin surface to
film distance, are being undertaken.

Figure 7.31 Area indicated on skin surface is always smaller than area
of film exposed

Use with automatic exposure control

When a light beam diaphragm is fitted to a unit using
automatic exposure control, such as the iontomat, the
position of the ionization chambers (measuring fields) rela-
tive to the X-ray beam and the patient may be indicated
by using a perspex sheet on which is marked the outline
of the measuring fields. This is fitted to the front of the
LBD and projects the outline of the measuring fields on
to the patient’s skin. The radiographer is thus able to
ensure that the measuring field is under the patient and
not exposed directly to radiation. A different plate must
be used for each focal film distance.

Use in theatre with optical view finder

When the ambient lighting conditions are very bright, e.g.
in the operating theatre, it may be difficult to see the
light beam projected on to the patient’s skin. In these
circumstances an optical viewfinder is sometimes used.
With this system the light source is replaced by an optical
system. Light from the patient is reflected by the mirror
on to a ground glass screen via an optical system (Figure
7.32). The radiation field is then viewed by the radiogra-
pher on the ground glass screen.

Undercouch tube — automatic beam collimation

When using an overcouch tube, the lead leaves of the light
beam diaphragm can be adjusted manually so as to cover
exactly the field required for a particular examination.
The radiation field can be seen as an area of white light

Figure 7.32 Light beam diaphragm with optical viewer

on the patient’s skin and changes in field size due to
variation in focal film distance can be compensated for by
manipulation of the lead leaves.

As the undercouch tube is relatively inaccessible manual
control of the diaphragms is obviously impracticable. The
lead leaves are therefore driven in and out by small electric
motors which are controlled by switches located either on
the explorator panel or on a remote control trolley. If the
beam of radiation from the undercouch tube is collimated,
so as to just cover the fluorescent screen when it is fully
compressed, the radiation will overshoot the edges of the
screen when there is minimal compression (when the focal-
screen distance is at a maximum) (Figure 7.33). If the
radiation hazard is to be kept to a minimum it is necessary

Figure 7.33 Automatic beam collimation is essential during fluoroscopy
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for the diaphragms to close as the focal-screen distance is
increased and opened when it is decreased. It is essential
that this collimation is automatically controlled if there is
to be complete coverage of the fluorescent scteen at all
focal-screen distances with minimal danger of radiation
dose to staff. It should be noted that the foregoing refers
to maximum screen coverage, the radiologist is still quite
free, of course, to reduce the field to as small an area as
he wishes within this controlled area.

Similarly, in cassetteless radiography the beam is auto-
matically collimated to the selected film format as descri-
bed in Chapter 11.

Crossed light beam centring device

This device indicates the centre of the X-ray beam by
means of two intersecting white lines which form a cross
on the patient’s skin.

Figure 7.34 Crossed light beam centring device

Light from a focused high intensity lamp is projected
through a slit in a metal container, two such containers
being mounted at right angles to one another at each side
of the tube window (Figure 7.34). Unlike the light beam
diaphragm this device does not indicate or control the area
being irradiated. As it does not obstruct the X-ray beam
it need not be removed during an exposure, and cones
may be used in conjunction with it. It is sometimes fitted
to mobile units (most now have a small LBD) and skull
units. When used with a skull unit these lights are useful
as an aid to positioning as well as indicating the centre of
the beam (Figure 7.35).

Figure 7.35 Crossed light beam centring device used as a positioning
aid in radiography of the skull

X-RAY TABLES

The simplest X-ray table consists of a radiolucent top
supported on four legs. The plain ‘bucky’ table also has a
moving grid assembly (bucky) and cassette holder which
is slung on rails under the table top. The grid and cassette,
within the ‘bucky’ assembly, are thus held parallel to the
table top and may be moved along the table under the
patient and locked in any desired position (Figure 7.36).
The locks are either manually or electromagnetically oper-
ated. Provision is made along the edges of the table for
the attachment of displacement bands, head clamps, etc.

Figure 7.36 Plain ‘bucky’ table

Floating top table

Figure 7.37 Floating top table
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The floating top table makes it much easier to position the
patient but the provision of a floating top also tends to
increase the table top to film distance which also increases
the enlargement and geometric unsharpness of the image.
The table top may be ‘dished’ to reduce this effect, or in
some models the ‘bucky’ mechanism is raised after the
patient has been positioned. Alternatively the FFD may
be increased slightly to minimize the increase in geometric
unsharpness.

Longitudinal and lateral movements of the table are
controlled by electromagnetic brakes and these are op-
erated from either a full length pedal located at the base
of the table or by hand-operated switches at each end of
the table (Figure 7.37). The longitudinal and transverse
movements may be locked independently of one another.

Variable height table
(a)

(b)

Figure 7.38 Variable height table by International General Electric
installed at the Royal Lancaster Infirmary, England, (a) raised (b)
lowered

Tables with this facility are very useful, particularly for
the elderly or infirm. The table illustrated in Figure 7.38
has a floating top which can be raised from a lower height
of 52.5cm to a maximum height of 85cm from the floor.
The table top can be moved longitudinally or transversely
and locked in any desired position by electromagnetic
brakes, controlled by foot switches at the base of the table.
Other foot switches control the up and down movements
of the table. The table is fitted with a moving grid mechan-
ism, the grid having a ratio of 12:1.

The table top measures 220 cm by 81 cm. The wide table
which is an advantage to the radiographer when positioning
the patient can be a disadvantage for the smaller radiogra-
pher when trying to pull a patient on a mattress from a
trolley onto the table.

Accessory equipment includes an immobilization band,
hand grips, lateral cassette holder and hip clamps.

Other ‘bucky’ assemblies

Vertical buckies, pedestal buckies and versatilt (variable
angle) buckies all have their own advantages in particular
situations. As with other ‘bucky’ systems automatic expo-
sure control is an optional facility.

The vertical bucky

This consists of a counterbalanced moving grid/cassette
holder assembly which can be raised or lowered. It is
supported on a vertical column and may be locked in any
desired position (Figure 7.39). Provision is made for the
attachment of a cassette holder to the front of the bucky
unit so that it may be used for chest radiography. Provision
is also made for the attachment of head clamps and dis-
placement (compression) bands to the front of the bucky
assembly. Standard cassettes from 13 X 18 cm may be fitted
one way and 18 X 24 cm up to 35 X 43 cm fitted both ways
can be accommodated in a tray with self-centring mechan-
ism. The tray can usually be loaded into the bucky from
the left or right hand side, according to requirement.

Accessories such as the headclamp and the cassette
holder are simply attached to the front of the bucky by
means of a single socket and hand-operated lock screw.
To ensure continued smooth and easy movement of the
bucky carriage when accessories are fitted, trimming coun-
terweights are provided; these are simply added or sub-
tracted by means of a foot-operated control at the base of
the vertical column.

The Versatilt bucky (Picker)

The bucky unit is raised or lowered on a single vertical
column which may be floor-to-ceiling or floor-to-wall
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(a)

Figure 7.39 (a) Vertical bucky stand (Picker), (b) Alternative mountings

mounted (Figure 7.40b). A scale on the vertical column
indicates the bucky centre-to-floor distance. The bucky
may be supplied so as to be offset left or right of the
vertical column or centred to it. The bucky can be angled
through 105° and has automatic check stops in the vertical,
horizontal and forward tilt positions.

All movements of the bucky are counterbalanced. It
may be rotated through 180° and locked into position
automatically at 90° intervals. This is useful when the
bucky is being used under a trolley as the bucky can be

rotated to enable loading of cassettes from either side.
The unit is fitted with a vibrating grid mechanism, the
grid having a ratio of 10:1. A self-centring cassette tray
accommodates cassettes from 18 X 24cm to 35 X 43cm.

A wide range of accessories are available including a
lightweight cassette holder which attaches to the front of
the bucky unit and which accepts cassettes from 18 X 24 cm
to 35x43cm; a headclamp which immobilizes the pa-
tient’s head between two rubber pads and a nylon immobil-
ization band.
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Figure 7.40 (a) Versatilt bucky (Picker), (b) range of movements
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FLUOROSCOPIC EQUIPMENT

The simplest type of fluoroscopic. unit consists of an X-ray
table, an undercouch tube and an overcouch ‘screen’. The
‘screen’, consisting of a phosphor such as cadmium zinc
sulphide coated onto thin card is sandwiched between a
piece of protective plastic on the patient’s side and a sheet
of lead glass on the observer’s side (Figure 8.1). This
sandwich is mounted in a metal framework which gives
support to the screen and provides a means of attachment
for the screen to the undercouch tube, as well as providing
a means of keeping the screen parallel to the table top.
Whilst such a system of direct viewing is very simple it has
many associated disadvantages. For example, viewing is,
of necessity, by rod vision (rods being sensitive to poor
light conditions) and the X-ray room must, in conse-
quence, be in total darkness and the radiologist’s eyes
accommodated to such darkness before the examination
begins.

Lead glass

N

Phosphor (silver activated
cadmium zinc sulphide)

]
4 —_——

Viewer
X-ray tube

Figure 8.1 Principle of fluoroscopy

Visual brightness of the fluorescent screen may, of
course, be increased by increasing the tube current but as
this would necessitate an increase in current of some 5000-
fold to increase the screen brightness sufficiently for cone
vision to be used, it can be appreciated that such an
increase would be quite impracticable.

The image intensifier which is now widely used with
fluoroscopic equipment gives an increase in image bright-
ness of some 6000 times, without increase in radiation dose
to the patient, whilst the use of closed circuit television
reduces the dose even further. By using an image intensifier
system in conjunction with closed circuit television the
output image is made sufficiently bright for cone vision to
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be used and at the same time radiation dose to the patient
is greatly reduced.

Whether the image is viewed directly on the fluorescent
screen or via the image intensifier and closed circuit tele-
vision system, it is clearly essential to ensure that the X-
ray tube and recording system are linked so that they move
synchronously with one another.

The fluoroscopy table has an undercouch tube which
is physically linked to the fluorescent screen (or image
intensifier). The essential features are indicated in Figure
8.2.

Figure 8.2 Simple fluoroscopy unit

The screen can be raised or lowered, moved longitudin-
ally or transversely and the tube always follows it and is
always centred to it. The X-ray tube is supported a fixed
distance beneath the X-ray table but the screen may be
raised or lowered to accommodate different thicknesses of
patient. Provision is made to accommodate a cassette
under the screen (or image intensifier) when a radiograph
is needed, (Figure 8.4). The table and screening assembly
may be tilted into the erect or horizontal positions or at
any intermediate angle. The maximum degree of tilt in
either direction varies according to the design of the table,
some tilting 90° in one direction and 15° or 30° in the other,
whilst others have a 90° forward and a 90° adverse tilt
(Figure 8.3). The tilting movement is usually provided
by means of a two-speed electric motor, although some
manufacturers use a hydraulic system.

In addition to the undercouch tube used for fluoroscopy,
there is usually an overcouch tube which is used for conven-
tional radiography. When not in use the fluorescent screen
assembly may be moved to one end of the table, provision
sometimes being made to swing the screen clear of the
table top leaving the table clear for conventional radiog-
raphy. The table is fitted with a moving grid mechanism
which is secured at one end of the table when the unit is
being used for fluoroscopy.

The table top, in common with most other X-ray tables,
is made of a radiolucent material (specially bonded bakel-
ite) with side rails or runners to provide the necessary
attachment for accessories such as hand grips, head
clamps, displacement bands, nylon harness, foot rest, etc.
A foot rest is essential as the table is frequently used in
the erect position. The modern table top can be moved in
the longitudinal and sometimes transverse directions and
locked in any desired position by means of electromagnetic
locks. Interlocks ensure that if the end of the table touches
anything the electric motor drive is automatically switched
off. The extent of the longitudinal movement varies with
different models of table, but it is usually possible to
extend the table top over a film changer such as the AOT
when the occasion demands. The patient can thus be
screened and the table top then moved over the AOT for
serial films to be taken, see Chapter 11, Figure 11.7.

The screening assembly contains the fluorescent screen,
or, alternatively in modern equipment, the image inten-
sifier, the face plate of which is secured in place of the
fluorescent screen. The image intensifier unit is counterba-
lanced, easily movable and is usually parked at one end
of the room when not in use. The image intensifier tube
will be described later. The screening assembly also has
associated with it the controls and switches needed to make
radiographic exposures, move the table top, tilt the table,
move the undercouch tube and screen holder, etc. It also
accommodates the serial changer.

Figure 8.3 The range of forward and adverse tilt possible with a +90° to —90° fluoroscopy table
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The serial changer (Spot film device)

This is used to bring a cassette into position ready for
a radiographic exposure. An interlock ensures that an
exposure cannot be made until the undercouch tube has
been switched from screening to radiography. The beam
of radiation is automatically collimated to a particular
area at a particular focal film distance.

By means of a format selector one is able to irradiate
any chosen size of film, or alternatively, by means of lead
masks, make a number of exposures on different parts of
a single film, i.e. the film may be split into two, four, six
or eight small areas.

A secondary radiation grid, moving or stationary, may
be brought across into the field of radiation, either manu-
ally or by motorized drive, when required. Compression
devices of different shapes and sizes can be brought across
into the field of radiation as required to provide the requi-
site amount of tissue displacement during fluoroscopic or
radiographic examinations.

Figure 8.4 Diagrammatic representation of a simple serial changer. A
- Diaphragm control; B — Prepare and expose switches; C — Fluoroscopy
control; D — Brake and servo drive control handle; E — mask control; F
- format selector; G — Table tilt switch; H — Table top movement switch;
I - Grid in/grid out switch; J — Compression brake switch; K — Patient
light switch; L — White light switch

Remote controlled equipment

Some of the more recent types of fluoroscopic units have
the serial changer controls duplicated and mounted on a
mobile unit which may then be located behind the lead-
lined protective cubicle. All the table movements etc.
previously controlled from the serial changer may then be
operated from a safe distance or, as stated, from within
the protective cubicle itself. An example of such a table
is shown in Figure 8.5.

