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Introduction

-

The development of X-ray generating equipment has
been 80 rapid that control and measurement inetruments

have lagzed behind. Perhaps the most important measurement
to be made is that of the kilovoltage applied to the

X-ray tube. Upon thies depends the wave-length of the

X-ray beam as well as the energy content and thuse the
penetration of the same. A continous indicating kilo-
voltmeter might well be considered the most useful
instrument in the X-ray laboratory.

In view of the fact that there is no such instrument
in existance for general use it was the purpose of thie
work to study the varioue more or lese makeshift
methode now used and to design and construct an instrument
which would be more esatiefactory.

Part 1 is a deecription of the X-ray power plant
that was aeeembled for general use and aleo for testing
experimental kilovoltmeters, together with inetruotions
for operating the same.

Part 11 is a report on the method developed in this
laboratory as well as a suggested outline for future

study of kilovoltmetere.



PART 1

X-RAY GEVERATIVZ EQUIDVENT




1. Nature of X-rays

X~rays were discovered by Roentgen in
1895 while he was performing some cathode ray
experiments. Both the terms Roentgen rays and
X-rays are applied to the same phenonema.

Early investigations showed the similiarity
between these rays and ordinary light. They pass
through epace in etraight lines, affect a photo-
graphic plate, are unaffected by electric and
magnetic fielde, and show polarization and many
other well known effects common to 1light, but
in esome reepecte they differ. They can not be
refleoted, refracted, or diffracted as can light
by ordinary meane. In recent years, however,
these effects have been produced by elaborate
methode. X-raye may be reflected and diffracted from
ocrystal planee, and by thie means X-ray wave length
is measured, and aleo, using a known wave length
the structure of unknown crystale may be determined.
X-raye are, like light, electromagnetic waves varying
in length from 0.06 to 1018 2ngstrom Units, thus

fringing the gamma rays on one eide and ultra violet



light on the other.

All electromagnetic waves are produced
by some form of an electrical disturbance.
X-rays are produced when a high speed electron
or cathode beam strikes a metal target.
X-raye travel in straight lines with the velooity
of light, losing intensity accorling to the inverse
square law. They are produced when cathode rays
strike matter of any kind and are thus suddenly
stopped. They may aleo be emmitted when X-rays fall
upon a given substance, being given off as
seoondary radiation of longer wave length. Thus
in order to produce a primary beam of X-ray
it ie necesesary to have a eource of cathode rays
striking a dense target at high velocity. Thise is
the purpose of all X-ray apparatus.

The energy content of the X-rays depends
upon their intensity and aleo the wave length,
the shorter the wave length the greater the

inherant energy.

11. Uses of X-rays

In medicine X-rays play an ever increasingly
important part, both in radiographic and theraputic






useés. They assume an important place in induetrial
laboratories for the examination of articles euch
as castinge, welds, etc., without destroying the
sample. Engineers now use X-raye to determine the
effectes of strees and etraine in structural
materials, as well ae effects of varioue heat
treatments. The technique of welding and pouring
of castings has likewise been improved.

X-rays have played an important part in the
development of rayon.

They are very active biologically and are
now being ueed to disturb the genes in plant and
animal life. 8ome evolutionary proceeses are eaid
to be accelerated as much as 3000% by X-ray treatment.

Many substances behave very differently in
chemical reactions after they have been treated
with X-raye, and the study of thie phencnenma
offers a fertile field for research.

In the physice laboratory they have a wide
eprlication in the study of crystal structure and
enable a more intensive study of the ultimate

estructure of matter.



111. X-ray Equipment

The facilitiee of the X-ray laboratory of the
Phyeics derartment of Michigam BState College have
been increased during the paet two years by the
addition of a larger capacity X-ray equipment
which wae formerly used at the Michigan State
Tuberculosis Eanitorium at Howell, Michigan. This
equipment is 0ld style and rather obeclete in
medical practice, but is quite satiefactory in
laboratory and experimental work. It is designed
for maximum continuoue oreration at 100 milliamper;e
at 100 Kilovolte, but these limits may dbe exceeded
for short periode without harm.

A part of the laboratory work incidental to
thie theels wae the rerair, assembly, and inetallation
of the several parte of thie equipment, involving
among other thinge permanent wiring for both the input
power and high voltage output; a magnetically
controlled time ewitch, an auto-traneformer control,
and a new filament traneformer with ammeter for the
same.

A large fluoroecope on a eeparate stand, a tube
stand, a medical table, a "bucky" filter, intensifying

soreene, and one new type Westinghouse tube were other



parts of the equipment.
There 1e now equipment for practically any kind

of medical work as well as a substantial power plant
for work in ocastinge, cryetal analyeis and other work

in modern physics.

iV. The X-ray Power Plant

Since all X-ray tubee require a high voltage
the essential part of every machine ie the means
of production of the high voltage. In all modern
pachines thie ie a etep-ur transformer. In order
to control the output, rheostats or auto-trans-
' formers or both are included in the primary circuit,
ae well as time ewitches and safety devices. The
output of the high voltage traneformer is then
usually rectified either by a mechanical or a
vacuum tube rectifier. In small outfite the
X-ray tube iteelf may be ueed for the rectifier,
provided it is of the Ccolidge type with means for
keeping the target cool. Where Coolidge tyre
tubes are used provision muet be made for the
filament surply with additional reeistances in
thie circuit. The meters that are usually used

coneiets of a milliarmeter and a filament ammeter.






8ome means of eetimating the kilovoltage, such as
a epark gap, is usually included.

Additional refinements may be added to the
XI-ray equipment depending upon the amount of money
available, and each have special purposes for
which they are useful. It is good economy to invest

a# much in safety equipment as posseible.

V. The Power Supply

The power suprly for the X-ray machine here
being deecribed ie taken directly from one phaee
of the 3300 volt primary line through a 15 K,V.A.
eter down transformer and led through special #3
wires to an enclosed switch in the X-ray laboratory.
It 19 fueed at 1CO amperee. The line supplies 330
volt alternating current at 60 cycles and is
uveed solely for the X-ray equipment. Connected
directly to the switch 1s an automatic inetant
acting circuit breaker. Thie consists of a coil
in one of the leade wound upon an iron core and
which attracts an iron armature with a foroce
proportional to the current paesing through the
coil. If the current should even momentarily

become too great, this armature flies upward and






strikes the small triggere whioh engage the switch
arme, and cauee them to release. Then they fly
open by both gravity and epring ection. The
conetruction of these ewitch arme ie¢ interesting.
The main current is carried by large copper contacts.
¥When the switch ie released these copper contacts
separate, but the current etill paseses for an
infinitesimal time through large carbon block
contacte. When these release all of the arc
incident to the breaking of the circuit occurs

at the carbon contacts, and does no damage to the
main copper current carrying contacte. These carbone
may be replaced easily if neceesary. 1In caee of an
overload thie circuit breaker dieconnecte both
gldes of the line simultaneously. The circuit
breaker i1s adjuetable for different current ratinge
by varying the eet screw below the armature; the
farther thie armature is away from the magnet core
the more current it will take to attract it. A
scale showe the spproximate current ratinge, and
the circuit breaker should be set at approximately
75 amperes. The power is carried to the auto-

transformer through #4 wires enclosed in flexible



metalic tubing.

No other power devices ehould be used from
the power suprly line when the X-ray machine 1is
being used, although it is a euitable source of
power for operating motore etc., when the X-ray
machine is not in uese.

The power for other pieces of X-ray equipment

ie taken from the load side of the main supply switch.

Vl. The Auto-transformer

An auto-traneformer consiete of a large closed
-laminated iron core with a single winding of wire
sufficiently heavy to carry the higheet current
useed. It ie provided with a large number of tape
on different turne and thue a large number of
different voltages may be taprped off from the traneformer.
The operation of an auto-transformer ie eimiliar to the
operation of any other traneformer, in that the output
voltage acroes any number turne depends upon the
ratio of that number ot turne to the total number
of turns connected to the power iupply voltage.

The suto-traneformer is deeigned for a 330 volt drop
acrose the entire coll and hence 110 volte across

one half of the coil.






There is mounted on the auto-transformer
control panel a single pole double throw ewitch,

two movable armse making contact on rows of contact
pointe, and a meter calibrated in kilovolte.
Inside of the case as a dbinding-poet etrip wired
to the various taps, and from which connection 1ie
made through heavy multiple conductor cable to

the X-ray machine. 8ince the eupply is 230 volte,
it 1e connected directly acrose the entire trans-
former coil.

Leads are run from the various tars on the auto-
transformer to the binding-post etrip which in turn
supplies several conetant voltages as long as the line
ie connected and 1e independent of the main trane-
former control eettings of the auto-traneformer.