Key:

1 Hand protection bar 7 Adjustable hand-grips 13 Tube assembly arm with

2 Patient’s table with longitudinal telescopic extension for FFD

and transverse excursion

8 Local control panel

3 Shoulder supports with vertical
and lateral adjustment

4 Planigraphic attachment

9 Undertable spotfilm device with
image intensifier and TV camera

10 SIRCAM camera
11 Coupling for fitm changer

14 Removable compression cone

15 Indicator for the oblique beam
projection angle

16 Planigraphic height indicator

5 Belt compressor 17 Footboard , height adjustable

12 Tube assembly with multi-leaf and removable

6 Angle indicator for table tilt collimator

Figure 8.5 Siemens siregraphic remote controlled fluoroscopy table

Changing from fluoroscopy to radiography

As previously mentioned the X-ray tube must be switched
from fluoroscopy to radiography operation before a radiog-
raphic exposure is made. For example, a patient may be
screened at 3mA and 85kVp (or with image intensifier
0.5mA and 100kVp) whilst a radiographic exposure may
necessitate 400 mA and 70k Vp for 0.25s. To switch rapidly
from one set of exposure factors to the other, two comple-
tely separate sets of controls are provided. The screening
kV control taps off a certain number of turns from the
autotransformer and can be varied independently of the
radiography kV control. The two sets of controls are
shown in Figure 8.7. Selection of either set of controls is
by means of a changeover switch. It is thus possible to set
radiography kV quite independently of screening kV then
switch rapidly from one to the other.

In addition, the mA must be raised from the small value
used for fluoroscopy to the 400mA or so needed for
radiography. To achieve this a changeover switch is used
to switch from the circuit providing the small current
needed for fluoroscopy to the circuit providing the high



104

EQUIPMENT FOR DIAGNOSTIC RADIOGRAPHY

Key:

1 Automatic format collimation
2 Reserve switch

3 X-ray video-recorder

4 TRANSICON®

§ TV-image reversal

6 FFD adjustment

7 Operating mode selector switch
(routine, tomography, film

14 Selection of the three-field
measuring chamber

15 Spotfilm device operation

16 Reserve switch

17 1. fluorography

24 Oblique beam projection with
automatic mid-positioning

25 Unit tilting and Trendelenburg

26 Compression

27 Signal lamp (green) multi-leaf

18 Cassette carriage in/out travel collimator closed
{load/unload) 28 Multi-leaf collimator open and

19 LOADIX indicator (thermal close

changer) tube assembly monitoring) 29 Signal lamp (red): radiation
8 Planigraphic height indicator, 20 Signal lamp (yellow): work- 30 Fluoroscopy-kV (7 steps) and
digital station occupied (with automatic dose rate control

OPTIMATIC generators only) {2 values)
21 Exposure release 31 Contrast and brightness (TV)
22 Patient's table longitudinal and 32 1.1. -format change-over
transverse excursion
23 Spotfiim device/I. l.-tube unit,
longitudinal movement and
patient’s table transverse
excursion

9 Planigraphic height setting

10 Travel of table and X-ray
system into angiographic
position

11 Signal lamp (green): ready for
exposure spotfilm device

12 Selection of cassette programme

13 Rapid series technigue with
cassettes and indirect camera

Figure 8.6 Control elements of remote control console

filament current needed for radiography (Figure 8.8). At
the same time the speed of anode rotation is increased to
that appropriate to radiography. As the radiography mA
has been selected previously, changeover to this circuit is
rapid, although time is needed (about 1.0s) for the anode
to reach full rotational speed etc.

The following sequence of events takes place when the
equipment is switched from screening to radiography.
(1) First pressure on the exposure switch prepares the

circuits for the exposure.
(2) The screening circuits are switched out.
(3) Preselected radiography circuits are switched in.
(4) The cassette is moved into the expose position.
(5) Further or continued pressure on the exposure switch
causes an exposure to be made.
Removal of pressure from the exposure switch causes the
cassette to be moved laterally to the right or left of the
serial changer where it can be removed. The preselected
screening factors are automatically re-engaged and fluoro-

scopy continues. For ease of working a foot controlled
switch may be used for fluoroscopy.

Figure 8.7 Changeover switch from fluoroscopy to radiography

Figure 8.8 Circuit to change over from radiography mA to fluoroscopy
mA and vice versa
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Fluoroscopic timer

A timer, linked to the fluoroscopic circuit in such a way
as to record the screening time of each patient, is now used
in most departments. The timer is set by the radiographer,
at the start of each examination, for a predetermined
length of time, say up to 8 min. The timer is activated
whenever the tube is energized for fluoroscopy and stops
recording whenever fluoroscopy stops. At the end of the
predetermined period of time a buzzer sounds and conti-
nues until fluoroscopy stops or until the timer is reset.

Protection

Primary radiation during direct viewing is heavily atten-
uated by the lead glass which is mounted in front of the
fluorescent screen whilst scatter is absorbed by overlapping
leaves of lead rubber which hang down from the edges of
the serial changer. The metal sides of the table also provide
protection against scatter and the aperture along the upper
edge of the table, which gives access to the cassette tray
used for general radiography is covered by a hinged flap
when the unit is used for fluoroscopy.

Code of practice

The overlapping lead rubber leaves which are suspended
from the serial changer must be not less than 45cm X 45 cm
and have a lead equivalent of at least 0.5 mm.

Measuring patient dose

Whilst great efforts have always been made to assess as
accurately as possible the radiation dose absorbed by each
patient undergoing therapeutic examination, it has never,
until recently, been common practice to measure the radi-
ation dose applied to a patient undergoing a diagnostic
examination. Tables are available, of course, which indi-
cate the average dose administered to a patient for specific
examinations and the skin dose for a tube operating at a
particular kVp, mAs and FFD and a particular thickness
of aluminium filtration can be calculated by using a nomo-
gram. It is only recently, however, that the dose applied
to a patient undergoing such examinations as fluoroscopy,
cine fluorography, angiography, etc. could be measured
during the actual procedure without hindrance to the proce-
dure in any way.

Such an instrument which measures patient exposure
dose during diagnostic procedures is the diamentor. It
consists of a flat ionization chamber, a pre-amplifier and
a measuring and display unit. The flat ionization chamber,
which is transparent to X-rays and light, is fitted to the
front of the light beam diaphragm. All the radiation pass-

ing through the light beam diaphragm is measured and it
is assumed that all the radiation falls on the patient. The
chamber has a filtering effect equivalent to approximately
0.5mm aluminium.

The radiation dose applied to the patient is recorded
visually on the display unit by means of a digital counter.
Each unit corresponds to an exposure of 10R times the
irradiated area in square centimetres (10 R cm?). An audio
signal in the form of a ‘pip’, adjustable in volume, is
emitted by a loudspeaker with each count. Variation in
applied dose due to changes in kVp, mA, exposure time
and irradiated area (field size) can thus be not only seen but
also heard. This tends to make radiographers, radiologists,
cardiologists, surgeons, etc. more conscious of the radi-
ation dose being applied to the patient and indirectly to
themselves. This increased awareness frequently leads to
a reduction in applied dosage.

When the counter mechanism has registered the applied
dose for a particular exposure it may be reset by press
button, or left to integrate the dose associated with a series
of exposures for a particular procedure or examination.

A higher sensitivity model of the diamentor is available
in which each count is equivalent to 1 Rcm?. This is of
practical value when used with image intensifier installa-
tions and when small exposure values are regularly used,
e.g. in radiography of children, etc.

Dose to the patient can also be measured using thermo-
luminescent discs as described in Chapter 13.

IMAGE INTENSIFIER TUBES

The image intensifier tube which was mentioned earlier
consists of an evacuated hard glass envelope as shown in
Figure 8.10. The inner front surface of the tube is coated
with a fluorescent material, usually caesium iodide. The
photocathode (caesium activated by silver) is coated di-
rectly onto the input phosphor. This is done by a special
process which ensures that there is no chemical reaction
between the photocathode and input phosphor. The input
phosphor and the photocathode must be in intimate con-
tact. The result of separation is increased unsharpness and
loss of contrast in the output image.

A small area at the other end of the glass tube is coated
with an output phosphor (e.g. zinc cadmium sulphide
activated by silver). The tube also encloses an electrostatic
focusing system and an anode. These also are indicated in
Figure 8.9.

The diameter of the input phosphor varies from 12.5cm
to 35cm according to the manufacturer and the particular
model, whilst the output phosphor varies from approxim-
ately 1.25cm to 3.5cm. (There are some other variations
in the case of the 35cm image intensifier tube but these
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Figure 8.9 Image intensifier tube

will be discussed later.) The image intensifier functions as
shown in Figure 8.10.

The body structures attenuate the beam of radiation,
the emergent photons forming an invisible image of the
structures through which they have passed. The emergent
photons may be thought of as information carriers, the
total image being composed of countless numbers of such
photons. Each of these X-ray photons has its energy con-
verted into photons of light at the input phosphor of the
image intensifier tube. This results in a visual image at the
input phosphor. The input phosphor must convert as much
of the X-ray photon energy as possible into photons of
light and, in fact, each X-ray photon produces some 5000
photons of light. The photons of light (constituting the

visible light image at the input phosphor) strike the photo-
cathode which is in intimate contact with the input pho-
sphor causing it to emit electrons, the number of electrons
produced at any given part of the photocathode being
dependent upon the intensity of light at that particular
part. An electron image is therefore produced at the
photocathode which corresponds to the light image pro-
duced at the input phosphor. The electrons constituting
the electron image are focused by an electrostatic focusing
system and accelerated towards the anode by a potential
difference of 25 kV which exists between the photocathode
and the anode. On entering the field-free region the elec-
trons diverge and strike the output phosphor where the
high speed electrons give up their energy as photons of

Figure 8.10 Image intensifier in use
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light. A visual image is thus formed at the output phosphor
of the image intensifier which is many times brighter than
that of the input phosphor.

The brightness of the image at the output phosphor is
increased many times compared with that of the input
phosphor. There are two main reasons for this:

(1) The small area covered by the output phosphor com-
pared with that of the input phosphor, the image
being much reduced in size.

(2) The energy imparted to the electrons as they are
accelerated from the photocathode to the anode by
the potential difference of 25kV.

The image intensifier tube is surrounded by a light-
tight protective antimagnetic metal casing (Figure 8.11). A
rectangular front plate is used to locate the image inten-
sifier to the screening carriage of the fluoroscopic unit. The
front plate and the image intensifier casing must have a
lead equivalent of at least 2mm for 100kV with an addi-
tional 0.01 mm per kV from 100-150kV (Code of Prac-
tice).

To summarize, a weak visible light image (input pho-
sphor) is converted into an electron image by the photo-
cathode. The energy of the electrons is increased by
accelerating them through a potential difference of 25kV.
The electrons with their energy much increased strike the
output phosphor and produce an image which is many
times brighter than the original.

Magnification (dual field)

By energizing a secondary focusing electrode it is possible
to enlarge a small area of the input phosphor so as to cover
the full area of the output phosphor. This is illustrated in
Figure 8.12.

Figure 8.11 Light-tight ray-proof casing for image intensifier and TV
camera tubes

Due to the reduction in input field size a smaller number
of electrons are available to cover the output phosphor
(the area of which remains unchanged). In these circum-
stances the exposure must be increased (by about 15kV)
if the number of electrons reaching the output phosphor
is to remain constant. If the exposure is not increased
the quality of the output image will almost certainly be
degraded due to quantum mottle.

When enlargement facilities are available, providing
two field sizes, e.g. 25cm and 15cm, it may be called a
25/15 image intensifier tube. This means that the large field
will be 25 cm in diameter and the small field (subsequently
enlarged to normal size) will be 15 cm in diameter. Typical
brightness gain claimed by the manufacturers for a 25cm
field image intensifier tube is approximately 9000 times
with resolution at the centre of the field of approximately
4-5 line pairs per mm.

Figure 8.12 Enlargement of the intensified image
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VIEWING THE OUTPUT IMAGE

The small output image (approximately 1.25-3.5cm in
diameter) may be viewed or recorded in a number of
different ways:

(1) Directly — by means of an optical system (now rarely,
if ever, used).

(2) By means of a TV monitor via a closed circuit tele-
vision chain (the video signal can also be recorded
on video tape).

(3) By photography of the image using a cut film or roll
film camera.

(4) By recording the image on cine film (either directly
using a cine camera or indirectly by filming the image
on a TV monitor — called kinescopy.

Triple field 35 cm image intensifier

Recently Philips have introduced a 35 cm image intensifier
with a choice of three fields — 35cm, 25cm or 16.25cm
(Figure 8.13). Whilst using the same principle of operation
as other image intensifier tubes it does have some differ-
ences:

(1) The front of the intensifier is made of titanium foil.
This metal is very strong and absorbs less primary
radiation than glass.

(2) A potential difference of 35kV, as opposed to the
more normal 25kV, is applied between photocathode
and anode.

(3) The output phosphor is in close contact with a plan-
oconcave fibre optic disc. This system increases light
transmission, reduces scatter, improves resolution
and reduces image distortion.

(4) The tube is shorter than its predecessors although the
face of the tube is of greater diameter.

The advantage of the 35cm image intensifier lies in the
fact that it is now possible to image areas comparable to
those used for conventional radiography, and to record
them on 105 mm roll film or 100 mm cut film. By recording
on the smaller film format compared with large X-ray film
format it is possible to:

(1) Reduce patient dose (less dose per frame).

(2) Make exposures at a faster rate than possible with,
for example the AOT and at short exposure times,
with consequent reduction in movement unsharp-
ness. ’

The disadvantage lies in smaller sized images. Radiologists

and surgeons are used to looking at ‘normal’ sized radio-
graphs and tend to be put off by the smaller image,
particularly if measurements are to be made. There is no
doubt, however, that the large field image intensifier will
have a profound effect on radiography techniques in the
future.

Figure 8.13 Philips 35cm image intensifier tube

Figure 8.14 Image distributor — 10% of the light is passed to the TV
camera and 90% to the cine camera

The output image may be transferred from one imaging
system to another, i.e. from the-cut film camera to, say, the
cine camera, by using an image distributor. This consists of
a mirror set at an angle of 45° which directs the image onto
the face of the recording system selected. Provision is
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made around the image distributor tor the attachment of
a cine camera, cut film camera, television camera, etc. A
rotary movement of the mirror (usually motorized) en-
ables any particular system to be chosen at will (Figure
8.14).

A special feature of the mirror is that it is not wholly
reflective but transmits a proportion of the light. Approxim-
ately 90% of the light is reflected and 10% transmitted.
This enables the TV camera to be used at the same time
as, say, the cine camera, 10% of the increased dose rate
needed for cine being used for the television camera.
This is a great advantage as the image may be viewed
continuously on the TV monitor whilst the cine film is
being exposed. This ensures that the cine run is as short
as possible recording only the information needed. The
maximum information is thus obtained with a minimum of
radiation dose to the patient.

Fibre optic coupling

As mentioned previously, the light image from the output
phosphor of the image intensifier tube may be focused by
means of a tandem lens system onto the face of a selected
recording system. This distribution box, as it is sometimes
called, will be described later. If, however, a television
camera is to be the only recording system used (i.e. no
cine or 100 mm film camera) the output phosphor of the
image intensifier tube may be connected directly to the
face of the camera tube by means of a fibre optic coupling.
The fibre optic system consists of a collection of glass fibres
which transmit the light more effectively than the lens
system. The disadvantage, of course, lies in the fact that
where there is direct coupling a beam splitter (distribution
box) cannot be used. The only means of recording the
image is to use kinescopy (described later).

Television cameras

The television camera converts the visual image into a
series of electronic impulses called a video signal. The
signal is passed through a television chain to a TV monitor.
Electronic components within the TV chain ensure syn-
chronization of the image on the TV monitor with that of
the original image as viewed by the TV camera. Synchro-
nization ensures that information recorded at, say, the top
left hand side of the television camera is recorded at the
top left hand side of the TV monitor, so that the image on
the monitor is a facsimile of the original.

There are two types of TV camera in general use for
medical imaging. One is called a vidicon and the other a
plumbicon.

Figure 8.15 Focusing coil keeps electron beam at right angles to face
of photoconductor after deflection

The vidicon camera tube

This is an evacuated glass envelope about 15cm in length
and 2.5cm in diameter (Figure 8.15).

It will be noted that a layer of transparent conductive
material is coated onto the inner surface of the tube face.
In close contact with this lies a layer of photoconductive
material which acts as an insulator unless light falls on
it in which case it becomes conductive, the degree of
conductivity at any particular point being related to the
intensity of the light falling on it at that point. At the
opposite end of the tube is an electron gun, the function
of which is to produce a beam of electrons which scan the
presenting surface of the photoconductor.

The beam of electrons moves across the photoconductor
in a similar manner to the eye scanning the pages of a
book — reading first the top line from left to right, then
moving rapidly back to the left and dropping to the second
line, moving again across to the right, dropping back to
the left before scanning the third line. This process is
repeated until the whole surface has been scanned then
the sequence starts again at the top left hand corner.

Figure 8.16 Double interlacing
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Double interlacing consists of two scans, the first scan
covering the even lines and the second scan covering the
odd lines (Figure 8.16). The complete picture made up of
two such scans is called a frame (Figure 8.17). In the U.K.
there are 25 frames per second (each complete scan taking
one-fiftieth of a second), each frame comprising 625 lines,
i.e. 312.5lines per scan. After each scan (when the electron
beam comes to the end of the last line) the electron beam
is moved vertically back to the start of the top line, this
vertical retrace taking approximately 10~* seconds.

Figure 8.17 One frame (two scans combined)

Triple interlacing is used where maximum resolution
(vertical) is required and the frame may be made up of
three scans.

Vertical resolution improves with increase in the number
of lines per frame.

Horizontal resolution is determined by the number of
lines scanned per frame and by the range of frequencies
transmitted by the electronic circuit which passes the video
signal to the TV monitor.

So much for the electron beam; let us now consider the
sequence of events which occur when light from the image
intensifier tube is focused onto the face of the TV camera.
Photons of light pass through the transparent conductive
signal plate to the photoconductive plate. Electrons at
that particular point move across from the inner surface
of the photoconductor to the signal plate (which is positive)
leaving the face of the photoconductor positively charged
at that particular point. This occurs whenever light falls
on the photoconductor leaving a positive image which is a
facsimile of the original light image on the presenting face
of the photocathode.

As the electron beam scans the face of the photocathode
it neutralizes the positive charges it encounters. A current
therefore flows from the negative terminal via the electron
gun through the photoconductor and back to the positive
terminal having passed through the load resistor marked
‘R’ in Figure 8.18. Current flows only during those instants
in time that the electron beam is scanning a point which is

positive. A series of electrical impulses is, therefore, built
up over a period of time. Each line or sweep contains some
300 pieces of information.

Figure 8.18 Formation of the video signal

The vidicon camera tube exhibits a time lag or persist-
ence of image when in use. This manifests itself as a
smearing or blurring of the image for a short time when
there is movement of the part under investigation. This is
due to the fact that the new image is superimposed on the
previous image resulting in a mixture of images. Whilst
this is a disadvantage when imaging fast moving subjects,
e.g. angiocardiography, etc. it is not particularly notice-
able with slower moving subjects. An advantage of lag in
the vidicon is that, due to the mixing of the images,
scintillation noise tends to be smoothed out giving a more
acceptable image as signal-to-noise ratio is reduced. A
new generation of vidicon tubes produced by Philips have
less time lag and greater sensitivity.

The plumbicon camera tube

This is similar to the vidicon, the main difference being in
the target material which is lead monoxide as opposed to
the antimony trisulphide used in the vidicon. The plumbi-
con has much less time lag than the vidicon resulting in a
reduction in image blurring. It is normally used for imaging
fast moving subjects e.g. angiocardiography. Because
there is very little time lag there is less integration of noise
than with the vidicon resulting in a slightly noisier image.

THE TV MONITOR

We have seen the way in which the visual image at the
output phosphor of the image intensifier tube is converted
into an electronic signal by the TV camera. Let us now
consider the way in which the video signal can be reconsti-
tuted as a visual image. This function is performed by the
TV monitor. This consists essentially of an evacuated glass
tube. It has a large face, the inner surface of which is
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coated with a fluorescent material. At the other end of the
tube is an electron gun, an anode, and a grid or modulator
(Figure 8.19). The electron gun produces a fine beam of
electrons which are accelerated by the anode towards
the face of the cathode ray tube causing it to fluoresce.
Electrostatic focusing coils are used to make the electron
beam scan the face of the cathode ray tube in the same
way as the electron beam scans the face of the TV camera
tube. Special components within the TV chain synchronize
the image on the monitor tube with that of the camera
tube, thus ensuring that the TV camera scan and the TV
monitor scan each start and stop at the same instant in
time, i.e. each scan starts at the top left hand side of the
image at the same instant in time, and each scan finishes
at the same instant in time.

Figure 8.19 Diagrammatic representation of cathode ray tube (as used
in TV monitor)

Mode of action

A beam of electrons scans the face of the TV monitor
causing it to fluoresce. A grid in front of the electron gun
has a varying negative bias applied by the video signal.
When the grid has a strong negative bias the number of
electrons passing from the gun is reduced and when the
negative grid bias is low the number of electrons from the
gun is increased. The video signal is therefore used to
produce a pattern of fluorescence on the inner face of the
tube which matches the pattern of brightness of the original
image. As the electron beam scanning the inner surface of
the cathode ray tube (monitor) is synchronized to the
scanning beam of the TV camera it follows that the time
taken for each scan (0.02s) is the same in each case -and
as each frame is made up of two scans it follows that the
spot of light produced by the electron beam takes 0.04s

to record all the information contained within one frame.
When we view the face of the TV monitor screen we are
not conscious of a single spot of light moving across the
screen but of a complete visual image. This is, of course,
due to persistence of vision.

The contrast of the image at the monitor can be varied
electronically and the image can be made positive or
negative or even inverted.

Note: The electronic circuitry within the TV chain and
that associated with the monitor itself produces a lot of
heat which must be dissipated. This is achieved by means
of ventilation slots which are located in the sides and top
of the casings which enclose the TV monitor, electronic
rack, etc. It will be appreciated that these ventilation
slots must not be covered with towels etc. otherwise the
components may overheat.

VIDEO TAPE RECORDING

In addition to giving us an instantaneous visual image at
the TV monitor the video signal may be stored on magnetic
tape as a series of magnetic impulses. These magnetic
impulses can then be changed back into a series of elec-
tronic impulses (video signal) at any future time.

Mode of operation

The video tape recorder is similar in appearance to a reel-
to-reel audio tape recorder and indeed they both operate
on the same principle.

A plastic tape (1.25cm or 2.5cm in width) is used to
record the video signal, one side of the tape being coated
with a thin emulsion containing particles of a readily
magnetizable material, e.g. iron oxide. When recording,
the tape passes from the full spool to a take-up spool via
a recording head. The recording head encloses a coil
through which the video signal is passed. The varying
magnetic field associated with the video signal is used to
magnetize the tape as it passes the recording head.

For ‘play-back’ the tape is once again passed from one
spool to the other via the recording head but this time the
moving magnetic tape induces a varying voltage into the
coil as it passes the head. This varying voltage (video
signal) is applied to the grid of the monitor tube to provide
the image on the monitor screen.

Like the audio tape recorder, video tape can be ‘wiped’
clean and used again and again.

To get an ‘action replay’ immediately after fluoroscopy
or at some later date without the necessity of re-irradiating
the patient is, of course, a great advantage. It should be
borne in mind, however, that the quality of the monitor
image is never as good as that obtained by cine radiography
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although the latter, of course, necessitates a much in-
creased radiation dose to the patient.

There are two tracks on the video tape which may be
used for audio recording, e.g. radiologist’s commentary,
recording of patient’s heart beat, etc.

Image memory (or retention) systems

These are available on most units. They store the last
frame, when scanning with the image intensifier, by, for
example, recording on a continuous loop of videotape.
The image is constantly being recorded and wiped off,
retaining only the final image. This provision is extremely
useful in the orthopaedic theatre, for example when the
surgeon can retain the image of, say, the hip joint in the
AP projection on one monitor whilst the image intensifier
unit is swung round to give him, say, a lateral image of
the hip on another monitor.

It also helps to reduce dose to patient and staff in the
theatre.

KINESCOPY

The image from a small TV monitor is photographed using
a cine camera. The monitor screen is usually coated with
a blue emitting phosphor and the sensitivity of the cine
film is matched accordingly.

The camera shutter must be synchronized with the elec-
tron beam scanning the TV monitor screen (which in turn
is synchronized with the electron beam scanning the inner
face of the TV camera tube). The camera shutter must
open when the electron beam starts its scan at the top of
the monitor screen and close when it reaches the end of a
scan at the bottom of the screen. The camera shutter is
then closed whilst a new piece of film is pulled down ready
for the next exposure.

The advantage of this form of cine recording lies in the
fact that the patient need not be exposed to more radiation
that that required for TV recording.

The disadvantages include:

(1) Information is lost whilst the shutter of the cine
camera is closed and a new section of film being
pulled down.

(2) Because of the low dose used each frame of the cine
film may show marked quantum mottle.

(3) Horizontal bands may appear on the cine film if the
camera and TV system are not accurately synchron-
ized.

Roll and cut film cameras

Such a camera may be mounted on the distributor of the
image intensifier as shown in Figure 8.20. The 70mm or

105 mm roll film cameras can be used for single exposures
or for a series of exposures up to a rate of 12 per second.
The supply magazine has enough film for 400 exposures
and a take-up cassette accommodates up to 70 exposures.
The film may be cut at any time and the exposed part of
the film which is in a light-tight container can be removed
from the camera for processing. Film from the supply
magazine is then rethreaded into a new take-up cassette.

The 100mm cut film camera may be used for single
exposures or a series of exposures up to a rate of 6 per
second. The supply magazine of the 100 mm camera holds
up to about 120 cut films and the take-up cassette a
maximum of about 100. The take-up cassette can, of
course, be removed in daylight so that the films may be
processed and an empty cassette placed in the camera
making it once again ready for use.

Figure 8.20 Image intensifier with cut film and TV camera

Patient identification

The patient’s name, date, etc. is photographed onto each
film by placing a card bearing this information into a slot
on the film holder.

CINE FLUOROGRAPHY

A cine camera may also be mounted on the image distribu-
tor (either permanently or temporarily as the occasion
demands), and a run of cine film exposed. The mA/kV
must be increased considerably over that required for TV
alone but a small portion of the increased dose is usually
used to operate the TV system, the remainder being used,
of course, to expose the cine film. In this way the image
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may be viewed on the television monitor at the same time
as a cine run is being recorded. This is of great advantage
to the radiologist as he is able to use the cine camera only
during those periods when useful information is to be
obtained, thus reducing radiation dose to the patient to a
minimum.

Mode of operation

Within the light-tight camera are two spools, one contain-
ing unexposed cine film and the other a take-up spool
which accepts the film after it has been exposed. The film
passes from the full spool to the take-up spool via the
exposure window. This is an aperture in a piece of metal
which limits the light to a particular area of film, each
exposed area of film being called a frame. A pressure plate
holds the film flat whilst the exposure is made. A rotating
metal shutter then covers the film for a brief period of
time during which it is pulled down. The new section of
film is then exposed by rotating the shutter so that it no
longer covers the window. Figure 8.21 illustrates the main
features of a cine camera.

Figure 8.21 Main features of a cine camera

Cine cameras using 35mm and 16 mm cine film are
available. A typical 35mm cine camera is capable of
exposure rates of 12-150 frames per second, whilst a 16 mm
camera with speeds of 25-200 frames per second is also
available.

High camera speeds of 200 frames per second are of
particular value for such examinations as angiocardio-
graphy where rapid movement of the heart and vessels can
be shown in slow motion by exposing the film at 200 frames
per second and projecting it at 16 frames per second.