The tape are marked for eimplicity and convenience
as follows: -110 volte; O 1line; -#; 0; +T; +70
volts; + 110 volte. Thie warking wae chosen for
convenience, and the + and - signe have no sig-
nificance eince alternating current is used, and
hence there ie no such thing as positive and
negative in the literal eense of the word. These

markinge merely mean that, coneidering the mid-point

-9-



as at earth potential, there ie 110 volte potential
between it and either side of the coil, and across

the whole c0il there 1s a total of 230 volte. This
method of marking is purely arbitrary, but may bde
easlly followed to obtain the desired voltage
combinatione. Thie etrip ie aleo lettered with
corresponding letters on the machine sewitchboard
binding poete.

These eeveral taps on the binding-post etrip
are connected by leade to the different circuits as
followe: The main power supply leade are comnnected
between the -110 and the + 110 volt terminale. The
grounded center tap of the power supply is connected
through the é}ginding poet to one eide of the single
pole doutle throw ewitch on the auto-transformer
switchboard panel and to the center tap of the auto-
traneformer. The other side of thie eswitch is at
present not connected to anything. When thie circuit
ie closed by means of thie switoh, better regulation
of the output ie obtained when the load of the
auto-traneformer is coneiderably unbalanced with
respect to the two sides of the coil. The motor

circuit ie connected between - 110 and O, and



accordingly receivee 110 volts for ite operaticn.
The 320 volts required by the magnetic time ewitch
is taken from the two taps which are labeled + 110
and - 110.

The motor circuit is protected by a 30 ampere
fuse mounted on the binding post strip together
with a 3 ampere fuee protecting the filament
transformer.

Two binding poete are provided marked + T and
- T which are connected to the movable arms on the
control panel. Theese arme pass over contacts
connected to various coil tape, and hence may be
eet at any deeired value. The one arm gives a coarse
adjustment while the other arm providees a fine
adjuetment. One etep of the coarse adjuetment
juet equals the entire range of the fine adjust-
ment arm. Every other ster over which the control
arm paeses ie a blank having no connection, and thus
the control arm must be moved two steps to make one
change. The reaeon ie that as the control arm ie moved
over the contacts, it would short circuit adjacent

contacts as it passed over them. Thie would be

-lle



equivalent to short circuiting turne, which would
cause a large current to flow, and might over heat
the traneformer winding.

The main high voltage X-ray traneformer ie
oconnected by doubled extra heavy wires in the cable
to these variable arme, and a meter graduated in
kilovolts is connected between them. Thie meter is
really a voltmeter requiring 230 volts for full
scale deflection and having a scale divided into
100 divieions labeled kilovolte. Thie calibration
is based upon the etep-up ratioco of the main trane-
former, taking into account the voltage drop due
to the resistance of its windinge and the voltage
lcse in the rectifier. Hence it applies for only
one value of tube current, and ie far from accurate
at any other load. The tube current to uee with
thie calibration ie 20 milliamperes. To use a smaller
number of milliarperee the effective kilovoltage
would be greater than that shown by the meter, being
nearly doubled if the tube current is cut in half.
The opposite effect is noted when the tube current ie
increased, that is, the effective kilovoltage is

greatly lowered. These effects are entirely due to

-13-



resistance loeses in the high voltage system and

cannot be eliminated. The only solution is to use

the standard technique at all times, and accept

the kilovoltage indications as given by the meter.
All of the electrical connections referred to

above as well as those that follow may be traced

on the main wiring diagram on page 14.

V1l. Synchroncug Motor and Rectifier
The rectifier used to suprly the tube with
unidirectional high voltage current is of the
mechanical type and 1s operated by a synchronous
motor. A synchronous motor is a motor that alwayse
staye in step with the alternating current input,
and is 80 designed that the rotor shaft is always

3t a certain position when the wave is in 2

definite phase. The rotor of the motor ie alwaye

at the same electrical position as the rotor of
the alternator surplying the current.

The motor is constructed the eame as any
stator wound eplit phase induction motor,
except the rotor, instead of having alternate iron

and copper bare, has four extra wide coprer bars
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placed at 90° intervals around the rotor. These tend
to prevent the rotor from elipping phase and"lagging"
the current. The load ie very small and the motor
is one horsepower, 80 that there ie little tendency
for the rotor to lag, and theee porticne of non-
magnetic material prevent any change of phase position
once the motor hae started. The starting winding
consiete of a few turne of wire in euch a poeition
that the torque ie greater in the direction of
rotation. When the motor hae gained speed thie
starting winding ie dieconnected by means of a
centrifugal ewitoh, which breaks contact with two
etationary elir ringe connected in eeries with thise
winding. The ewitch hae two electrically comnected
arme which rotate on these slip ringe and are held
againet them with epringe. When the speed is
eufficient these contact arms are thrown out by
centrifugal force against the force of tke spring,

and break contact with the elip ringe. The whole
switch 1e electrically insulated from the frame.

The motor ie connected to the line by means of a

double pole single throw ewitch located on the

switchboard of the X-ray machine. It operates from

-15-



the 110 volt circuit and draws aprproximately 8
amperes while running. It does not heat greatly
under continuous operation, and it 1s a better policy
to allow the motor to run continuously while taking
a series of exposures than to turn it off and on
repeatedly.

The rectifying disc consists of a circular
sheet of mica about 24 inches in diameter rigidly
‘ attachel to the synchronous motor shaft and having
metal stripe at each quadrant, adjacent etrips be-
ing electrically connected, giving, in effect, a disc
with two conducting and two non-conducting quadrants.
Four bruehes placed 90° apart make contact with
this disc. Two of them, 180° apart, are connected
to the transeformer terminale, while the other two
surrly rectified current to the tube. These brushes
are carefully insulated by large stand-off insulators
and the'connecting leads are enclosed in mica tubes.

Referring to page 17, it is seen that in
position one, brushes A and D are connected and
B and C are also connected. If the alternating

current is at the proper phase angle to make btrush

-16=



Fig. 3.
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A positive, then brush D would aleo be poeitive,
and brueh B would be conneoted to brueh C, and that
line would be negative. At a phase angle 180o
beyond thie point, brush A would be negative and

C positive. But the action of the synchronous motor
during this time would have caueed the disc to

be so rotated that A would be connected to B
(poeition 2) and C would be connected to D. Thus
the line D would still be poeitive and B would
remain negative. Since both moto; and transformer
are connected to the eame power euprly the synchronous
motor will follow the reversals of the current in the
same manner ae the transformer, and rectification
will always be in the ezme direction.

The use of the mechanical rectifier allowe only
the peak of the wave to pass and the low voltage
portion of the wave ie shut off. This ie an
advantage, eince thie portion is not useful in the
Froduction of penetrating X-raye and merely serves
to heat the target, which becomes ovérheated all too
quickly with ite own peak current. It ie interesting
to note that as little as 2% of the electrical
energy is converted into X-rays, the rest being

diesipated ae heat. More modern systems of rectification

-16-



use one or more hizh voltage kenétron tubee in
different circuite as shown on rage 30. They are
eimiliar to X-ray tubes and have a filament and anode.
The filaments are heated by eeparate filament trans-
formers, the primaries of which are connected to

the 110 volt supply line. These tubes pass an
electron current from the filament to the anode

only, and none in the oprosite directionm. Their
action in the different circuite may readily be eeen
in the diagram.

The wave form with disc rectification is more
or lese complex and does not follow the theoretical.
This is due to the fact that the spark starts to
jump before the disc reaches the brush and holds
after the diec hae passed the brush. This produces
a comrlex form that ie hard to measure and interpret.

The synchronoue motor will start without
regard to polarity, and thue either side of the
high voltage might be rendered positive. Since
the tubee are usually left connected to the line
with a certain polarity and since there is no
convenient method of determining the polarity
of the high voltage, an auxilliary means of
determining and controlling the polarity muet be



provided. For thie purpose a polarity indicator

18 placed on the machine switchboard together with

a polarity reversing ewitch. The polarity indicator
is really a direct current volimeter with the zero

in the center of the dial. Ae shown by the main
wiring diagram, (page 14), the meter is operated

from the A.C. motor supply throﬁgh a exrall commutator
on the end of the synchronoﬁe motor ehaft. Thie
éommutator hae four quadrants, two oproelte onee
being connected together and the other two ineulated
from one another. Two brushes are.in contact with
the commutator 180° apart. If, when the surply

line (-110) ie poeitive the two bruches are connected
by being in contact with the two comrutator bars
which are connected together the meter will indicate
in the positive direction. When the line (-=110) 1is
negative the motor has turned far enougzh o0 that the
brushes are diesconnected by being in contact with the
other two commutator bars. Due to the inertia and
damping of the meter needle, it will give a steady
positive indication, the meter return being to

the other motor 1ine (0). Should the motor start up

on the other half cycle the meter would give a negative

«Z3le



indication.
From the main wiring diagram (page 14) it may bve

seen that the transformer suprly leads and aleo the
meter oconnection wiree pase through a polarity switch
of a four pole double throw type located on the ma-
chine ewitchboard. Two poles are ueed for each circuit.
By revereing thise switch the meter may be made to.
read positive if it should at any time read

negative at first, the traneformer connections be-
ing thus automatically changed aleo %o make the
correct polarity of the rectified current. Whenever
the motor ie started the polarity indicator should
be made to indicate positive after the motor has
reached eynchronous speed. The polarity will not
change unless the current supply ie interrupted.

It is very important to alwaye have the correct
polarity, eince a high reverse voltage 1ie hizhly

injurious to the tubes connected, eerecially those
of the gae variety.

V1ll. Care of Motor And Machine
The motor ehould be oiled in btoth bearings

once a month with a good grade of machine oil and
inerected to see that the oil ringe are rotating

properly. All connectlions should te inspected for

-33~



tightneee and the eet screws that hold the mica disc

in place on the shaft ehould be tight. The brueh
holder for the polarity indicator commutator may
pe rotated if neceeeary by looeening the get screw

and turning the brueh holder until the meter givee
a meximum deflection. The bigh voltage contacte should

be occasionally cleaned and adjueted eo as tO just

mies the diec contacte as they pase. The disc will
pot rotate on the motor ehaft becauee it ie bheld

in place with a machine key. The disc hes been

adjusted for maximum efficiency under prevailing

conditions.

1. Filament Supply
The filement eurrly comee from the 70 volt
tap on the autbtraneformer and ie controlled by a
double pole eingle throw gwitch on the machine
gwitchboard. From tke gevitch the power paeecse

through a variable reactance coil and from there

to the primary winding of the filament traneformer.

Both the reactance and the filerent traneformer
are eet on top of the X-ray rachine and elevated

by ineulators to }revent a breakdown between the

high voltage wiree in the X-ray machine and the

filament circuit. The reactance controls the

-23-



primary current, and hence indirectly the secondary

current. The primary is rated at 80 volts 60 cycle

alternating current. About one ampere is rejuired
through this primary. This transformer is of the

ordinary etep down type, except an extrerely high
voltage insulation is provided between the primary and

secondary windingze. The secondary ie rated at from 5 to

30 volte and ur to about 5 amperes. The transformer

top
has an iron case with a fiber/and a high pillar

of bakelite from which the filament leads emerge.
It 13 of the o0il filled type and will stand 100

kilovolte between windinge. An alternating current

ammeter is connected to the output and has a 0-10
arpere range. The filament current should te

between 4 and 5 amperes for normal oreration. FWhen

the filament is cold ite resistance is much lower
than when it i1s hot, and eince it has quite a

large thermal capacity it draws a very large current

while it ie warming up. This is hard on the filament,

transformer, and ammeter. The remedy is to

always turn the switch on when all the reactance
is included in the primary circuit, and gradually

increase the current as the filament warms up.

-34e



One of the filament lines is connected directly
to the negative high voltage line which 1e thuse
pade to serve two purposece and the other filament

line ie a # 14 rutber covered wire peesing ineide

the high voltage conductor, thence to the tube.

X. High Voltage Lines
The high voltage lines are made of correr

tubing to give the neceesary rigidity and to prevent

corona lossee. The larger the conductor the lees

the corona loes. A 14 inch seraration 1s pro-

vided between the ceiling and walle, and the
conductors are 74 feet sbove the floor. The
poeitive lead terminated in a hook faestened to

a flexible lead which ie kept under constant
tension by a2 epring orerated tske up reel. Thie
engagee & loop which servee as the anode terminal
of all Coolidge tubee. The two filerent wiree
connected to the negative line terninates in

a medium Edison etyle ecrew receptacle which

fite the cathode end of the Coolidge tutes. The
leads are kert taut ty means of spring driven reele.
Theee leads aré prevented from making accidental

contact by short lengths of rubber tubing.

-35-



Xl. Switch Board

Most of the controle on the X-rzy ewitchboard
have been discueeed, but are here reviewed from

the standpoint of machine orerztion. In the urper
right hand corner of the contrcl board is a

double role eingle throw switch in the filament
primary circuit. A eimiliar ewitch juet below
controle the motor. The rolarity ewitch is in the
lower left bhand cormer. Above thie i1e a trirle

role double throw switch formerly used to

connect the traneformer to either 110 or 330

volt line. In its present uee it 1e left on the

230 volt elde and in that poeition it 1e connected
directly to the variavle tars of the auto-traneformer.
Above this 18 a double role eingle throw switch ueed
formerly as the main transformer control switch, but
has eince been rerlaeced by the magnetically controlled
time ewitch. Thie doutle pole ewitch has been left

in the line bhowever, and ie used to disconnect the
main traneformer between exrosuree 80 that the
inadvertant closing of the time ewitch will not

turn on the bigh voltage. A eingle pole doutle

throw ewitch connecte one of the line wires to
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either of two tare on the primary of the transformer,
and thue givees two slightly differsnt voltage ranges.
A varietle rheoetat, in the primary circuit, i1s located
juet below the ewitchboard and is ueed exclusively
for voltage control when the old-style gas tyre

tubes are used. It ie left with the reeietance all
out when ueing Ccolidge tyre tubee, control being
effected by the auto-traneformer and filament
reactance. The reason for including resietance in

the primary circuit when a gae tute ies being used

ie tecause the rresesure ie art to change euddenly

and if it does a very larze current xight flow

caueing coneiderable damage. A registance protecte
the primary circuit from exceseive power and tends

to keep the action of the gzae tute rore conetant.

X11. Time Switch
The time ewitch ie of the Cutler Hammer
magnetic control variety having a large current
rating and ie designed to break the circuit in
four places, thus preventing any tendency to are
acroes contacte. 7yt ie connected in seriee with the
primary of the transformer. The 330 volt current

surrly for thie ewitch bae been diecussed on page 11.



Thie small current pasees through the emall portable
hand ewitch with clockwork control. For continuoues

operation the button on the top of the switch is

held down during the exposure. Thie merely

conpletes the circuit by means of a push-button
arrangement. If it ie desired to set the ewitch for a
definite time interval, the clockwork mechaniem ie wound
up by means of the emall knob on the front until the
pointer indicates the deeired time. The exposure is
made by preeeing the knob on the tor until the clock
rune down, the current automatically shutting off at
the end of the exproesure. The time indicator may be

set 1/8 second minimum. The maximum time setting ie

13 eeconde, but the clock may be quickly rewound and
the exposure continued if neceesary. If thie ewitch ie
wound teyond the desired time it may be run down by
preesing the topr button, providing the main line

evitch on the main switchboard has firet been opened.
This portable hand ewitch ie in a takelite case and
great care should be taken not to drop it eince the

caee would break easily. The ewitch is Quite expensive

and must be carefully handled.
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For long exposures in some physical work a
cord with a simple cord ewitch is provided and may

be plugged in, in place of the time ewitch and

the primary of the transformer thue controlled.

X111. Main Traneformer

The high voltage transformer ie an extra large
style traneformer with about 15 K.V.A. capacity. It
has a heavy primary winding on a maesive iron core
and a eecondary winding capable of delivering 100
milliamperes continuously. The secondary voltage is
delivered to two mica pillar insulatore. The mid-
roint of the secondary 1e grounded. The case is of
welded sheet eteel and the tor is of fiber, Wwell
bolted to the transformer case. The traneformer case
ie 041 filled and should be kept to within one-half
inch of the top with high grade traneformer oil.

The plug over the filler opening should be kept
closed to exclude moisture.

After the high rotential current has been
rectified it pssses through a dvual range milli-
armeter. The lower range reads to 30 millianmperes
and the urper reade to 200 milliamrperes. This meter
being part of the high voltage syetem is mounted in
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a well insulated poeition on tor of the cabinet and
in easy view of the operator wkile in poeition to
adjust the filament current.

X1V. Tube Stands
Tube etande are of very heavy and sturdy conetructicn

and are 80 arranged that the tube may be adjusted to al-
moet an¥ height. The tube when in position ie counter-
balanced and may be handled very easily. Tube stande are
equipped with a lead glase bowl, and thus provide pro-
tection from X-rays except in the direction where X-raye
are desired. A pnodified tube stand with the tube
completely encloeed in a lead covered box is used in
connection with a fluorosccre for visual examination of
a patient.

Tubes may aleo be mounted underneath adjustalble
tables 80 that the patient may be observed by
meane of a fluoroscore while in a prome position.

Special mountings which give utmost protection

from X-raye must te used for phyeical research work.

XV. Tubee
The gas filled tubes are now obsolete and
only the high vacuum filament tubes will be discussed.
The filament or Coolidge type tube in the universal

form coneists of a highly evacuated glass bulb about
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10 inches in diameter, having two side arms about one
inch in diameter projecting from oprosite ends of a
diameter to a distance that will make the entire tube
about 30 inches long. The two electrodes are sealed
into these eide arme and the terminale are located 2zt
the ends of these arms. The electrodes which are
supported in the tube about 2 inches apart conelsts
of a cathode and anode or target. They will be
discussed seprarately.