Cine pulsing

Radiation dose to the patient can be reduced by energizing
the X-ray tube only during those instants when the cine
film is stationary in the cine camera awaiting exposure
(Figure 8.22). Whilst the film is being pulled down ready
for the next exposure the X-ray tube is not energized and
in consequence the patient is not exposed to radiation.
Cine pulsing can be achieved by synchronizing the X-ray
exposure to those instants when the shutter is open or by
using a camera in which the shutter is permanently open.
Each pulse of radiation exposes the film which is then
pulled down ready for the next exposure in the time
interval before the next pulse of radiation. Such pulsing
may be achieved by using secondary switching either with
a grid-controlled X-ray tube or by means of high tension
triodes.

Figure 8.22 Cine pulsing

Short pulses (0.12-4ms) are used where movement is
rapid, e.g. angiocardiography. Long pulses (5-10ms) are
used for examinations of the digestive tract etc. where
rapid movement is not such a problem.

AUTOMATIC BRIGHTNESS CONTROL

Automatic exposure control during fluoroscopy, spot
filming and cine radiography is available with most modern
units. Such a control ensures correct exposure values de-
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spite variations in patient thickness, density, etc. Such a
device operates by varying kV and/or mA in accordance
with the parts under examination so as to maintain a
constant radiation dose to the film or a constant dose rate
during fluoroscopy.

Fluoroscopic density control

In operation this control compares the maximum value of
the video signal (which is proportional to the maximum
brightness at the output of the image intensifier tube) to a
constant reference value. The tube current and/or kV are
then adjusted automatically so as to eliminate variation
between peak value of the video signal and the reference
voltage.

When a thicker part of the patient is being X-rayed the
video signal drops in value. This results in a difference
between the video signal and the reference voltage. The
mA value is automatically increased which results in a
brighter image and an increase in video signal peak value
which is now equal to the reference value.

Automatic density control for cut film or cine cameras
is operated by a photo pick-up (light sensitive) cell. The
signal from this cell is used to determine the exposure time
for cut films or the pulse width for cine radiography (Figure
8.23).

Figure 8.23 Automatic density control for cut film, cine etc.

Although the majority of fluoroscopy units in use today
have the image intensifier mounted over the table — using
an undercouch X-ray tube — it should be noted that some
units use an undercouch image intensifier and an overcouch
X-ray tube. In use the image intensifier is held in position
closely under the table top for fluoroscopy, 70 mm filming
and cine, etc. and moved away from the table to be

replaced by the moving grid assembly and cassette holder
for large size radiography. This exchange is push button
controlled and takes only a few seconds. During fluoro-
scopy the cassette is protected from radiation. The arrange-
ment is indicated in Figures 8.24 and 8.25.

Figure 8.24 Unit used for fluoroscopy

Figure 8.25 Unit used for radiography

DIGITAL FLUOROGRAPHY

Whilst digital imaging is described in detail in a later
chapter it is interesting to note at this stage that add-
on systems are now available for use with any modern
fluoroscopic unit, providing it is coupled with an image
intensifier and closed circuit TV. In use the TV output
signal is connected via coaxial cable to the digital system.
One such system supplied by Micro Consultants Limited
has the complete system mounted on a trolley which, with
the single coaxial interfacing cable, enables it to be shared
between rooms when this is required. Real-time noise-
reduced images are recorded on discs, the stored images
being retrieved, either immediately or at a later date, for
viewing and picture processing. The picture processing
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functions include integration, subtraction, spatial filtering
and matched temporal filtering.

Monitoring of the noise-reduced real-time image is also
possible without the need to store the image on discs.
Mask images, which are reference pictures for subtraction,
can be selected during live study (or retrospectively for
stored data). Additionally, a number of frames can be
added to produce an integrated mask.

A colour graphics display is also available, with a split
screen facility which enables graphics to be displayed at
the same time as the image.

A touch sensitive QWERTY keyboard (similar to a
typewriter keyboard) is used by the operator to enter
patient information and a stylus and control pad enable
the user to select any one, of up to six regions of interest,
within the picture for analysis.

QUALITY ASSURANCE TESTS FOR
FLUOROSCOPIC EQUIPMENT

To ensure that the fluoroscopic equipment is operating to
a satisfactory standard at installation and subsequently
during its lifetime, it is necessary to carry out certain tests.
Tests performed at installation provide a base line against
which subsequent performance can be judged. Tests
should include some, or all, of the following.

kV and radiation output tests

These use a penetrameter and radiation dosemeter as
described in Chapter 15 but this time using fluoroscopic
conditions. If the equipment is provided with an area
exposure product meter such as the diamentor it is a simple
matter to make regular checks on radiation output. A
block of aluminium some 4cm thick can be used to rep-
resent the patient and it should be placed about 25cm
above the table top. Using average fluoroscopic factors a
meter reading should be taken, over about 30s, at the
centre of the field; at table top level if a dosemeter is being
used. The measured dose should be recorded and be
reproducible under identical conditions at subsequent
tests. When the equipment is fitted with automatic bright-
ness control, a note should be made of the kV set and mA
recorded during the exposure.

To check the consistency of the exposure required for
spot films the same procedure is carried out but this time
a cassette is put into the serial changer and the equipment
set for radiography. An exposure is made and the dose
measured as before, in the centre of the field. A series of
exposures may be made to check consistency in the short
term and if the tests are carried out over a period of time
they will indicate whether or not the exposure is consistent

over a longer period of time. When automatic exposure
control is used it is useful to make an exposure as above
but this time with the aluminium plate on the table top
and with a step wedge and motorized spinning top placed
on it. When the exposed film is processed the exposure
time can be calculated and the density of a given step on
the wedge measured. Ongoing tests will indicate consist-
ency or otherwise of film density and also of the time
needed to obtain that density. (Density should be reproduc-
ible to plus or minus 2 optical units.)

Similar procedures may be used as consistency tests for
cut film and cine camera exposures.

Frequency

The tests should be carried out on installation, after repair
and thereafter at weekly intervals.

Variation in dose with change in field size

It is important to ensure that reduction in field size does
not result in excessive rise in exposure rate when automatic
brightness control is in operation. Such increases in dose
should not exceed 100%.

Beam alignment and collimation test

Beam alignment can be checked using the tool and proce-
dure described in Chapter 15. This time, however, it is the
image intensifier which is centred over the test tool. In a
correctly aligned system the dot should be seen within the
hole on the resultant image.

The spot film device can also be checked for alignment
using the same procedure.

Correct collimation can be checked using a test tool
consisting of an aluminium plate which has four sliding
brass strips set into recessed channels (Figure 8.26). Holes
drilled at 1.0cm intervals along each channel are filled
with radiopaque material and a plastic cover keeps the
brass strips within the channels by limiting vertical move-
ment.

In use the test tool is placed on the table top and the
brass strips pushed into their channels until the edge of
each strip is just visible at the margin of the image when
viewed on the TV monitor. This defines the visual field of
the intensifier. The centre of the field is indicated by the
central dot and any misalignment of the beam can be
checked by counting the number of dots visible in each
channel. With a correctly aligned and collimated system
the dot at the intersection of the two lines should be at
the centre of the image and there should be an equal
number of dots visible on each of the channels when
counted from the centre.
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Figure 8.26 Collimation test tool

Mobile image intensifier

In the case of a mobile image intensifier checks should
also be made to ensure that the central ray remains aligned
to the centre of the image intensifier face when the inten-
sifier is rotated on its support to provide a horizontal beam.

Frequency

The tests should be carried out on installation, after repair
and thereafter at annual intervals.

Resolution tests

The resolution of the system can be checked by using a
test tool made up of a number of segments of copper mesh,
as shown in Figure 8.27. Two mesh ranges are available,
16-60 lines per inch and 30-100 lines per inch. To minimize

Figure 8.27 Resolution test tool (16-60 lines/inch)

the effect of focal spot size on resolution the test tool
should be placed as close as possible to the face of the
image intensifier. The image is viewed under appropriate
fluoroscopy conditions and a record made of the smallest
mesh that can be visualized. If the image is viewed on
closed circuit TV and a deterioration in resolution is ob-
served over a period of time, it will be necessary to isolate
the part of the system responsible. This may well involve
the removal of the camera system to allow direct viewing
from the output phosphor of the image intensifier. As this
can be a tricky procedure it is best left to the service
engineers.

The same procedure as above may be carried out but
this time with the test plate sandwiched between two
plates of aluminium each about 1.5cm in thickness. This
simulates clinical conditions and the image of the test
plate, which has been positioned on the table top may be
viewed as a fluoroscopic image or, alternatively, a spot
film may be taken. In either case the smallest mesh that
can be visualized should be recorded and compared with
tests taken before that time. The record also allows compa-
rison with future tests.

If a small test plate is used the resolution at the edges
of the field should be checked as well as that in the centre.
The mesh size that can reasonably be expected to be
resolved by an image intensifier/TV system is about 24 at
the centre of a 9 inch field and 20 at the edge.

Frequency

The testing should be done on installation, after repair
and thereafter at weekly intervals.

Conversion factor

The conversion factor, which assesses the efficiency of
the image receptor to convert X-rays to light, should be
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calculated at installation, annually or at any time there is
felt to be a loss of efficiency in the system. This ensures
that image quality is maintained without excessive dose to
the patient. To calculate the conversion factor it is neces-
sary to measure the luminescence of the output phosphor
and the radiation dose rate at the input phosphor. The
ratio of the two is the conversion factor.

Conversion factor = _I—{

where L = light output of output phosphor in candela
per square meter (cd/m?),

= radiation at the input phosphor in milli-
roentgens per second (mR/s).

This test would normally be carried out by a physicist or
engineer.

and R

Frequency
Tests should be carried out on installation, after repair
and thereafter at annual intervals.

Video test pattern generator

Figure 8.28 Video test pattern generator

The test pattern generator (Figure 8.28) is connected di-
rectly to the video input and the resultant pattern on the
TV monitor enables the synchronization stability, raster
centre, height and vertical linearity, etc. to be adjusted
with great precision without the use of X-rays.

Other tests

Tests, for example, to check the ability of the system to
resolve low contrast subjects etc. may also be required
from time to time. Whatever tests are undertaken, how-
ever, it is essential that comprehensive records are kept so
that subsequent tests can be carried out under identical
conditions.

In addition to the tests described, it is important that
the mechanical stability of the equipment be checked at
installation and subsequently during its lifetime to ensure
that all movements are free and that all locks are opera-
tional etc. Safety interlocks should be checked at regular
intervals and the grid, if focused, should be checked to
ensure that it is correctly fitted etc.

Meters should be checked to ensure they are reading
correctly and that glass coverings are not cracked or bro-
ken. Meters should also be zeroed at regular intervals.
Regular inspection should also be made of the covering
of shockproof cables to ensure that they are in good
condition and to see that the earthed metallic braid is not
exposed. Checks should be made to ensure that cables are
not unduly stressed or twisted. The high tension cable
retaining screws at the tube head and high tension trans-
former tank should be checked periodically to make sure
they are not loose.

Many of these checks can, and should, be made by
radiographers as they use the equipment, any minor faults
being either corrected or recorded in the ‘faults’ book
which should be kept with the equipment so that they may
be corrected by the service engineer at his next visit.
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PORTABLE AND MOBILE X-RAY EQUIPMENT

Portable X-ray units

X-ray equipment may be considered as being portable
when it can be packed into a small carrying case and
carried from place to place by one person. Such equipment
is particularly useful for domicillary radiography or when
X-ray equipment needs to be transported from hospital
to hospital to take the occasional radiograph. Whilst its
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principal advantage is mobility its main disadvantages are
lack of power, lack of stability and lack of precision.

It consists essentially of an oil-filled lead-lined tank or
casing which houses the tube insert, high tension trans-
former and step-down filament transformer. A small con-
trol unit which accommodates the main switch, rheostats
(variable resistors) is used to vary the mA and kV, and a
clockwork timer built into a portable handset also accom-
modates the exposure switch. The maximum output of
such equipment is usually in the order of 75kVp at 15mA.

Figure 9.1 Portable X-ray equipment

Mobile equipment

Mobile equipment is much heavier than portable equip-
ment and offers greater stability, increased power and a
wider range of kV and mA values. It may be moved about
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the hospital, movement being either manual or by means
of a motorized drive. Mobile equipment varies from self-
rectified equipment operating at a maximum of 25 mA and
90kV to fully rectified units operating at 125kVp and
300mA. The use of solid state rectifiers has led to the
introduction of full-wave rectified high tension circuits
contained, with the X-ray tube, in a single casing.

One of the greatest difficulties associated with the use
of high powered mobile equipment is the provision of the
necessary electrical power supply in the wards, theatre,
etc. where the unit is to be used.

Provision of adequate power supply

Assume that an exposure is to be made with a mobile
unit using 300mA at 100kVp. This would involve an
expenditure of energy by the secondary circuit of approxim-
ately

300
300mAXx100kVpx0.707 (r.m.s.) =——
1000

x100000x0.707 =21000 W

Such an energy expenditure in the secondary circuit re-
quires an equal energy in the primary circuit. A power
supply of 21000 W is therefore required, assuming 100%
conversion of energy. Now 21000W = primary
voltage X primary current. Assuming a primary voltage of
240V, then:

21000 = 240X primary current

Therefore primary current = 21000 <240 = 87.5 A.

In theory the wards, theatre, etc. should therefore be
provided with electrical outlets capable of carrying 87.5 A
at 240V. However, the largest power outlet generally
available in wards or theatre is 30 A and it therefore
follows that we must either use less energy in the secondary
(lower exposure factors) and thereby reduce the current
drawn from the primary, or, alternatively, replace the
30 A fuses with others capable of withstanding 87.5 A. This
latter course has been adopted in some hospitals. It is a
cheap way round the problem and some electrical engi-
neers would argue that such a course of action is acceptable
as the diagnostic exposures are very short and conducting
cables are unlikely to overheat during the short periods of
time that current is flowing. It cannot be denied, however,
that the replacement of existing fuses with heavier ones
can result in a fire hazard and the conducting cables must
be inspected by competent engineers before such action is
undertaken. For the reasons indicated, radiographic staff
should not, in any circumstances, replace fuses with a
heavier variety. Another solution adopted by some engi-
neers is to use slow acting fuses. These will burn out if a
long exposure is made but not for a short one, thus protect-
ing the conducting cables from the effects of overheating.