The cathode or electron source consists of
a small coiled filament from which a plentiful
suprply of electrons are given off. The outer
casing of the éathode is of such shape a8 to
direct the electron stream or cathode ray by means
of its electrostatic field to a sharp focus point
where the electrone strike the anode. The number of
electrons which the filament may give off per second
derends solely upon its temperature for a given

filament material, ani may bve ietermined theoretically

from Richardeson's equation:

1, = at 12 o H/ETyn inic

i = current, T = absolute temperature, k = Boltzman's
8

constant, at! & ¢ are constants depending upon the fila-

ment. A grarh of the tube currents for various



filament currents ie given on page 33.

S8ince the tube voltage 1s very high all of theese
electrons are drawn to the target and the tubte current
is limited by this esupprly. Thus the filament reactance
i8 used as the sole control of the milliamperee that
are being used. The amount of X-rays given off ie
the product of the milliamperee and the time that
they act. Thue 20 millianxperes acting for two seconds
will have the same effect ae 4 milliamperee acting for
ten eeconde. The penetrating power of X-raye derends
upon the kilovoltage ueed and ies controlled by the
auto-transformer.

The anodes or targets usually uced are of a
heavy retal euch as tungeten or Kolybdenur and
are mounted on correr or Molybdenum eupport.

Various means are provided to diesipate the heat
energy produced. In the universal type tube

the entire anode is of tungsten and ie allowed
to tecome white hot, in which state it radiates
energy as faet as it is supplied. Other tubes
have fine eo that the heat may be carried off

by convection air currente. Others have large

maeees of correr in which the heat ie intermittantly
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stored. 8uch tubee are not suitable for continuous
duty. Other tutee are water or 0il cooled for
continuous duty. A Westinghouse Radiographic tube
is now included in the laboratory equipment. (Fig. on
page 35) Here electrone from the filament pass
upward and are focueed on the target. The X-rays
given off are shielded in all directione except
directly down througﬁ the center of the coiled
filament by means of a heavy iron cylinder. The
bottom window ie very thin pyrex glass and offers
very little obstruction for the X-raye. The tube

may be used with high energiee for ebort times, cooling
being effected by the massive copper storage stem and
the fin radiator on the top. The filament connections
are pade to the two metal knobs at the base of the

tute and the anode connection to the radiator at the
top. A special holder suprplied with this tube

enables it to be used on the standard tube etand and
connection to the 1line 1s the esame as for the standard
Coolidge tube. Thus thie tube may be used interchange-
ably with other types of tﬁbe without making any changes
elther mechanically or electrically in the apraratus.

The following table shows the maximum time-current
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VESTINGHOUSE--RADIOGRAPEIC TUEE

Full Wave Rectifier--Maximum filament current about 5 amps.

Nooent o67f.v.  si%f.v. &4"R.v.  FER.v. %R,

10 Ma. 150.C Sec. 150.0 Sec 150.C Sec 150.C Sec 150.0 Sec.

3 * 34¢.C * 27.0 * 30.0 " 33.0 * 3.0 *
60 * 4.0 * 5.0 * 6.5 " 7.35 " 8.5 "
7% " 1.5 * 3.c " 8.75 " 3.5 * 4.5 "
100 " 0.2 " 0.4 " 0.6 " 0.9 * 1.35 "
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ratinge of this tube when used with full wave rectified

current.

XVl. X-ray Technigue
The operation of the X-ray machine is quite simple,

once it ie properly inetalled and adjusted. The first
operation ie to etart the motor and adjuet the polarity.
The filament ie then lighted and the ammeter eet at the
desired value derending uron the current to be used.
The tube ie adjusted at the desired distance from the
eubject, the film or plate within ite holder being at
thie point in the proceedure safely within a lead lined
box near at hand. The high voltage leads ehould be at
leaest 14 inchee from each other or from tke tube stand
or patient. The auto-traneformer ie set for the desired
kilovoltage and also the rheostat if neceessary. The
high voltage ie turned on and the final adjuetment

of the millismperees 1e made with the filarent

rheoetat. The film holder ie then removed from

the lead storage box and placed usually under the
subject with the tube on the opposite side of and
usually above the subject about 30 inchee. The

correct exposure ie made ueing the time switch.

The film eshould be developed immediately.
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The operator and obeervers in the X-ray room
cannot be too cautiocus in their work around the
high voltage linee, and incidently the low voltage
onee. A person might eaeily receive a very serious
if not fatal eshock from this high voltage system
which is capable of jumping a dietance of nearly
a foot.

‘Thord is juet ae much danger from every line
to ground ae there ie between lines. 1In addition
the X-raye themselves are exceedingly dangerous
and due to their curulative effect will cauee
coneiderable damage to a person working with them
day after day. Both the operator and the patient
should be protected from them by having the tube
enclosed in a lead box or elese in a lead glase bowl.
Where large picturee are not necessary the protective
cones that fit velow the tube should be used. To
guard againet electrical ehocks the floor ehould be
made ae ineulating as poesible by covering with
wood, linoleun, rubber or glaes etools. The operator
should keep the time ewitch in his hand all the time

and instantly open it if there apreare to be any
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trouble.
Filme are expensive and a huran life far more

precious. It ie the oreratore responeibility to
see that the equipment ie operating properly before
placing the filme or patient under the machine. It
should alwaye te tested under the same conditione as
the exposure ie to be made.

The orerator will eave many epoiled films vy
checking the operation with the fluoroscope firet.
The rrorer kilovoltage setting to be used

and the correct number of milliampere seconds

for different parte of the body may be determined
from the Westinghouse chart herein reproduced (om
page 40). It givee the dietance from the target of
the tube to the film, and the milliampere seconds
for the various parte when using the film in plain
holdere or intensifying screens, and also when the
bucky diaphram ies used. Reference is then made to
the proper scale below. Thie ecale gives the
kilovoltage setting for the varioue part thicknese
in centimetere. With a little practice very good
resulte may be obtained through the use of the chart.
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PART 11

XILOVOLTYTTERS



l. Need for a Kilovoltmeter

L I —r—— —

A® stated in the first page of thie report a

dependable kilovoltmeter is a most necessary part of an
X-ray eqQuipment. In the abeence of such a device
various other methode are now in use as substitutes.
Among these are the following: The various intensity
measuring devices, such as the ionization chamber and
ite associated system of "r" unite; The cumbersome
ephere gap; the varioue forme of electrostatic meters;
and a voltmeter in the primary circuit of the high
voltage transeformer. In all of these it is necessary to
have each machine calibrated by standardized instruments
vhich have in turn been standardized with other machines.
Thue 1t 1s often difficult if not impoesible to repeat
technique given in the literature under one of the
methode of calibration, and there is thus no check on
personal technique involved, as well as tube and
operating characteristics. Above all, there is no meter
indication of the instantaneous operation of the power
plant and the wide fluctuatione of the line voltage may
throw a great error into the major part of the results.
There is great need for a properly designed kilovoltmeter.
The importance of the kilovoltage factor in X-ray
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work ie understood when it ie known that the energy
of the radlaticn ie prorortional to some power of the
kilovoltage greater than two. In general practice, it
is assumed to be the third power, in individual cases
it may reach to the fourth or higher rowers. TLe
energy of X-raye ie prorortional to the firet power of
the milliamperes and time, the factors usually streesed
and accurately measured. The energy is aleo inversely
proportional to the esquare of the target-object distance.
In therapy work, both euperficial and deep, slight
variatione in kilovoltage may mean the difference
between a cure for the dieesse and the spread of the
disease to other formerly healthy tissue, eventually
caueing the death of the patient. It ie therefore
justifiable that peorle have a wholeesome fear of
X-ray treatment, and resort to it only in preference
to eurgery.
Modern X-ray filme bave been develored with such
& degree of latitude that wide variations of technique
may be tolerated and etill give a eatiefactory radio-
graph. However, even this highly developed fool-proof
film will not etand all kinde of abuee, and, especially

in work with thick portione where contrast is necessarily
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emall it ie almost impoeeible to obtain good pictures
unless the chart technique te followed closely. Thie
assumes that all of the meaesurements are in correct
unite and not merely a rough calibration for a few
reference points of the power plant controls, possibly
by a doubtful method.

Precielion laboratory work requires careful control
and recording, and in much of the preeent day research
work the kilovoltage muet be determined and maintained
with optical precieion. The wave length measuremente
can only be relied upon when the direct current voltage
arplied to the X-ray tube is absolutely conestant and
known. Present methode do not allow that degree of
certainty in the work.