Supply cable resistance compensation

The voltage available at a particular electric point is deter-
mined by the resistance of the cable supplying the point
and the current flowing. The further the point is from the
mains supply cable the greater is its resistance and the
greater will be the voltage drop for a given current (Figure
9.2). To achieve greater constancy in the voltage applied
to the mobile unit it is common practice to add resistance
when the resistance of the cable is low (short run of cable
from the mains supply) and to remove resistance when the
resistance of the cable is high. The unit is thus always
provided with the same supply voltage irrespective of cable
length. It should be noted that a constant value is achieved
by considering maximum cable resistance and making all
other points comparable with this (Figure 9.3).
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Figure 9.2 Resistance of hospital cables increases with distance from
the supply, i.e. electrical socket D may be 100m from the supply cable
and have a resistance of say ‘X’ ohms whilst electrical socket A being
much closer to the supply is shorter and therefore has a lower resistance

of say ‘Y’ ohms
To electric socket

. To autotransformer

A D
%B Cg
Figure 9.3 Cable resistance compensator control mounted on the con-
trol panel of the mobile unit

Capacitor discharge and cordless mobile units go some
way to overcoming the problem of inadequate power sup-
ply. Let us consider them individually.

Capacitor discharge unit

The capacitor discharge unit is connected to the available
mains supply (say 5 A outlet) which is used to charge a
high tension capacitor (Figure 9.4). The charging of the
capacitor may take place over a period of say, 10 seconds.
When the capacitor is fully charged the secondary circuit
is disconnected from the primary and the capacitor is
discharged through the grid-controlled X-ray tube.



120

EQUIPMENT FOR DIAGNOSTIC RADIOGRAPHY

A 1 uF capacitor charged to a voltage of 100kV would
store the following charge:

Charge in coulombs = voltage X capacitance

.-. charge in coulombs (A s) =100000x 1076
-. charge in coulombs=0.1

. charge in mAs (mC) =0.1x1000=100mA s

A charge of 100mA s is therefore available providing the
capacitor is completely discharged.

Figure 9.4 Simplified circuit for capacitor discharge unit

To operate, the capacitor discharge unit is plugged into
the mains supply and kV and mAs are selected (Figure
9.5). The ‘charge’ button is pressed and the capacitor
begins to charge up to the selected value. The capacitor
cannot discharge as the grid of the tube is held negative
and acts as an open switch.

Whilst the capacitors are charging, the grid of the X-ray
tube has sufficient negative bias to keep the circuit open
(tube acts as an open switch). When the capacitor is
charged to the required kV a green light indicates that
the exposure can be made. The exposure is initiated by
removing the negative bias from the grid of the tube. The
tube now acts as a closed switch and the capacitor begins
to discharge. Any desired mAs (up to full discharge of
the capacitor) may be obtained by reapplying the negative
bias to the grid of the tube after an appropriate time.

Figure 9.5 Control panel of capacitor discharge unit. (1) line voltmeter;
(2) tube voltage meter — indicates voltage to which the capacitor has
been charged; (3) battery voltmeter — indicates state of battery which
drives the unit; (4) handbrake; (5) line voltage compensator control; (6)
tube voltage control; (7) motor drive — twist grip control; (8) mAs
control — two scales, one 4-50mA s for ordinary radiography and the
other up to 5mA s for instantaneous exposure; (9) technique selector —
for ordinary or instantaneous exposures; (10) charging stop/discharge
button — capacitor charging is interrupted by depressing button. When
continuously pressed, condensor is discharged without emission of X-
rays; (11) exposure handswitch; (12) exposure indicator lamp

Figure 9.6 Capacitor discharge with time

If, for any reason, the exposure is not made as soon as
the green light comes on, the capacitors begin to lose
charge and if the kV drops to 2kV less than the selected
value the green light goes out and no exposure can be
made until the capacitors are recharged to the selected
value. This ‘topping-up’ of kV is done automatically.

If the exposure is terminated when the capacitor has
discharged say 25 mA s through the tube, the voltage across
the plates of the capacitor will have dropped from 100kV
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to 75kV, i.e. most of the radiation is produced at high kV
(Figure 9.6). If, however, an exposure of 75 mA s is made,
the voltage drops from 100kV to 25kV during the expo-
sure and some of the exposure is made at low kV value.
If an exposure of 100mA s (full discharge) is made then
the voltage drops from 100kV to zero and a lot of very
soft radiation is produced.

To overcome this problem some manufacturers provide
automatic cut-off of the exposure when the kV drops to a
particular value; others operate cut-off when the kV has
dropped to a selected percentage of the chosen value. A
separate switch usually provides for full discharge when
this is required.

Some manufacturers claim that the exposure is made at
virtual constant potential. This is true and of great practical
value but only when a small mAs is used. As we have
seen, if the capacitor is fully discharged the kV drops to
zero. This, however, is not as disastrous as it may sound.
Remember that in a two-pulse generator the kV drops to
zero after each pulse.

Some capacitor discharge units have a separate switch
to provide small mA s values at very short exposure times.
For example, mA s values between 0.5 and 5.0 are pro-
vided with a higher filament temperature then those be-
tween 5.0 and 50. A lower filament temperature is
necessary when using the 5.0-50mA s values to prevent
overload of the tube.

Capacitor discharge units are particularly useful when
small mA s values are used because the mA s is obtained
in a very short time and the kV is almost constant. The
unit is therefore ideal for chest radiography (especially
babies), paediatric radiography and for use in intensive
care units.

Used within the limits set, i.e. the charge that can be
stored on the plates of the capacitor, the mobile capacitor
discharge unit has an important part to play in mobile
radiography.

This unit should not be confused with the cordless
mobile which is completely independent of mains electric
supply. The capacitor discharge unit is independent of
mains supply during the exposure only. The capacitor must
be charged immediately before use. It is not possible to
charge the capacitor in the X-ray department then take it
out to the ward for subsequent use, as the charge would
rapidly leak away from the capacitor.

Cordless mobiles

The cordless mobile unit is completely independent of the
mains supply as it draws its power from batteries usually
built up from lead or nickel cadmium cells.

One such unit draws its power from three 40 V batteries.
This power is used to propel the unit and to provide the

necessary energy for the X-ray exposures. Current from
the batteries is, of course, d.c. but this is used to power a
rotary converter which generates a polyphase supply which
is stepped up by the high tension transformer to provide
the necessary kV for application to the X-ray tube. The
applied kV is claimed to be near constant potential.

The rotating anode X-ray tube insert is contained within
an oil-filled casing which also incorporates the high tension
transformer and solid state rectifiers which provide a uni-
directional current through the X-ray tube. The tube is
mounted on an extendable cross-arm which, in turn, is
secured to a vertical support on which the tube and cross-
arm may be raised or lowered. The tube may be angled
for oblique projections and locks are provided to stabilize
each of these movements. A light beam diaphragm is
mounted on the X-ray tube casing. A timer provides a
range of exposures typically in the range from 0.4 to 5.0s
with a maximum tube voltage of 100kV at 15SmA and
60kV at 25mA.

The great advantage of such equipment is its indepen-
dence from mains supply and within its limitations it provi-
des a useful addition to the range of mobile equipment
used in the hospital.

Note: The batteries are recharged from the mains supply
by means of a battery charger. All that is normally neces-
sary is to connect the charger, which is an integral part of
the X-ray unit, to the mains supply each evening. The unit
is then ready for use the following morning. Charging time
is 8 hours. This is the length of time required to fully
charge the battery after it has been completely discharged.
The state of charge of the battery may be indicated by a
meter which records the degree of charge and is calibrated
in terms of adequate or inadequate charge. Alternatively,
a green light may be used to indicate adequate charge
and a red light to indicate insufficient charge for efficient
operation of the equipment.

Siemen’s Mobilett mobile unit

This mobile unit (Figure 9.7a) is mains operated and uses
amedium frequency generator similar to the one described
on page 122. The high tension circuit is contained within
a single tank structure tube head and is microprocessor
controlled. The tube has a focal spot of 0.8 mm X 0.8 mm,
an anode angle of 15° and an anode rotational speed of
8500r.p.m. It can give 1.6-200mAs at 55kV,
1.2-120mA's at 77kV, and 0.5-20mA's at 133kV. It has
a shortest exposure time of 3 ms.

Figure 9.7b illustrates the main parts of the circuit. The
mains voltage is rectified and smoothed to provide a near
constant voltage which is then interrupted, during an expo-
sure, by trigger pulses from the microprocessor, to produce
a varying voltage of 3000 H. This high frequency voltage
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is stepped up by the high tension transformer, smoothed
and applied as constant potential to the X-ray tube. A
feed-back circuit to the microprocessor enables it to main-
tain the kV and mA at the set value, during the exposure.
The control panel is shown in Figure 9.7c.

Figure 9.7a Siemens Mobilette mobile unit

Figure 9.7¢ (1) power supply on/off; (2) touch controls for free setting
of kV and mAs; (3) display of set kV and mAs values or of coded
information for the operator; (4) ready for exposure; (5) light and audible
tone indication of exposure release

Mobile image intensifier

In addition to its use with a major installation the image
intensifier can also be used to good effect with mobile
units. Its main application is in theatre radiography. The
range of movements are as indicated in Figure 9.8. It
is almost always used with a closed circuit TV system
nowadays.

Provision is made on the underside of the image inten-
sifier casing for the accommodation of a cassette so that a
film may be exposed. A grid may also be accommodated.

Figure 9.7b Block diagram of high-frequency circuit
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Figure 9.8 Range of movements of mobile image intensifier

Image retention systems

As previously described, image retention systems may also
be usefully employed with mobile image intensifier units,
particularly when they are to be used in the orthopaedic
theatre. During fluoroscopy of a hip pinning, for example,
rather than expose the patient and staff to continuous
radiation whilst the image of the hip and pin are displayed
on the television screen, fluoroscopy can be restricted to
a short period of, say, 1s, after which the radiation is
switched off, whilst the image continues to be displayed
on the monitor screen.

EQUIPMENT FOR DENTAL RADIOGRAPHY

Such equipment includes a simple self-rectified unit, the
orthopantomograph unit (OPG) and the cephalostat or
craniostat. Each will be considered separately.

Simple self-rectified unit

The dental unit, used mainly for intraoral radiography
of teeth, consists essentially of a single structure, self-
rectified tube head. The tube is mounted in such a fashion
as to provide a high degree of manoeuvrability. The unit
may be either wall mounted or mobile. Whilst the power
of such a unit is low, e.g. 12mA at 55kVp, it is adequate
for radiography of teeth. The focal spot size is small, e.g.
0.8 mm. The timer may be of the clockwork or electronic
variety and has a range of times froin zero up to 5.0s in
steps of 0.1-0.25s. The range of movements of such a unit
are indicated in Figure 9.9.

Figure 9.9 A simple wall mounted dental unit

The orthopantomograph (OPG) unit

This unit provides a panoramic view of both jaws during
a single excursion of tube and film.

The patient is positioned with his chin resting on a plastic
support, the head being held in the correct plane by means
of plastic ear pieces. Surrounding the head is a plastic
guard. During the exposure the curved cassette rotates
around the patient’s head whilst the X-ray tube moves in
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the opposite direction. The cassette also rotates about its
own axis as it moves around the patient. The beam of
radiation is collimated into a narrow slit by means of a
diaphragm at the X-ray tube and by another directly in
front of the cassette. The incident beam is thus always
passing through the structure of interest at an angle of 90°
(Figure 9.11).

Figure 9.10 Dental tomograph unit

Figure 9.11 Diagram showing the tube rotating in one direction whilst
slit diaphragm and cassette rotate in the opposite direction. The patient
is immobilized and cassette rotates about its own axis in addition to
rotating round the patient

The X-ray tube changes its axis of rotation during the
exposure (Figure 9.12), passing through point 3 at the start
of the exposure then through point 2 and finally through
point 1. Axes 1 and 3 are the same whilst axis 2 is closer
to the front teeth. Two different axes are needed to ensure
that the slit of radiation always passes through the teeth
at right angles.

At the beginning of an exposure the slit of radiation
passes through point 3 and records on the film an image
of that part of the left side of the face and jaw through
which it is passing. As the tube arcs in one direction the
film arcs in the other and due to the rotation of the cassette
about its own axis it presents a fresh section of film to the
slit of radiation at each successive instant in time. A
tomographic image is thus built up of the structures on the
left side of the jaw. The axis of rotation is now smoothly
changed to point 2 and a similar sequence of events occur,

Figure 9.12 Two different axes used to ensure correct projection of
beam through teeth

this time recording a tomographic image of the teeth in
the front of the jaw. The axis finally changes to point 1
and an image is built up of structures on the right side of
the face.

Secondary shadows can be formed as some parts of the
right and left sides of the jaw are scanned twice during
each exposure. Component parts of the unit itself, i.e.
chin support, ear pieces, etc. may also present confusing
images.

The great advantage of the OPG is that it gives a panor-
amic view of the face and jaws and shows the relationships
of one structure to another. Definition is obviously inferior
to that obtained with an intraoral dental film and the
OPG film shows a relatively high degree of enlargement.
Distortion is, however, minimized, as the beam of radi-
ation always passes through the point of interest at 90°.
The level of radiation dose to the patient is relatively
low, which is attributable largely to the restriction of the
radiation to a narrow slit and to the use of intensifying
screens.

The cephalostat

The cephalostat, or craniostat, as it is sometimes called,
provides a means of accurately localizing the patient’s
head so that comparable views of the patient’s skull and
facial bones can be obtained at subsequent examinations.
This is an essential requirement for good orthodontic
radiography.

Philips Cephalix unit

This unit is wall mounted, for rigidity, and has an f.f.d. of
1500mm. The cross-arm which supports the tube at one
end and the head clamp/cassette holder at the other is
adjustable in height so that patients of different heights,
standing or sitting can be accommodated.
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Figure 9.13 Philips Cephalix CX 90/20 unit

A long cone is used at the end of which are fitted
crosswires. These, in conjunction with the light beam,
provide a cross of light which facilitates accurate centring.
Slide-in diaphragms may also be fitted to the end of the
cone to delineate the beam to the required area.

The head clamp (Figure 9.14) can be rotated with stops
at every 90° and with provision for stops at intermediate
angles.