Other work doee not require such a finely
calibtrated instrument, but neceesarily requires one
with accuracy as great ae the finest ecale division.
In thie class is the uese of X-rays for the promotion
of biological proceeees and in metalurgical work for
thecexaminatiocn of caetings and welds. Cryetalography
and that divieion of metalurgy that ie concerned with
structure should use well designed kilovoltmetere in
their diffraction apraratue both ae an operation

indicator and for the reproducing of experiments.
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1ll. The Ideal Kilovoltmeter

In any form, the kilovoltmeter must be an accurate
inetrument, inasmuch as it is intended for use in
laboratory work ae a highly important trueted piece of
apparatus. For the same reaesons the instrument must be
very reliable under all conceivable conditiones of eervice
to which it might poseibly be eubjected in uee. This
includee making the mechanical parts ae nearly, "fool-
proof", as possible. Because of the variety of service
requirements met in practice the system muet be
sufficiently flexible to accommodate these widely
different power sources. Where the X-ray tube 1is
e;pplied with raw AC and serves as its own rectifier,

a suitably designed potential transformer and voltmeter
may be used. If the main traneformer secondary
resistance ies high and conslderable current is drawn,
a correction ehould be introduced to cover the voltage
loee in thie eecondary while current flows through
the tube. The peak inverse voltage will always bve
higher than the peak forward voltage an amount equal
to the loee in the transformer.

Closely allied with accuracy ies readability. The

instrument ecale should be finely calibrated, pref-
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erably in one kilovolt steps. This would necessitate
a ecale with 250 divisions for an average instrument

that would read to 350 kilovolte. This would also
imply an acouracy of calibration of &%. Such an
inetrument would be ideal, but at present would be
very difficult to construct and calibrate. However,
with certain modifications an inetrument might be con-
etructed which would approach the ideal conditione. The
simplest method ie to make the instrument of multiple
range, for example, O to 135 and O to 350 kilovolts.

A more esatisfactory set-up would be an arrangement to
place the zero point off scale, and thue, with an
inetrument having 100 ecale divieions, give a range of
50 to 150, and 150 to 350 kilovolts. Except for a few
special caees potentials of less than 50 kilovolte are
not ueed in X-ray work and the most useful radiographic
range ie from S50 to 150 kilovolts.

The kilovoltmeter should give a continuouse indication
and this requires the uee of a standard meter etyle
inetrument. It should be dead beat with a short time
constant so that instantaneous response may be obtained.
Thie is necessary in view of the fact that many exposures
are of the order of one second or less, and that the

permiseable time of operating the tube at high kilovoltage
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while making adjustments is quite limited.

Other requiremente are that the instrument
should be of such a esize as to be more or lese portable
and sufficiently rugged to allow it to be carried from
one laboratory to another without altering its
calibration. The indicating instrument should orerate
at ground potential and the entire instrument should
provide safety for the operator. The inetrument ehould
be eufficiently simple 80 that it may be duplicated in
all laboratories at emall cost. Such an insetrument
should be designed for ease of calibration, preferably
without the use of another high voltage instrument.

Thie calidbration ehould be accurate for the smallest
scale divieion and be permanent. This also implies
that thoee instruments which use suxilliary eources
of power should be independent of variations in

the power suprly.

The various inetruments now available for this
purpoee fail in one or more respects to fulfill all
of the requirements outlined atove.

111. The Spark Gap

The point epark gap has been used to measure voltage

in many X-ray laboratories and makes an effective dis-

Play for erectators. However, it is almost worthlees as
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a precision inetrument. Quite as erectacular, btut more
valuable is the sprhere gap. Largze perfect espheres are
used which are carefully polished and kept free from
duet or any minute roughness. If the spheree have a
radiue greater than their distance apart they may be
relied upon with fair accuracy. It 1e difficult to
keep them in condition, and unless they are perfect,
the results are coneideratrly in error. Atmospheric
conditione such as temperafure, pressure and humidity
cause variatione and muet be taken into account when
making exact resdings. Nearby electric fielde aleo
influence their behavior. The reading obtained is in
peak kilovolte and givee no indication of the average
value where puleating D.C. is used. Resistors of high
value are used in eeries with the spark gap to prevent
an aro being struck when the srark passes which would
ruin the ephere gap and cauee a heavy and poseibly
dangeroue current surge in the supply line.

Because of the disadvantages outlined above the
sphere gap ie not ordinarily used for routine work, but
mainly to calibrate the control settings of machines
which are then ueed blindly, asesuming that the eame

transformer and resistance esettinge give the same
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SPAPKING POTENTIALS
(Peak Kilovolte)

Needle Scem. 10 cm. 35 cm.
Kilovolts pointe spheres srheres spheres
10 ceee 0.33 0.30 0.33
15 1.30 0.44 0.46 . 0.48
20 1.75 0.60 0.63 0.64
35 3.20 0.77 0.78 0.81
30 3.96 0.94 0.95 0.98
35 3.20 . 1.12 1.13 1.15
40 3.81 1.30 1.39 1.33
45 4.49 1.50 1.47 1.49
50 5.20 1.71 1.65 1.66
60 6.81 3.17 3.03 2.01
70 8.81 2.68 3.42 3.37
80 ceee 3.26 3.84 3.74
90 ceve 3.94 3.28 3.11
100 eeoe 4.77 3.75 3.49
110 s | 5.79 4.35 3.88
120 ceee e 4.78 4.28
130 e e 5.35 4.69
140 ceee cone 5.97 5.10
150 “iee coes 6.64 5.52
160 coes cevs 7.37 5.95
170 «ioe cooe 8.16 6.39
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Needle 5 cm. 10 cnm. 35 cm.

Kilovolts pointe epheres spheres erheres
180 e ceee 9.03 .84
190 coee N 10.00 7.30
300 ceve cene 11.10 7.76
310 ceee cone cene 8.24
320 coes ceee cons 8.73
330 ceos ceee covs 9.24
340 ceee coes cres 9.76
350 cene ceee cees 10.30

25° C. and 7680 mm pressure.

From Kaye and Laby'e "Physical Constants,"
Edition 1V. As found in Robertson's "X-raye
and X-ray Apparatue®, p. 30

Temperature and Preesure Correction

Temp. 720 mm 740 mm 760 mm 780 mm
o

0 1.04 1.06 1.09 1.13
10 1.00 1.03 1.05 1.08
20 0.96 0.99 1.08 = 1.04
30 0.93 0.96 0.98 1.01

Multiply kilovoltages ty these conetants for correction.
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kilovoltage output. The sphere gaps are calibrated by
x-ray wave length measurements or penetration photographe

with erecially deesigned instruments or by some form of
ionization measurement. A table of commonly accepted
relations between srhere gap eparking distances and

kilovolts ies ehown on pages 48 and 49.

1V. Static Voltmeter

The static voltmeter has the advantage that it
does not draw any power from the high voltage source.
Different types rossees various advantages and also
~serious dieadvantages as outlined in section 3. The
general type depends upon the attraction of the unlike
chargee for each other and may be read uron a suitable
ecale. A modified form coneiete of a erall light ephere
mounted on a bifillar euspension which ie attracted to
a eecond fixed sphere.

A radio vacuum tube may be operated with the grid
aes the anode and the rlate as the cdntrol electrode,
in which case the control ie reversed and the system

hae an arplification factor of 1/u , where U = the

amplification factor when the tute is used in conventional

manner. If & tube were deeizned with the control electrode

greatly separated from the other elements it might be
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used as a form of static voltmeter since the nezative
control electrode draws no current. Since glass has no
effect on the direction and intensity of a static field
the control electrode mizht be placed outeide the glass
envelope of the tube with equally good results, theoretically,
and with a much emaller glass envelope. Accordingly a
tute of the type =58 was built for this laboratory by
the Sparks Withington Manufacturing Company which con-
tained a heater-cathode and grid, but no plate. The
heater was supplied with 3} volts by a emall transformer
and the grid connected to the cathode through a milli-
ammeter and a single dry cell. The cathode current was
easily controlled by a 24 cm. ring placed around the tube
and connected to the nezative terminal of the X-ray
machine. Difficulty was experienced by the steady
collection of charges on the glass envelope of the tute
from the air, and which quickly produced a field which
masked the resulte of the extermal field. Further re-
search might show a remedy for this difficulty. There
i8 no discussion of this protlem in available literature.
There 1s a force which tende to draw a body from
a weak field to a point of stronger electric field
provided that the-body has a higher dielectric conetant

than the surrcunding medium. Two semicircular plates
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were fastened to the ends of a bakelite rod and then
suspended in suitable bearings. These were connected
to the high voltaze source and a pointer rigidly
attached to the bakelite rod. The plates were so placed
that they might rotate into a dish of transformer oil
having a dielectric constant of 3.5. As electromotive
force was aprlied to the plates they dipped more and
more into the oil, the rectoring force acting on the
plates being the buoyant effect of the disrlaced

0il on the plates. This is an improved form of elec-
trostatic voltmeter, b“ut it is subject to many of

the disadvantages common to meters of this type.

Though justly considered a static voltmeter, a
different form of instrument will be considered in
section V1.

V. BReeistance - Milliammeter

The Taylor resistance system manufactured by the
Shallcroses Mfg. Co., forms an excellent voltage divider
to be used with a sensitive meter or vacuum tube volt-
meter, which is connected at the mid point and thus
operated at ground potential. These non-inductive wire
wound resistors may be measured and an instrument stan-

dardized by adapted laboratory methods may be designed.
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The disadvantagee include the large amount of space
occupied by the inetallation, the high coet, the con-
siderable power consumption from the high voltage syetem,
and the necessity for protecting the high resistance
units from accidental percsonal contact. This installa-
tion might be practical in e0me speclial cases, but does
not fit the needs of trhe average X-ray laboratory.
Varioue materials such as high resietance liquide and
comrosition mixtures have been ueed a8 voltage dividers,
but they poesees the additional disadvantage of lack

of constancy with temperature, atmoepheric and time
changee, and vary with aprlied voltage rendering
absolute calibvration imroseible. After a number of
weeke of study and after conducting a number of pre-
liminary teete with different forms of the electrostatic
type devices, and after trying a number of different
materials as resistances in the voltage divider type of
meter it was decided to proceed with the design and
construction of a kilovoltmeter based uron the general
principle of the Voltage Divider in which a certain
material called "wiroid" dietributed by the Central
Scientific Co. of Chicago and Lighly recommended by
them would be used as the high resietance and a special

form of vacuum tube voltmeter would be used as the
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voltage measuring device. The makers of "wiroid"
claimed that the resistance remained constant for all
allowable currents. Teste were made to ascertain to what
extent the resistance of a sample of this material re-
mained constant under varying conditions. The variation
of the resistance of this sample with aprlied voltage

is shown in the curve on page 73.

Because of corona and surface leakage it does not
give especially good results, but as it is the best
material so far tested in the reasonable price range
it was decided to proceed with this material.

"Wiroid" ie a flexible, slender, black filament
closely resembling a "horsehair®. It has approximately
circular cross section and the resistance is uniform
throughout its length, about 50 megohms per centimeter.
About 36 feet of "wiroid" having a resistance of 50,000
megohms were wound in a spiral groove cut into a 1} inch
bakelite tube 37 inches long, the thread rate of 33
threads to the inch giving the correct length of
spiral. The "wiroid"™ is secured to the ends and con-
nected to the supply wires by means of a small qQuantity
of General Electric cement such as is uesed to connect
the filament to the lead-in wires of the 0ld carbon

filament type lamps. At the electrical center of the
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"wiroid" filament two flexible wires are cexented to
the tube and carry the current pasced by the "wiroid"
to the vacuur tube voltmeter. The entire unit ie
covered with beeswax and ineerted in a eimiliar bakelite
tube with an ineide diameter of 3 inches, 3e a
protection for the delicate element from mechanical
injury.

In conneotion with tkie resesrch it was necessary
to design a modified form of vacﬁum tube voltreter to
meaeure the voltage drop acroes the resistore that form
the center rortion of the voltage divider. The firet

unit to bte constructed ie ehown on page 56.
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Current from the positive line of the 230 volt D.C.
suprly paseee through the ewitch & and thence to the emall
330 volt pilot lamp L that indicates when the power is
on, and rrevents the meter from unintentionally being
left on. A variable 150 ohm rheoetat Ry is used to
regulate the voltage ueed in the voltmeter to 200 volts
as shown by the voltmeter V, regardless of the main line
voltage.

Both the plate and filament heater of the type -37
tube used in thie voltmeter is supclied directly from
thie source, the 0.3 ampere current for the filament
rassing through the 631 ohm resistor RS’ the filament
return to the negative line being through the 25 chm
reslstor Ry With a normal voltage of 200, there 1s a
6¢3 volt drop acroses the tube heater, 7.5 volts across
the 25 ohm resistor Rl, end 186.3 volts drop acrose the
631 ohm reeistor Ra with the normal current of 0.3 ampere.

In thie vacuum tube voltmeter circuit the milliammeter
ie connected into the cathode eide rather than the plate
eide of the tube circuit. The reason for thie is to pro-
vide means for making the milliamaeter rcad zero when
no voltage ie applied to the grid, even though the normal
tube current of 0.004 ampere 1s flowing. This is accom-
plished in the following manner: The milliampere plate
current in flowing through RB (1575 ohms) causes a voltage

drop of exactly 6.3 volts across this resistor, the
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cathode connected side being of positive polarity with
respect to the resistor. This is the same voltage drop
that ie experienced by the heater filament, the opposite
terrinal being positive with reepect to the heater fila-
ment end of Ha. Thus there ie no difference of potential
between the cathode and the positive filament terminal,
and hence no current flows through the milliammeter, even
though there is a plate current of 4 milliamperes
through the tube. Should the meter at any time give a
reading when no potential is being applied to the grid,
Ra may be varied sufficiently to cause it to read zero.
If a positive potential ies now applied to the grid there
#will be a larger plate current, which, should it flow through
Ra, would increaae the potential drop through it. Instead,
this current flows through the low resistance milliammetar
to the poeitivé filament terminal. Thus the plate
current above 4 milliamperee flows throuch the milliammeter,
The fall of potential across this instrument is nezgligible,
being of the order of 10-3 volts.

When there is no voltage being measured, the grid
i1s at the eame potential as the nezative line, being
connected through the shunt resistors R6 or Ry« BSince
there is no appreciable grid current the zrid will remain

at the same potential ae the negative line unless an
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external current is paszed throuzh the shunt resistors
which would produce an IR drop, and thus change the
grid potential. The cathode is at the same potential
as the positive heater terminal, and is therefore
poeitive ﬁith respect to the grid by the eum of the
potential drops in the resistor Rl and in the heater.
The current is 0.3 ampere, and the reeistance of Rl

ie 35 ohme. The fall of potentizl across it is 7.5
volts. To thies is added the 6.3 volt drop across

the heater, making a total potential difference of 13.8
volte between the cathode and grid, the grid being on
the negative side. This method of connection furnishes
& fixed grid blas of -13.8 volte which ie independent
of plate current.

The plate voltage is the difference between the
cathode potential and that of the positive 200 volt
line, or 186.2 volts, which 18 not excessive for this
type of tube. The maximum plate current is 10 milli-
amperes. The grid is so highly negzative with respect
to the cathode that it draws no appreciable current,
and hence the device uses no power from the source to
be measured.

In ueing this device ae an X-ray kilovoltmeter

pointe C and T represent the cathode and tarzet ends of
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an X-ray tube, resistors M ani N are the 18 ft. lengthe

of "wiroid" and the resistors Ry ani Ry are the two
resistors that form the central portion of the voltage
divider, the potential drop across which is measured

by the vacuum tube voltmeter. These resistors of different
value give the instrument two ranges.

The potential drop in the resistors R6 and R7 ie
proportional to the kilovoltage applied to the ends of
the "wiroid®". 8Since the milliammeter reading is propor-
tional to the voltagze applied to the tube grid it is
thue seen that the reading is proportional to the
kilovoltage to be measured. The milliammeter scale may
be calibrated to read directly in kilovolts or a cali=-
bration curve may be drawa showing the kilovoltage for
varioue milliammeter readings.

On account of the fact that 2330 vélt D.C. sources
of voltage are not common it was decided to build a vacuum
tube voltmeter which would operate from the 115 volt 60
cycle A.C. lighting line and thus make a kilovoltmeter
of more universal aprlication. The circuit diagram for
this is ehown on pige 63 and may be traced ae followe:
8tarting with wire H of the 115 volt A.C. line the

current pasees through switch § and then through the 370
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ohm resistor and then through the two tube filaments

in series and out the other line G. This 1s permissible
since the filament current of both tubes is 0.3 ampere.
The use of transformers is in tale manner avolided with

a consequent saving in weight and cost.

The rectifier tube is the type 35-2Z-5 and it 1is
used as two half wave rectifiers in separate circuits.
The left diode L is for the plate supply of the -37 tubse
and receives its potential directly from the line H.

The cathode L is directly connected to the plate of the
=37 tube and a 10 mfd condenser is used to smooth out
the voltage riprle from the rectifier. The =37 cathode
returne to the line G through the milliarmeter.

The right unit R of the rectifier is used to furaish
a fixed grid bize and also provide a means for causing
the milliammeter to read zero when the normal plate
current 1s flowing. The cathode 1s connected to one side
of the filament at F and is thus at a potential of 6.3+
25 = 31.3 volts R.¥.S. above the line G. The movable
arm A of the 5000 ohm potentiometer R is connected to‘
the tube grid throuzh the three megohm resistore and
switch K, which is used to select the range to be used.
Current from this same source B in passing through the

7835 ohm resistor is limited to 4 milliamperes, the normal
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plate current of the tube. Thus there is no current
flow through the milliammeter when no potential i3
applied to the grid. Thie is maintained by the variable
adjustment of resistor R.