The right hand bracket (one of the ear localizers) hinges
upwards to allow access for the patient’s head into the
clamp.

The X-ray tube is of single pulse tank structure. The
control panel is illustrated on page 55 (Figure 4.22).

EQUIPMENT FOR ACCIDENT RADIOGRAPHY

The examination of accident patients, whether clinical or
radiographic, should be carried out with as little movement
of the patient as possible so as to reduce discomfort and
minimize aggravation of the patient’s injuries.

Figure 9.14 Head clamp and cassette holder. The bracket is raised to
allow the patient’s head to be inserted into the clamp

Different hospitals have different ways of achieving this
objective. Some use trolleys, the tops of which are the
same height as the X-ray table and pull the patient across
on a radiolucent mattress (Figure 9.15). Other depart-
ments use accident trolleys of one form or another and
some use specialized systems. Whatever method is used it
should be simple and uncomplicated in operation and

Figure .15 Siemens adjustable height trolley
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capable of being used by inexperienced staff. If special
trolleys are used there should be enough of them to meet
the hospital’s needs. This usually means that the cost of
each trolley should not be excessive.

Most of the major firms produce accident systems, but
only one will be described. It is in fairly wide use and is
called the ‘Care’ system.

Picker ‘Care’ system

The ‘Care’ system consists essentially of a special patient
trolley (Figure 9.16) and a mobile cassette carrier (Figure
9.17). The special trolley, which is lightweight, has lock-
able wheels and an X-ray transparent top which can be
tilted 15° in the Trendelenburg position. A shelf under the
table top accommodates the cassette tray. The trolley has
an adjustable back rest, cot sides and facilities for fitting
a drip. The base of the trolley accommodates an oxygen
cylinder and a removable wire tray in which to store the
patient’s clothes etc.

Two versions of the trolley are available, one of fixed
height and the other adjustable so that the table top (and
patient) can be raised or lowered.

The patient, having been transferred to the ‘Care’ trolley
on admission to the hospital, need not transferred to any
other couch or table for clinical or radiographic examina-
tion. This ensures that the patient is not moved unnecessa-
rily, reduces the patient’s discomfort and avoids
aggravation of injuries.

A plain mattress, some 5 cm thick, which may be slotted
to accept cassettes, is available for use with the trolley.
Provision is also made for the attachment of a lateral
cassette holder to either side of the trolley -and for a
cassette holder used for radiography of the skull.

Figure 9.16 ‘Care’ patient trolley type STC

The ‘Care’ cassette carrier is a ray-proof mobile box,
kept in the X-ray room and used to store cassettes (Figure
9.17). The upper surface of the box accommodates a
cassette tray and grid which can be slid into position under
the trolley top. Alternatively, the cassette tray and grid can
be tilted into the vertical position for lateral projections.

When the patient is brought into the X-ray room, the
trolley wheels are locked and the mobile cassette carrier
is brought up to the side of the trolley opposite the part
to be examined. The cassette tray is slid under the table
top and the X-ray tube positioned. To facilitate centring
of the tube to the grid and film two light beams are
projected from the side of the light beam diaphragm.
These light beams are quite separate from the beam which
delineates the X-ray field but as they are connected in
parallel they switch on at the same time. Whilst the normal
light beam indicates the field covered by radiation the two
positioning lights are projected towards the handle of the
cassette tray where they form a cross when the tube is
centred to the grid and film and when the tube is at the
correct FFD.

Figure 9.17 Care cassette carrier

Advantages of the ‘Care’ type system

(1) The patient need not be transferred from the trolley
to the X-ray table for examination.

(2) Using a ceiling-suspended tube AP radiographs or
laterals can be taken from either side of the trolley
without undue disturbance of the patient.

(3) Centring of the tube to grid and film is simplified by
the use of the light beam centring system.

(4) Cassettes are readily available from the mobile cas-
sette box.

(5) Simplicity of the system ensures rapid examination
of the patient.

Disadvantages

(1) Large object—film distance due to the thickness of the
mattress and the distance between the trolley top and
cassette tray.

(2) Difficulty in obtaining good lateral films due to
patient ‘sinking’ into the mattress.

(3) Only two sizes of film format available, i.e.
35c¢cm X 43¢cm and 24 cm X 30cm which can lead to
film wastage.
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(4) Sufficient numbers of trolleys must be available in
the casualty department to ensure availability of a
trolley for each serious casualty. This may lead to
difficulty in striking a balance between the need for
a large number of trolleys and their cost.

THE SKULL UNIT

As the name implies this unit is designed specifically for
radiography of the skull. There are two basic systems
namely the Lysholm system and the Dulac system.

In the Lysholm system the centre of rotation between
the film and the X-ray tube lies at the centre of the film
whilst in the Dulac system the centre of rotation lies at a
point in space corresponding to the centre of the patient’s
skull as illustrated in Figure 9.18.

Figure 9.18 Lysholm and Dulac systems

The Dulac system is used in sophisticated skull units
designed for specialized techniques. These will be descri-
bed later.

In general use many of the skull units use the Lysholm
system. Such a unit consists of an X-ray tube supported
on a counterbalanced ‘C’ arm which can be rotated in any
direction (Figure 9.19). The table is small in comparison
with the conventional X-ray table and accommodates cas-
settes up to 18cm X 30cm in size. The table incorporates
a moving grid mechanism which is removable. The table
and tube support can be raised or lowered and the table
can be tilted independently of the tube. The tube itself
can be angled in any direction.

The primary movements of the tube are such that how-
ever it is angled the central ray always passes through the
centre of the table. By using secondary movements the
tube can be off-centred.

The moving grid mechanism can be withdrawn from the
table completely or made to hang down by the side of the
table. With the grid mechanism removed or pulled out in
this fashion the patient’s skull is resting on a piece of
clear perspex; the perspex is marked with lines radiating
outwards from the centre point. A periscopic mirror device
and light which are positioned under the table enable the
radiographer to see the patient’s skull through the mirror
of the periscope. By using this mirror in conjunction with
the lines marked on the perspex it is relatively easy to
position the patient accurately for such views as Stenvers,
optic foramina, etc. Of equal importance is the fact that it
is also possible to obtain relatively easily comparable
views of each side. The range of movements of the skull
unit is indicated in Figure 9.19.

Figure 9.19 Skull unit using Lysholm principle
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The skull unit may be supported on a T-base or it may
be floor/ceiling mounted. The latter is preferable as it gives
a clear floor space which makes it easier to manoeuvre
trolleys etc.

Grid rotation

It has been mentioned that the tube may be angled in any
direction. If a double angulation of the tube is used the
beam would be directed into the lead slats of the grid.
Figure 9.20 should illustrate this point. With the moving
grid mechanism in position (1) it can be seen that the X-
ray beam B is parallel to the grid lines which is normal
and satisfactory. If, however, a double tilt is used the X-
ray beam is now directed as in arrow C and the beam is
directed into the grid lines. As this is obviously unsatisfac-
tory, provision is made to rotate the grid assembly as
shown in (2) so that the grid lines and X-ray beam are
once again parallel.

Figure 9.20 The central ray is kept parallel to the grid lines by rotating
the grid

Choice of generator

The skull unit should be used in conjunction with a high
powered generator so that a series of exposures can be
made in rapid succession, as in examinations such as cereb-
ral angiography. Such a generator may be used to power
other tubes in the same room or in an adjacent room, the
appropriate tube being selected by means of a changeover
switch located in the high tension transformer tank.

The skull unit tube should, of course, be fitted with a
narrow angle anode so that geometric blurring is reduced
to a minimum.

Attachments

Various attachments are available for use with the skull

table. An immobilization band may be fitted and provision

is made for the attachment of a lateral cassette holder.

Cones, plate diaphragms or a light beam diaphragm may
be fitted to the tube, a light beam centring device some-
times being fitted as an alternative to the light beam
diaphragm. The light beam centring device is particularly
useful when used with the skull unit as the intersecting
white lines help not only in centring but in assessing the
degree of rotation of the patient’s skull. The white line
also gives a visual indication of tube angulation.

Spring-loaded manually operated cassette changers

These may be used to expose a series of films in rapid
succession for examinations such as cerebral angiography.
The cassette changers, each consisting of a metal box
holding a number of lead-lined cassette trays, are illu-
strated in Figure 9.21.

Figure 9.21 Spring-loaded manually operated cassette changer

In operation the moving grid assembly is removed from
the skull unit table and the metal container inserted in its
place. The container is locked in position. The upper
surface of the container is formed by a stationary grid and
in the base are two strong leaf springs. The cassettes placed
in the lead-lined trays are inserted in the box one on top
of the other, the container usually holding up to three
cassettes.

When the first film in the upper cassette has been expo-
sed it is pulled out and the second cassette which has been
lying under the first and protected from radiation by the
lead lining of the upper tray is pushed up by leaf springs
into position ready for the next exposure. This sequence
is repeated until all the cassettes have been exposed.
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A similar procedure is adopted for the lateral projection
but this time the metal container is locked in position,
vertically by the side of the patient’s head. The tube is
rotated into a horizontal position, radiographs exposed,
cassettes pulled out, etc. as previously described for the
AP projection.

Provision must be made for the anode to rotate continu-
ously once the exposures are being made. This is usually
achieved by fitting a separate anode switch. Care must be
taken to ensure that it is switched off as soon as the series
of exposures has been completed otherwise the life of the
tube will be-shortened.

Note: Manually operated changers such as described
above can represent a serious radiation hazard for staff
unless effective lead or lead rubber shielding is provided
and used. Counterbalanced lead rubber screens can be
raised or lowered, are frequently used during cerebral
angiography procedures and are shown in Figure 9.22.

Figure 9.22 Counterbalanced lead rubber screens used in cerebral
angiography

An automatic changer such as AOT biplane equipment
overcomes the problem of excessive dose to staff and also

provides a programme which is exactly reproducible. The
relatively long exposures and time intervals between expo-
sures means that the outline of the vessels is, of necessity,
‘traced’ onto the radiograph. Much more information is
gained from a rapid series of short exposures. For this
reason digital radiography is the method of choice in most
major neuroradiology centres. This technique is described
later.

Other accessory equipment for use with the skull unit
includes the following.

Patient trolley

This should have wheel locks which make the trolley
absolutely steady and secure. It should preferably be
possible to raise or lower the table and it should be capable
of moving and locking in both longitudinal and transverse
directions.

Bipod tube support

This can be used to hold the tube steady when exposures
are made with the tube in the horizontal position. As the
tube is supported on a metal arc it can easily vibrate and
if this happens the quality of the films is impaired. The
bipod tube support reduces such vibration.

Other types of unit using the Dulac system provide an
even greater degree of precision and refinement. Such units
include the Siemens Angioscop or the Philips Diagnostic
units. The main features of the Angioscop are indicated in
Chapter 11, Figure 11.5. It has facilities for macroradiogra-
phy, image intensification and tomography. It will fre-
quently be used in conjunction with an AOT or Puck film
changer for angiography. 100 mm or 105 mm film cameras
may be used in conjunction with the image intensifier, but
as previously stated digital imaging would now be the
method of choice.
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Unlike a normal radiograph where the degree of radio-
graphic unsharpness throughout the part of the body being
radiographed remains more or less constant, a tomogram
has one selected plane in which the degree of unsharpness
is less than that of the planes above and below it. That is
to say, the planes above and below the selected plane in
the body become progressively more and more blurred as
the distance increases above and below the selected plane.

This is achieved by moving the X-ray tube in one direc-
tion and the film in the opposite direction whilst the
exposure is being made (Figure 10.1). For effective tomog-
raphy the tube/film movement should be across the long
axis of the object of interest and not in line with it.
This minimizes the build-up of linear shadows on the
radiograph and produces an effective ‘cut’ through the
object.

This may be difficult to achieve, however. When taking
tomograms of the sternum, for instance, the patient is
positioned with the sternum (and the patient’s body) along
the long axis of the table. It is difficult to do otherwise as
the patient’s head gets in the way of the tomographic

equipment if he is positioned across the long axis of the
table! The difficulty may be overcome by using either a
transverse linear movement, or a complex movement
which will be described later.

Figure 10.1 Line to line tomographic movement

The linear movements of tube and film are described as
line-to-line, line-to-arc, or arc-to-arc (Figure 10.2). The
tube and film may also make reciprocal movements in
elliptical, circular, hypocycloidal, spiral or lassijous
fashion (Figure 10.3).

-— " a—
—> > ~— ¥
Line to line Arc to line Arctoarc

Figure 10.2 Linear and arcuate movements

TOMOGRAPHIC ATTACHMENT

This is the simplest form of tomographic equipment and
may be attached to a conventional X-ray table and tube.
The attachment consists essentially of a metal bar which
connects the X-ray tube and moving grid assembly (Figure
10.4). It pivots about a fulcrum which can be raised or
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Figure 10.3 Complex movements

lowered in relation to the table top. The X-ray tube moves
in one direction at a fixed distance from the table top
whilst the cassette and moving grid assembly moves in the
opposite direction. Switches operated by the connecting
arm ensure that the exposure starts after the X-ray tube has
started its movement and that the exposure is terminated
before the end of its movement. The distance of the
fulcrum from the table top is the same distance as the
section in focus from the table top. The angle of exposure
determines the thickness of section to be sharply in focus.
We can thus select any particular plane to be most sharply
in focus whilst the planes above and below the selected
plane become progressively more and more blurred.

If, for example, a plane 15cm above the table top is to
be sharply in focus we would set the fulcrum to a height of
15 cm above the table top, the fulcrum—table top distance
being indicated on a scale.

The greater the angle of exposure the thinner is the
section sharply in focus whilst the smaller the angle of
exposure the thicker is the section most sharply in focus.

The level of ‘cut’ may be varied by changing the fulcrum
level or, alternatively, the patient may be raised or low-
ered.

When assembling a tomographic attachment, care must
be taken to fasten securely all clamps, wing nuts, etc. used
to secure the connecting bar to the moving grid assembly
at one end and to the tube at the other. The tube must
also be secured at the appropriate FFD and the tube
locked on the transverse arm in such a manner that it is
centred to the midline of the table. The tube rotational
lock must be released so that it can rotate freely. The tube
must also be free to move in the longitudinal direction, so
any longitudinal locks must also be freed. The floor track
should also be free of dirt or debris so that the movement
of the tube is smooth and without hindrance. The wheels
on which the vertical tube support trolley is mounted and
their bearings must be in good order to minimize any
vibrations which might take place as the tube is moved
along the floor track. The bucky must also be free to move
easily during the exposure.

Figure 10.4 Tomographic attachment

Movement of the tube and film during the tomographic
exposure may be achieved in a number of different ways.
A spring may be tensioned by moving the tube and its
support along the floor track prior to the exposure, press-
ure on the exposure button releasing the spring and causing
the tube to move in the opposite direction. In all but the
simplest tomographic attachments, however, the tube will
be moved by means of a variable speed motor drive unit
which is mounted on the base of the tube stand or by
means of a motorized overhead tube support.

Sequential tomography

This means the exposure of individual films one for each
‘cut’ required, the fulcrum—table level distance being ad-
justed for each exposure. This probably gives the best
quality for each individual radiograph, but, of course,
necessitates a number of separate exposures.

Simultaneous multisection tomography

Up to seven ‘cuts’ on seven different films may be recorded
with a single exposure. Multisection tomography is of
particular value in chest radiography as all films are expo-
sed during the same respiratory phase. There is a saving
in time and some reduction in patient radiation dose al-
though the exposure for seven films will always be greater
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than that required for a single exposure with a conven-
tional cassette. The multisection cassette is essentially a
box made of aluminium which accepts up to seven films
and seven pairs of screens, each film and screen combina-
tion being separated from its neighbour by radiolucent
material such as polyfoam, balsa wood, etc. (Figures 10.5
and 10.6). The distance between films is dependent on the
thickness of the spacer, some manufacturers providing a
number of 0.5cm spacers and others providing 1cm spa-
cers. The multisection cassette fits under the table so that
the top film in the cassette occupies a plane exactly the
same as that which would be occupied by a single cassette
in the cassette tray. The cassette tray must, of course, be
removed before fitting the multisection cassette.

Figure 10.5 Multisection cassette

Figure 10.6 Loading the multisection cassette

The multisection cassette houses a number of pairs of
screens with radiolucent separators, different manufactu-
rers making cassettes accepting up to three, five, or seven
pairs of screens. The speed of each pair of screens is
different, the fastest screen combination being at the bot-
tom of the cassette, and each pair of screens becoming

progressively slower as they approach the top. The top
pair are obviously the slowest. This ensures that although
the radiation is attenuated as it passes through the cassette,
an even density is maintained for all the films in the pack.

If there are five films in a multisection cassette each 1 cm
apart and the fulcrum is set at, say, 10 cm, the top film in
the box is in the same plane as would be occupied by film
in a conventional cassette. The top film in the multisection
cassette therefore records a plane sharply in focus which
is 10cm above the table top. The remainder of the films
in the box, if they are 1cm apart, will record sections in
focus which are approximately 9, 8, 7, 6cm etc. above the
table top (Figure 10.7).

Note: The recorded sections are not exactly 1cm apart
as the beam of radiation is diverging.

Figure 10.7 Multisection tomography

Although radiation dose is reduced when a multisection
cassette is used to produce a series of radiographs with a
single exposure, the quality of the resultant radiographs
is inevitably poorer than those taken sequentially with a
series of exposures. This is mainly due to the fact that
screen contact is poorer in a multisection cassette com-
pared with a single film cassette of conventional design.
This is because of the difficulty in achieving good screen
pressure without unduly squashing the interspacing
material which must be radiolucent and about 0.5 or 1cm
thick. The disadvantage of poorer screen contact may,
however, be outweighed by the advantages in the case, for
example, of chest tomography as all the radiographs in a
series are taken in the same respiratory phase.

A special cassette holding three films and screens approx-
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imately 1 mm apart may be used for tomography of the
middle ear or any other technique requiring a very thin
section.

A wide angle of exposure is, of course, essential for such
an examination (hypocycloidal movement is frequently
used).

Zonography is the production of a thick ‘cut’ tomograph
i.e. arelatively thick section of the body is sharply defined.
This is achieved by using a narrow angle of exposure,
angles of 5° ~ 8° being typical.

Inclined plane tomography

As the plane most sharply in focus is parallel to the plane
of the film, it is necessary only to incline the film to
produce an inclined plane tomograph (Figure 10.8).

Patient Plane most sharply

™~ _ infocus (inclined)
— - - -

/_ Film (Inclined)

Figure 10.8 Inclined plane (oblique) tomography

TOMOGRAPHIC UNITS

Whilst the tomographic attachment previously described
may produce reasonably good tomograms, better results
can be obtained with equipment designed with tomography
as a major function. Best results of course will always be
obtained when using equipment dedicated specifically to
tomography.

A good example of the latter is the Philips Polytome U,
first produced some 20 years ago, continuously improved
over the years and still a leader in its field. Another unit
from the same company designed for tomography, but
which is readily adaptable to general radiography, is the
Philips BTS4.

Each of these units will be described, starting with the
BTS4.

Philips BTS4 (Bucky Tomographic System)

This is a system designed to accommodate conventional
bucky techniques as well as tomography and zonography.
The main features of the unit are indicated in Figure 10.9.

The table top is adjustable in height, making for easy
patient transfer from trolley to table and its floating top
facility simplifies positioning of the patient. The flat table
top is a useful feature when positioning patients for lateral
projections. A foot-operated locking bar is readily acces-
sible from either the front or ends of the table.

Figure 10.9 The Philips BTS4 tomographic and general unit

The X-ray tube which is ceiling suspended is connected
to the bucky by means of a telescopic bar, which provides a
firm and stable attachment whilst allowing easy decoupling
when the tube is to be used in other parts of the room.
The longitudinal, transverse and vertical movements of
the tube are push-button controlled. The push buttons,
located on a handlebar control, are colour coded for ease
of operation and a light beam diaphragm ensures adequate
collimation and accurate centring of the beam.

The tomographic drive mechanism is located in the
ceiling suspension unit.

The unit has a fixed fulcrum so layer height is selected
by raising or lowering the table top.

A control box is mounted on a telescopic bar under the
table top. It moves with the table top when it is raised or
lowered and can be either pulled out to a convenient
position when in use or pushed in under the table top when
transferring patients from trolley to table. It has push
buttons which control the change over from tomography to
general radiography, table height, floating top movement,
type of tomographic movement and exposure time, etc. A
test button enables the tube to move through a selected
trajectory without radiation being produced; this is a useful
facility as it enables the patient to experience the tube
movement etc. before the actual examination takes place.
There is thus less chance of the patient moving when the
actual exposure is made. Each button is labelled with the
function it represents and lights up when depressed. A
microprocessor tests all functions when the equipment is
switched on prior to it becoming available for use.

The blurring movements available are elliptical, spiral
and linear. Elliptical movements are available with a
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choice of exposure angles, i.e. 36° or 18° and an exposure
time of 2.5s. The spiral movement has an exposure angle
of 30° and an exposure time of 5.5s. The linear movement
has a 30° angle of exposure and a choice of exposure times
of 0.8 or 2.5s

Zonography can be performed with elliptical or linear
movements, an angle of 8° or 5° being available with the
elliptical movement and an exposure time of 2.5s, whilst
the linear movement has an exposure angle of 8° and an
exposure time of 2.5s.

An undercouch image intensifier coupled with closed
circuit television and image storage (memory) facility is
available for use with this unit. It enables patient position-
ing to be checked using a very small dose of radiation prior
to the radiographic or tomographic exposure being made.

Philips Polytome U

This is a system designed specifically for tomography. The
equipment is mounted on a rigid cast iron pedestal which
ensures complete stability and freedom from vibration
during the exposure, providing of course that the floor of
the room in which the unit is installed is itself rigid and
vibration free (Figure 10.10).

Figure 10.10 Philips Polytome U, a dedicated tomographic unit

The tube and bucky mechanism are supported on either
end of a parallelogram which is always in equilibrium and
which moves smoothly over the point of balance. The
parallelogram is motor driven and the required movement,
e.g. linear, circular, hypocycloidal, etc. is selected by
means of a programme disc which is fitted on a support at
the rear of the unit (Figure 10.11). As the fulcrum is fixed,
layer height is selected by raising or lowering the table top,
the selected height being indicated on a scale graduated in
mm; the scale has a digital readout.

Figure 10.11 The movement required is selected by means of the
program disc. This not only provides the correct blurring pattern but
also, where applicable, the appropriate movement angle setting

The table can be tilted through any angle from vertical
to 15° Trendelenburg and as the parallelogram tilts with
the table, the unit is ready for use as soon as the table has
been tilted to the required angle.

The table top can be moved longitudinally over a dis-
tance of 90 cm and vertically through 23 cm for layer height
adjustment. Push button controls for these movements are
located on the front of the table unit. Linear, circular,
elliptical and hypocycloidal movements of tube and bucky
are available in addition to circular or linear zonography.

Movement Angle Exposure time
Linear Selectable Between 0.15 and
between 10° and 0.9s depending
50° on exposure angle
Elliptical 40° 3.0s
Circular 29° or 36° 3.0s for 36° angle
Hypocycloidal 48° 6.0s
Zonography
Linear 10° 0.15s or 0.9s with
speed reduction
unit
Circular up to 20° 3.0s
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Whilst the tube and film are making multidirectional
movements during an exposure the grid is rotated ensuring
continuous alignment of the beam to the grid. Blurring of
the grid lines is achieved by rotation and angulation of the
grid during the exposure.

For linear movements, in any direction, the grid is
aligned to the beam and blurring of the grid lines is
achieved by giving it a slight transverse movement during
the exposure. The tube and film perform an arc-to-arc
movement (Grossman principle) during the exposure
(Figure 10.12).

Figure 10.12 Grossman principle (arc to arc movement of tube and
film)

This type of movement in conjunction with the fixed
fulcrum ensures a constant FFD during the exposure,
constant enlargement for a given layer height, constant
definition and constant layer thickness.

Enlargement techniques are made possible by the pro-
vision of a second cassette tray which is positioned below
the primary cassette tray, this facility providing an enlarge-
ment factor of 1.6. The tray may also be tilted for oblique
tomography.

An image intensifier and television camera can be
mounted in place of the second tray. This facility enables
television fluoroscopy to be carried out. An image reten-
tion (memory) system ensures accurate positioning and
tight collimation with minimal radiation dose to the
patient.

The cassette holder accommodates cassettes ranging in
size from 13X 18 cm to 35X 43 cm which can be positioned in
either direction. By using a plate diaphragm the 35X35cm
cassette can be split longitudinally to record two exposures
on one film.

A single 24x30cm film may be split into either four or
six when a number of small format exposures need to be
made in sequence. This results in a saving in time and film
as all exposures are recorded on the one film. It also
simplifies viewing and is more convenient so far as filing
and storage are concerned.

Four exposures can be recorded simultaneously with a
multilayer cassette, each exposure recording a different
layer height; the distance between recorded layers being
determined by the spacing of the films in the cassette.

Whilst this unit has been designed specifically for tomog-
raphy, provision has been made for conventional bucky
radiography when required. This facility enables prelimi-
nary radiographs to be taken when necessary prior to
tomography, the conventional moving grid mechanism
being brought into position automatically when required.

Automatic exposure control is available for both tomog-
raphy and conventional bucky radiography.

Other accessories, in addition to those so far mentioned
include ratchet compressor; head clamps; shoulder rests;
patient stool; speed reduction unit (especially for zonogra-
phy) which reduces the speed of the tube/film movement
and conversely increases exposure time; Myelography har-
ness.

X-ray generator and tube

A three-phase generator in conjunction with a heavy duty
tube is essential for use with a dedicated tomography unit
of this type. The anode should have a small focus (0.3 mm
when enlargement techniques are contemplated), large
heat storage capacity, and be capable of high speed rota-
tion.

The Polytome U3

This is an automated version of the Polytome U. Prime
controls such as table movements, light beam collimation,
orientation of tube direction, etc. are all push-button con-
trolled from a recessed control panel at the front of the
table as well as from the control desk (Figure 10.13).

Figure 10.13 Polytome U3 table controls
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The blurring movements, linear, elliptical, circular and
hypocycloidal are push-button controlled from the control
desk. The available range of movements, exposure angles
and exposure times are as follows:

Movement Exposure angle  Exposure time

Linear 10° 1.0 or 0.15s
30° 1.0 or 0.5s
40° 1.4 0r 0.7s

Elliptical 20° or 36° 3.0s

Circular 7°, 10° or 36° 3.0s

Hypocycloidal 34° or 48° 6.0s

Layer height from 0 to 25cm is by stepless control from
the control desk. The selected layer height is indicated by
a digital read out scaled in mm on the control desk.

Linear and elliptical movements of the tube and film
may be orientated in any direction by means of controls
mounted on the control desk. An automatic serial changer
may be used to subdivide the film into either two, four,
six or nine rectangular or circular fields, by means of the
appropriate masking plate. Placement of the masking plate
into the serial changer also adjusts the collimator to the
area of the chosen subdivision. An ionization chamber
incorporated into the changer provides automatic exposure
control. The distance between tomographic layers can be
selected at the control desk and the various tomographic
‘cuts’ will then be made automatically.

When the unit is switched from tomography to the
conventional radiography mode an auxiliary bucky, which
may be fitted with an ionization chamber for automatic
exposure control, is automatically brought into position
and the tube centred to it. The tube can be tilted along
the longitudinal axis by remote control when oblique
projections are required and collimation of the beam to a
particular sized cassette or to a subdivided film area is
automatic in operation.

As with the Polytome U an undercouch image intensifier
can be fitted and facilities are also available for enlarge-
ment techniques and oblique tomography. The comprehen-
sive list of accessories also includes an isocentric chair for
neuroradiography, myelography harness, head clamps,
etc.