When a current passes through the three l-megzohm
resistors a potential drop is produced across them and
the grid is made more positive than it is normally and
then a larger plate current flows. The first four
milliamperes are supplied through the 7835 ohm resistor,
and the rest passes through the milliammeter. It is thus
seen that the reading of the milliammeter is directly
proportional to the voltage impressed upon the grid of
the tube. ‘The current passed by the hizh resistance
elements M.P.N. is proportional to the kilovoltage
applied to C T. Thue the milliammeter reading 1s pro-
portional to the kilovoltage, and a calibration curve
may be drawn gziving the kilovolfage for variéus milli-
ammeter readings.

The vacuum tube voltmeter part is enclosed in a
small metal case to shield it from the electroatatic
fields when the high voltagze is on. It has several
orenings for ventilation, which are covered with a fine
mesh screen. It is mounted on short rubber knobs.

It was found that this circuit without modifications




could not be ueed because the large fluctuations of
the line voltaze made a steady reading imposeible.
Accordingly another ster in the evolution of thie
apparatue was undertaken and the circuit ehown in the
fizure on page 66 was deesizned to elirinate these
difficulties. The power supply is conventional, con=-
eisting of a traneformer which surrlies filament and
plate voltagze for the type 80 full wave rectifier tube.
The filter circuit coneists of two 8 mfd filter condensers
and a 30 henry choke. No voltaze divider ie provided
since the balanced tube circuit provides a constant
load on the power suprly. The high voltaze is applied
to the platee of the tubes through approximately 1500
ohms of resistance, which ie adjustable for individual
differencee in tubee, s0 that the milliasnrmeter may be made
to read zero when no potential difference ie being applied
to the grids of the tubes. The milliammeter indicates
the difference of plate current when a difference of
potential is maintained across the grids of the tubes,
and its reading is directly prorortional to thie
difference of potentisl.

The tubes used are type =55, the heaters beiné
sup:lied by the 3.5 volt winding of the power transformer.

The center tap of this heater winding ie connected to
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the two cathodes and the cathode current is suprplied
through a 2000 ohm self biasing resistor which gives the
tubes the proper zrid bias. No condenser is shunted
acroes thie resistor since the instrument is intended
for D.C. voltage only. The grids are connected to
ground throuzh the resietors (a) which are each . 5 megohms,
and which serve as the center leg of the voltaze divider.
These are so connected to a switch (K) as to give the
instrument a multiple range. On the front panel of
the instrument 1s mounted the line ewitch (S), range switch
(K) and the milliammeter. The binding poste for the input
from the high resistance units (A&B) are on the top of
the case while the D.C. voltage test hinding posts (C&D)
are on the back of the case together with the AC line
cord and plug. The entire instrument is contained in a
sheet iron case which screens the circuit from electric
and magnetic fields which are very strong in the preeence
of X-ray aprparatus.

This instrument differes from an ordinary vacuum
tube voltmeter in that it will only measure D.C. voltages.
The power surrly delivers current at 360 volts to the
plates of the tubes. The plate current per tube is 5
milliamperes, and this current through the cathode self

biasinz resiestor of 2000 ohms provides a grid biae of
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30 volte. By using identical tubes in thie balanced
circuit all disturbances due to the line voltage
fluctuation affect each tube in the same manner and
thue do not change the milliammeter reading.

The tubee, which are operated on the linear portion
of their characteristic curve have their grids connected
to the two wires from the high reeistance unite and
thus when a current passes through the voltage divider
the grid of one tube becomes more positive than normal
and the other becomes more negative by an equal amount.
Thus the plate current increase in the first tube just
equals the plate current reduction in the second tube,
and the conrbined plate current of the two tubes remains
constant. This insures constant grid and plate voltaze
to the tubee. The tubes must be seclected so as to have
as nearly as rossible identical characteristics, and in
case of rerlacement should both be rerlaced with new
identical tubes at the same time. A reproduction of

a rhotogzrarh of this instrument is shown on page 80.
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Calibration

- - - e —

The calibration of the instrument is done in two
sters. First the hizh resistance wiroid elements are
calibrated and then the vacuum tube voltmeter iteelf is
calibrated, these two sete of data finally being combined
to give the final instrument calibration.

The circuit used for the wircid calibration is shown on
paze 70. A "G.M."™ power surrly unit was used. Its
controlled variable output was connected directly to a
circuit coneleting of two 1 cm. lengths of wircid in
parallel and these in series with a 50,000 ohm resistor.
A voltreter was also connected so as to indicate the
voltaze applied to thie circuit. The voltaze drop
through the 50,000 ohm resistor for the various current
values was measured with a student potentiometer. Two
Pleces of wircid are used eo as to zive twice the current
at a given voltagze, and may be measured nore rezdily.

The results are given in the table on pagze 71, showing
variation of the current with the aprlied voltage, and
from this the resistance of the two wiroid filaments in
parallel is calculated and shown in the third column.

In the fourth column ie indicated the percentage of the
theoretical "no-current-resietance" that the wiroid has

at the several current values.
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1 11 111 v
Volts Current for Reeistance % of O current
each element resistance
microamperes megohms %
0] 0.0 (13.0)* 100
10 0.403 12.4 95.4
30 0.8458 11.8 80.8
30 1.35 11.1 85.4
4C 1.88 10.65 8l.9
50 3.45 10.3 78.4
60 3.15 9.65 74.3
70 3.83 9.15 70.4
80 4.55 8.8 67.7
90 5.26 8.55 65.8
100 6417 8.1 63.3
110 6493 7.95 61.1
130 7.85 7.65 58.9
130 8.85 7.35 56.5
140 9.79 7.15 55.0
150 10.94 6.85 53.7
160 12.02 8.85 51.1
170 13.18 6.45 49.6
180 14.51 642 47.7
190 15.84 6.0 46.1
300 17.10 5.85 45. 0

*Egtimated Graphically.

-69-



[ ——“B" Power Unit —

.t

':II: Wiro1d test stmples :':

o

-+ 80,000 ‘ohme |

Studwnt
Potensiometer

-+

- Calibration of Wiroid Resistance Units,

. =70~




The voltaze is increased in 10 volt steps and the
current calculated from the relationship i = e/r where
e is the voltazge as ziven by the potentiometer and r is
the reeistance of the unit across which this voltaze is
taken, in thie case 50,000 ohms. The resietance of the
wiroid part of the circuit would be equal to the
voltmeter reading minus the potentiometer reading, di-
vided by the current as found in column two. Since the
voltage drop e throuzh the 50,000 ohm unit is so small
in comparison with the total voltaze V no appreciable
error is made by dividing the voltmeter reading V by
the current i and thus ottaining the wiroid resistance.
The curve shown on rage 73 1s then drawn, the abeisca
indicating the voltage and the ordinate the resistance
of the wiroid. On the same grarh is also plotted the
current with resprect to voltaze and is shown as the
dotted line. The graprh is extended to form the intercept
with the y axes which is a grarhical determination of the
"no-current-reeistance®. Column 1V gives the percentagze
of this "no-current-resistance"™ of the wiroid at different
values.

The resistance of the wiroid elements used in the
voltage divider was found to be very nearly 50,000 megohms

at zero current.
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The circuit used in obtaining data tabulated on
paze 76 1s shown on raze 75. Here the vacuum tube volt-
meter is suprlied with known voltazes from the small
battery and potential divider, a high quality voltmeter
being used to measure the several voltaze values at
which the vacuum tube voltmeter was calibrated. These
are shown on column 11 of the tabulation. The position
of the range ewitch ie indicated in column 1. The
total value of the shunt resistors for each range is
given in column 111. The readings of the voltmeter cor-
responding to the milliammeter readinze is ziven in
column 1V. The current required to cause thie deflection
ie given in column V, and is obtained by dividing the
terminal voltagze shown in column 1V by the value of the
shunt resistor in each case as shown in column 1lll.

For each current value shown in column V reference is
made to the zrarh on page 73 and for each value of cur-
rent the corresponding resistance value (solid curve)
is found. The ratio of this resistance to the "no-
current-resistance" of wiroid is 2iven as a percentage
in column V1. The value of the total high resistance
in each case is then that percentage of 50,000 megohme

and is given in column V1l. The kilovoltage necessary
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to give each meter deflection is the product of the
current in column V and the resistance column V11, and
is given in colurn V11l. A calibration chart for the :
instrument is then made by recording separately columns
1,11, & V11ll. Thie is also rlotted in the form of a

-

graph on pagze 79.
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1

11

111

v

Range Scale Res. Volt

Low

Read.

[

(9 I N ¢ N .V I S’ LY R v Y ¢ Y o ¢ | IR S ¢ B )V )

Meg.

3

3
3
3
3
3

LAV]

AV)

Ww

L T TR TR )

1.33
3.5
3.7
5.0
6.4
1.33
2.5
3.7
5.0
6.4
1.33
3.5
3.7
5.0
6.4

v
Current
Microamp.
0.44
0.83
1.23
1.67
3.13
0.66
1.25
1.85
3.50
3.20
1.32
3.50
3.70
5.00
6.40

-76=

Vi

4
% total % of 5X10

Res.
96.2
91.0
87.3
83.7
73.3
23.0
87.1
81.3
77.3
73.3
85.9
77.3
70.8
66.1
83.3

Vil

megohms
48,100
45,500
43,650
41,350
39,650
45,500
43,550
40,650
38,650
36,650
43,950
38,650
35,400
33,050
31,150

Vill
Kilovolts

31.3
37.8
53.6
69.0
84.5
30.7
54.4
75.1
96.6
117.3
56.6
96.6
131.0
165.3
189.3



Calibration Chart

Range Reading Kilovolts
Low 1 3l.3
37.8
53.6
69.0
84.5
30.7
54.4
75.1

117.3
56.6
6.6

131.0

165.3

2
3
4
5
1
3
3
" 4 96.6
5
1
3
3
4
5 199.3
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Vli. Electrostatic Generatinz Voltmeter

The kilovoltmeter just described using the "Wiroid"
resistance elements i3 subjsct to error which the cali-
bration prodeedure ziven does not and cannot eliminate.
Thus for final calibtration it should be compared with a
sphere zap which has been carefully calibrated. This error
ocourring when high voltazee are used is due to surface
and corona leakage from the wirold resistance element to
ths air and throuzh the insulatiangz form.

An apparant solution to the problem of hizh direct
current voltaze measurement which satisfies nearly all
of the rejuirements listed in section 11 is found in
a modification of the apraratus deaizned »y Xirkpatrick -
and Miyake and descrived in the raview of Scientific
Instruments 111, pazge 1. 1In general principle their
apparatus shown in the upper fizure on paze 82 comprises
t#0 parts; a current zenerator consisting of a simzle
armature rotating in an electrostatic field, and a
Zalvanometer for measuring the zenerated current. The
electrostatic field is supzlied by two spheres (A)
connectsd to the high voltage source located a safe
distance apart. The armature (B) consists of two insu-
lated hemicylinders mounted on a synchronous motor shaft

Placed midway between the spherss and connected %o
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ths wall type galvanometer throuzh a simple commutator (C).
This system 18 zrounded for stability. It was calibrated
by means of a sphere gap and checked by determining capi-
catance of the sphere-cylinder air dielectric condenser
by measurinz the area and distance apart, and substituting
thls computed value of C in the following equation:
Q=CV =it
Vet
C

where t 18 determined by the speecd of the motor and 1 is
read on the sensitive zalvanometer. V, the iesired kilo-
voltaze is then computed from the ejuation.

This was improvel by Van Voorhis and Harnwell and
described in the revisew of Scientific Instruments 1V,
page 540. Refarring to the lower fizure on paze 83(A)
i3 an insulatesd circular plate connected to the input
of the vacuum tube amplifier. (B) is a revolving
metal plate consistinz of two groundei quarter segments
ani driven by a syncaronous motor (M). (C) is a stationary
insulated plate of two quarters, the same as (B). An
open wire network zrid (E) is placed in front of (C)
and is grounded. This zrid is used to reduce the effect
of the hizh potential plate (D) which is connected to
the positive high voltagzge terminal of the X-ray machine,

the nezative terminal of which is zrounded. The zrid



19 3lso used to assist in the calibration of the instru-
ment. The amplifier and power supply are mounted in a
grounded metal case, the plate (C) beinz in the plane

of the front of the case.

In operation the plate (A) 1s alterpitely charzed by
iniuotion when the plates (B) and (C) are in line and
discharzed the next instant when tae plates are given a
quarter turn. An alternating voltage is thus applied to
the input tube of the amplifier, the frequency of which
depends upon the spesed of the driving motor, and the
voltaze of which is directly proportional to the potential
of the plate (D). If (C) be now connected to some source
of potential of the sams sizn as (D) the induced charge
will not be entirely released at each cycle, and if the
voltage of this plate is zreat enough, no alternating
voltage will be fed into the amplifier. This voltage
aprlied to (C) ie automatically sup-lied by the rectified
output of the amplifier and is measured by the voltmeter
(V) which also 1s the indicating instrument.

The amplifier contains two stazes of resgistance
coupled amplification usinz type '24A screen zgrid tubes
feedinzg a type 56 tube biased to plate current cut off,
and which thus forms a detector or rectifier which

suprlies ths direct current output. A conventional power
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supprly system is used to supply the filament and plate
voltazes for the amplifier except for the zrid bias for
tae rectifier which is obtained from a separate battery.

By using an amplifier with a hizh amplification
it is possible to supply the hizh direct current voltaze
to (C) with nezlizible alternating voltage input from
(A). Because of this, the difference between the reading
given by the voltmeter and the actual voltagze required
to reduce the input voltagze of the amplifier to zero may
b8 negzlected, and thus the instrument has a practically
linear responsse.

The instrument is calidrated by placing the positive
terminal of a fairly higzh voltaze source of, for example
1020 volts D.C., which may be measured with a volimeter,
in front of the instriment as close as possible at
rosition (D'). With the grid (E) removed a reading of
300 for exampnle, near the maximum on the scale is taxen.
The grid (E) is then repnlaced and the reading, now only
10, 18 agiin taken. Dividing the 200 by the 10 zives the
dividinz factor of this grid, which in this case would
be 30. Knowing this factor, it remains to remove (D')
and connect various known direct current voltazes to (D)
with the zrid removed, and plot a graph of the meter readings

as a function of the products of known voltazes and this
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grid factor. As an illustration let us say we connect

the positive of a 1030 volt source to (D) with zrid removed
and we zet a reading of 5 on our voltmeter. Since the
factor of the grid is 30, a voltaze of 20,000 volts attached
to D would be expected to give a reading of only 5 on the
voltmeter if the grid is in place. It can thus be seen

that this zrid factor may be regaried as a multiplying factor
in that it makes possible the measurement of kilovoltagzes
with a mere voltmeter. In use, the grid ie always in its
place, and the kilovoltage is found from the chart by con-
paring the metar reaiings with the voltaze indicated by

the graph.

This instrument gives very good results on a constant
potential direct current systsm with the nezative end
grounded, but since most X-ray power units are not thus
connected, a kilovoltmater of this type is not, in its
present forms, universal in aprlication.

The proposed system shown in the figure on paze 87
is desizned to eliminate thess difficulties and 1t is hoped
taat in the near futurs it may be set up and tried out.
There are two sets of collecting plates so arranged that
the instrument may be used where both power lines are
at hizh potential with respect to ground, but would not

interfere with the use of the instrument in a zrounded
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syetem, one half only being used. The plates (B & C)
should have about 30 sectors instead of only 3 so that
the frequency of the alternatingz voltaze i3 near to 1000
cycles. This is suited to the nesds of the amplifier and
is haniled more easily, and is sufficiantly hizh to
integrate the varying voltages as sup:zlied by rectifier
ejquipped machines, whereas a frejusncy of 80 as used in
the orizinal apparatus might be in step with some part
of the cycle of machine operation and would only give
the voltage at that part of the cycle. This mizht not
include the peak and thus be in serious error, and there
would be no way to corrsct for it.

Radio frequency chokes and groundied condensers
protact the input of the amplifier from the radio-
frejuency currents which ars common and of hizh value
in systems using mechanical rectification. Small condensers
are also placed at thes output for the same reason. The
amplifier shouli consist of separatse balanced tubes
in every stage so that line voltaze fluctuation will have
no extranéoue effect on the operation of the amplifier.

There are two stages of resistance coupled screen zrid

amplification, a stage of triode resistance coupled

amplification, impedance coupled into the power output

tubes in the fourth staze. Diode rectifiers are used in
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the last stage removing the necessity of a biasing battery
and zivinz a more nearly linear output response. To this

stage is connected the voltmeter and the plates (C & C').
The prower supply 18 atandard in every ietail.

Multiple ranges mizht be had through the use of
several grids (E) of different mesh, multiplication
factor of each beinz determined as described above. These
mizht be mechanically arranged so that each mizht be swungz
into place by setting a rangze knob on the control panel.

This seems to be the ultimate zoal toward which
the X-ray industry has been striving since the bezinning
of the uge of hizh voltage apparatus.

Althouzh no completely satisfactory method of measuring
the kilovoltagze applied to the terminals of an X-ray tube
has been herein developei, a study of the methods in use
at the present day has been made as well as an outline
for future work in this field. It still remains the most
perplexing problem of the Roentzenolizist to duplicate
the technijue and work of other laboratories when the
kilovoltage is given, but without explanation of the devise
uged for that particular determination. The gzoal aprears

to be in sizht ani one may soon expect a really gatisfactory

instrument to be maie commercially available. With it the

control of X-raye will be complete, with their intensity, time

of exposure, and wave length or penetrating power always at

the will of the operator.
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