AUTOMATIC EXPOSURE CONTROL

Automatic exposure control for tomography units ensures
that the radiation dose to the film is maintained at a
constant value throughout the exposure and that the total
dose is that required to produce a given film density. It
will be recalled that conventional automatic exposure
control devices terminate the exposure when a given dose

of radiation has reached the film, e.g. a longer exposure
time is required for a thick part than is needed for a thin
part, all other factors remaining constant. In short, it is
the exposure time that is the variable factor. In the case
of tomography however, the exposure time, i.e. the time
taken for the tube to move through a given exposure angle,
is fixed and cannot therefore be the factor which is varied.
As the exposure time is fixed and the film dose is also of
a fixed value for a given film density, it follows that the
mA must be the variable factor, all other factors remaining
constant. Automatic exposure control for tomography
therefore provides a given film density at a given kV by
varying the mA.

How is this achieved?

At the beginning of the tomographic exposure the radi-
ation reaching the film is sampled by a measuring device
for a brief period of time, i.e. for a fraction of the exposure
time. Let us say that the sampling time is 1% of the
exposure time, then it follows that the sample dose should
be 1% of the total film dose (which is a known constant
value). If the sampled dose is less than 1% of the total
film dose the mA is automatically increased. This ensures
that over the whole exposure the film dose is constant and
the correct amount of radiation reaches the film to give
the desired film density.

It should be noted, however, that although the film dose
remains constant during the exposure the same is not
necessarily true of the mA. Let us consider one exposure
made with a linear tube movement (Figure 10.14).

Figure 10.14

At the beginning and end of the exposure the beam of
radiation is passing obliquely through the patient and
traversing a greater thickness of tissue than it does when
the tube is passing centrally over the patient midway
through the exposure. To ensure a constant film dose the
mA is therefore higher at the beginning and end of the
exposure, than it is half-way through the exposure, as the
beam is then passing through a thinner section of patient.

Continuous variation in mA throughout the exposure
ensures that a constant dose rate is administered to the
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film during the exposure and that the total dose is that
required to produce a correctly exposed tomogram.

QUALITY ASSURANCE TESTS

Tests on tomography equipment should be carried out at
installation of the equipment, after repair and at fixed
intervals thereafter to confirm that initial and continuing
performance is satisfactory.

Checks

In the case of floor mounted tube supports it is important
to check that floor tracks are clean as foreign bodies, dirt,
etc. may cause uneven movement of the tube. Likewise,
check that the tube movement is smooth as worn bearings
can cause uneven movement of the tube with consequent
increased unsharpness in the tomograph. Worn bearings
should, of course, be replaced.

Check all locks to ensure that they are not worn as
insecure locks will allow movement to occur during the
exposure which will result, once again, in loss of definition
in the finished tomograph.

Tests

The accuracy of the reciprocal movement of the tube and
film during the exposure when using a linear movement
can be checked by stretching a piece of thin wire along the
centre line of the X-ray table. A cassette is placed in the
bucky tray with one half covered by lead rubber and the
tube positioned as it would be at the start of a tomographic
exposure (Figure 10.15(a)) and an exposure made (with
the tube stationary). The tube is now moved to the position
it would occupy at the end of a tomographic exposure, the
lead is moved to the other half of the cassette and a second
exposure is made, once again with the tube stationary
(Figure 10.15(b)).

Figure 10.15 Test to check integrity of tube/film movement

When processed the film should shew an image of the
wire as a continuous line (Figure 10.16(a)).

If, however, the movement of the tube and cassette are
not exactly in line, the image of the wire will be separated

Figure 10.16 Test film (a) satisfactory (b) fault in tube or film movement

at the centre as shown in Figure 10.17(b). This would
indicate transverse movement of the tube or film relative
to one another during the exposure with consequent loss
of definition in the selected plane.

Whilst this test is useful only for a linear movement of
the tube, irregularity in the movement of tube and/or
cassette when using other movements such as circular,
elliptical, hypocycloidal, etc. can be checked by means of
a pin hole in a sheet of lead. This lead sheet with a pin
hole of about 1.0mm is placed on supports about 12cm
above the table top (Figure 10.17). A film is placed on the
table top under the pin hole and the layer height set at
twice that of the lead sheet, in this case 24cm. A tomo-
graphic exposure is made and the film processed. The
resultant image should show the tube movement used, e.g.
circular, hypocycloidal, etc. without irregularities. If there
are any irregularities indicated they should be corrected
as they will lead to loss of definition within the selected
plane.

Fulcrum

Lead support

Cassette

Table top
Figure 10.17 Test to check integrity of tube movement

To check that the film is also moving in a smooth
trajectory during the exposure, the cassette is now put into
the bucky tray and an exposure made as before. A smooth
image of the movement of the film, traced out by the
radiation passing through the pin hole, will indicate that
the movement of the film during the exposure is satisfac-
tory.

When a tomogram is made using a two-pulse generator
and a short exposure time the pin‘ hole may trace out the
image as a series of pulses, which is, of course, to be
expected. If, however, there are some parts of the image
which are much darker than others it may be an indication
of uneven exposure due to varying velocity of the tube
during the exposure.

Even when the image is smooth and of equal density it
is important to note whether or not the image is complete.
If, for example, only three-quarters of a circle is present
this would indicate a fault in the exposure switching
whereby the exposure is terminating before the tube has
completed its full movement. Such faults should, of
course, be rectified.
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Accuracy of layer height indication

A number of test tools are available commercially to
check that the layer height obtained during a tomographic
exposure agrees with the layer height indicated on the
scale. One such tool consists of a circular block of plastic
in which are embedded 12 lead numerals in the form of a
spiral, each number being placed 1.0 mm above its prede-
cessor (Figure 10.18). Other plastic blocks without numer-
als are provided so that the test tool can be raised to the
appropriate height for the test.

Figure 10.18 Test tool for layer height

In use the layer height scale is set to say 10.5cm and
the test tool, placed on a 10cm block is centred on the
table top. A tomographic exposure is made and the film
processed. If the image of the lead numeral 5 is most
clearly defined and the numerals 4 and 6 show progressive
blurring then the scale is accurate. If not, then the scale
should be adjusted followed by tests at other heights. The
test may be repeated at all four corners of the field to
demonstrate whether or not the image plane is parallel
with the table top.

Where no commercial test tool is available it is easy to
construct one by pushing pins into a block of polystyrene
(or an old film box). The pins should be positioned one
centimetre above each other as shown in Figure 10.19.

In use the test tool is positioned on the tabie top with
the long axis of the pins placed transversely to the long
axis of the table. The layer height indicator is set at say
6.0 cm and a tomographic exposure made. On the resultant
tomograph the 6 pin should be sharply defined with the
image of the 5 and 7 pins showing increased blurring. The
thickness of the selected layer can also be assessed with
this test.

Box — pins set at different heights from the table top

Figure 10.19 Test tool for layer height (using pins)

Figure 10.20 Fan test

In this test a film is placed on the table not more than 15°
from the vertical (Figure 10.20). The layer height is set to
the centre of the film and the light beam diaphragm
adjusted so as to give a narrow transverse beam of radi-
ation. A tomographic exposure is made and the film proces-
sed. This should show a fan-shaped image of even density
(Figure 10.21). To measure the exposure angle it is neces-
sary to either measure the obtuse angle ‘x’ as shown and
subtract it from 180, e.g. if measured angle was 140° then
180—140 = 40. Therefore exposure angle = 40°.

Figure 10.21 Fan test image

Figure 10.22 Measuring tomographic exposure angle
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Alternatively the lines A and B can be extended by
drawing them on the radiograph (Figure 10.22) and measur-
ing the exposure angle directly from the film.

If there are streaks ot varying density on the film it
indicates uneven exposure which may be due to variations
in the angular velocity of the tube during the exposure. If
the film is placed centrally this film will also indicate
whether or not the exposure angle is equal about the
midline.

Frequency of testing

This is determined, to a large extent, by the amount of
use to which the equipment is subjected. However, it is
highly desirable that the tests should be carried out at
installation, after repair, and thereafter at quarterly inter-
vals.
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ORGAN PROGRAMMED UNITS

As we have seen, some -X-ray units permit individual
control of kV, mA and time (called three knob control)
others of kV and mAs (two knob control) and others,
where the exposure is automatically controlled, of kV

only (single knob control). Again, with respect to focal
spot size, some equipment permits free selection of focal
spot size, within its rating, whilst other equipment is desig-
ned on the basis that the smallest focal spot should always
be used and automatically selects the smallest focal spot
size for a given kV and mA s. Free choice of all exposure
parameters leads to great flexibility in the use of equipment
and excellent radiographs can be regularly produced by
staff who are well trained, who fully understand the equip-
ment they are using, and who use the same equipment
over a long period of time. Free choice can, however,
lead to repeat exposures if the equipment is used by
inexperienced staff or by radiographers who are not famil-
iar with the equipment, as for example when staff operate
on a rota basis and do not spend very long in any one
room. The use of automatic exposure control goes some
way towards overcoming this problem but an extension of
this concept in terms of organ programmed units has much
to commend it.

An organ programmed (or anatomically programmed)
unit has all the exposure factors relevant to a particular
examination, e.g. kV, focal spot size (not mA since a
falling load generator would normally be used) and appro-
priate sensor for automatic exposure control programmed
into it. All the radiographer needs to do to recall this
information is press the appropriate symbol which relates
to the required body part then press the exposure switch.

Many radiographers dislike the idea of organ program-
med units as they feel the lack of flexibility relegates
them to the role of ‘button pushers’. It cannot be denied,
however, that such units can be useful in situations where
there is a rapidly changing staff and they may be looked
upon with increasing favour as time goes by. Free choice
of exposure factors can be selected when desired by
switching out the organ programmed facility.

The unit is programmed with the exposure factors appro-
priate to a particular examination by a member of staff
who selects the factors by free control then programmes
them into the unit by pressing a switch or button, usually
concealed so that the programme is not changed inadver-
tently. Any programme can, of course, be subsequently
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changed by making another selection of factors on free
control and pressing the concealed programming button.

Organ programmed units can lead to a speed-up in
patient turnover, reduction in film rejects and a reduction
in radiation dosage to patients and staff.

CASSETTE AND CUT FILM CHANGERS

Some radiographic examinations necessitate the exposure
of several radiographs in rapid succession. Films may be
taken in a single plane, i.e. using one tube only, or biplane
equipment may be used which enables AP and lateral
projections to be taken simultaneously. It may be neces-
sary to expose radiographs in rapid succession at a rate of
up to say six per second, more slowly at a rate of say one
per second, or even one every 5 seconds. Alternatively, it
may be necessary to make some very rapid exposures
followed by others at longer intervals. We call this series
of intervals a programme which may be manually or auto-
matically controlled.

Manually operated cassette changers

The manually operated changer used for cerebral angiogra-
phy has already been described. Similar arrangements for
use with plain radiographic tables using cassettes in trays
have been in use in many departments for a number of
years. This type of equipment has a number of disadvant-
ages associated with it, i.e. difficulty of reproducing with
accuracy a particular programme of exposures and,
secondly, the radiation hazard to the individual pulling
out the cassettes.

Automatic cut film changers

The AOT is probably the most widely used cut film chan-
ger. It is available in two sizes, one for 24 cm X 30 cm films
and the other for 35cmx35cm films. Exposures can be
made at a rate of six per second and a maximum of 30
films may be exposed at one examination. A diagrammatic
representation of the AOT indicating its main features is
shown in Figure 11.1.

The film magazine

The film magazine (A) is loaded up with films (maximum
30), each film being placed between wire separators. Care
must be taken not to force the films into position and not
to get more than one film between each pair of wire
separators. ' .
The sliding lid at the top of the box is closed and locked
in position against the side section of the container. The

magazine is located on runners and then pushed gently
into the changer. A peg (B), shown in Figure 11.1, engages
with the projection on the side of the film magazine and a
similar engagement takes place between a peg at the back
of the changer and the back of the lid (C). When the
magazine has been fully inserted into the changer the
hinged door is closed, making it light tight.

Figure 11.1 AOT cut film changer

The receiving box

The receiving box (D) is a metal box, narrower than the
unexposed film magazine, which accommodates up to 30
exposed films. This is placed in the changer as shown
in Figure 11.1 and when in position its lid is opened
automatically so that films may be received after exposure.
Aninterlock ensures that the magazine drive motor cannot
be energized if the receiving box is not in position or if its
lid is not opened. A button on the outside of the changer
is used to close the lid of the receiving box when the
examination is completed so that it may be removed from
the changer to be taken to the dark room.

The exposure area

The exposure area is formed by a stationary grid clipped
in position on the upper surface of the changer. An intensi-
fying screen mounted on the lower surface of a carbon
fibre plate lies under the stationary grid. One edge of the
screen has a portion cut out into which projects an arc of
thin strong wire This functions as an interlock and ensures
that an exposure cannot be made unless a film is between
the screens, in which case it compresses the piece of wire
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and operates the necessary interlock switch, which allows
an exposure to be made. The lower intensifying screen is
mounted on a metal plate backed with lead. The lower
plate and intensifying screen are held in close contact with
the upper intensifying screen by two strong springs, whilst
an exposure is being made, then lowered by means of a
cam when the exposure is ended.

The motor drive

In operation the exposed film magazine is moved to the
right by means of a screw drive which is operated by an
electric motor. The power to the motor and therefore its
speed of rotation is controlled electronically. One rotation
of the screw drive moves the unexposed film magazine
forward sufficiently to allow a new film to be flicked up
for transmission to the exposed area.

Mode of operation

When the ‘camera’ button on the hand switch is depressed
then released, the motor in the changer causes the film
magazine to move to the right. Movement of the magazine
to the right causes the lid of the magazine and two small
apertures at the base of the magazine to be opened. Two
metal projections (E) (Figure 11.1) enter the holes and lie
under the first film. A cam causes the fingers to flick the
film up to roller (F). It is then guided into the exposure
area, the lower screen being held down at this stage. When
the film comes to a stop the lower screen is moved up,
compressing the film tightly between the upper and lower
screens. The motor now stops and the changer is ready for
the first exposure. Pressure on the hand switch ‘start’
button now puts the X-ray equipment into ‘prep’. Release
of the button reactivates the changer motor which operates
contacts causing an exposure to be made. After the expo-
sure the lower screen and its support is lowered and the
film is taken by roller (G) for onward transmission to the
exposed film container. This sequence of events is repea<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>