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ILTRCTUCTION

Several months ago ir. V. A. Freeman, Assist-
ant Professor and Research Assistant in Animal ilus-
bandry at wichigan State College, in cooperation
with Dr. H. K. liunt, Professor of Zoology, re-
quested tihie assistance of the Department of Physics
in a study, by rieans of X-rawv, of the varilation in
the number of vertebrae and ribs among pigs of dif-
ferent breeds. Accordingly t.e writer, under the
direction of Associate Professor 0. L. Snow of the
Physics Department, was assigned the problem of
repairing, assembling, and adjusting an old dis-
carded equipuient to tiie end that the above men-
tioned study involving tne making of at least
two hundred skiograpiis of pigs might be success-
fully pursuved.

This thesis is primarily a report on the prob-
lems encountered and the lessons learned by the
writer in the wanipulation of available X-ray
equipi.ent in connection witnh tiilis major project
and a few minor projects.

The Animal Husbandry and Animal Genetics' as-
pect of this study of pilgs will be reported in a

separate thesis br .r. Free.an at a later date.
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STUDIES ITii Tiild 1BECulIwUE OF X-taY PoOTCGRAPHY

history of X-kay

In order to more fully appreciate any contri-
bution mad@ by the scientific world, it is well to
look at its nistorical background. Often a study
of t.ie history of the discovery and develop:ient of
somre of our simplest and most widel: used conveniences
reveals a stérf of struggles and hardsnips wnich seem
more lilze fiction tnan fact. Thie early history of
the X-ray is very interesting, showing how dne man
receives credit for uiscovering a new phenomenon,
altnougn otirers had un..nowinsly produced tne same
effect.

Toirougnout the nineteenth centur:s extensive
researcn work was conducted on the phenomena of
electrical discharge through a tube of gas at low
pressures. The first develboment worthy of note was
iicheel Faraday's discovery of electrocagnetic in-
duction in 1831. This enabled nhim to produce high
potentials, and in 1838 he be,zzan a serles of experi-
irents dealing witn electrical discharges tarough
rarified gases. i:e named tne positive and nezative
"anode" and "cathode" as we know tiem toda-. The
next important step was the development of the
vacuuir tube by Gelssler in 13857. HHe noticed a pecu-

liar glow waen a discnarge was passing tarouzh the tube.
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This vacuw:z tube influenced a famous physicist, Pro-
fessor iittoff of lLunster, to investigate this type
of tube more thorougzily. ie succezded in exnhausting
a tute to a nuch nlgher degree of vacuwn than had
Geissler. This tube offered more resistance to
an electrical discharge than did Geissler's tube.
Sir /illiam Crooites discovered that e could pro-
duce a more perrect vacuwua tube, and with it dis-
covered "Cathode kavs 1878. While conducting nis
researc’y on tnese rays, e noticed that the walls
of his tube would glow with a zreenis "florescence.
we know that this was due to the production of X-rays
by tie impact of the catnode ravs against the glass
walls of the tube. Lext isertz and his assistant,
Lenard, experimented with cathode rays and unknowingly
discovered more of the phenoriena due to the produc-
tion of X-rays. Then in 1895 Professor wilkelm Conrad
Roentgen, while duplicating an experiment described
by Lenard, made his remarkable discover..

Roentgen was experiienting with a Croolze's dis-
charge tube which had carefully been covered with
black paper to umake it impossible for visible radia-
tion to pass froi: the tube into thie darkened room.

To his great ama:zement ne discovercd that, while the

discharge was passing tarougnh tne tube, a flourescent
screen some tnree meters away glowed brightly. This

screen was made up of a sheet of cardboard covered

with a fresh coating of barium platino-cyanide.



It had been set up agzainst t..e wall to dry. at-
tracted by this auiiazing developuient, Hoentgen

walked over to the screen to exanine the florescence
more closely. As he passed between the tube and

the screen a shadow of his body appezxred on the
screen. fis hand cast a remarkable snadow on the
screen, for the bones cast a deeper shadow than did
tie fleshy portions. Apparently tne prenouena wliich
was producing tine fluoresccnce on the screen pene-
trated flesn more readily tnan it did bones. noentgen
traced ti.e emanation back to its source. The rays
rad as tiieir origin the point of impact of tihe catnhode

=zlass walls of tihe tube.

()

rays on t..e
Prefessor Hoentgen couipleted a great deal of re-
searcn on his new discovery, and then comwunicated
his discover; to the Physico-..edical Society of wurz-
burz. The scilentific world was startled at the
announce.ient of the discovery of the new X-ray which

made it possible to look within opaque objects.

T BORY
Before discussing recent developrients in the
science of X-ray, 1t will be well to discuss the pre-
vailing theory concerning X-ray radiation. HKoentgen
gave the new phenomena its present name because 1its

exact nature was unknown. <1he pioneer research workers
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in this field only knew that the rays were pro-
duced when electrons, moving at a high velocity
under the influences of a strong electric field, en-
countered matter and suffered a ciianze of notion.
wnen tie eclectrons strike an obstacle, a pulsation
is sent out into the ether with the speed of ligat
in all directions. Tne theory asserts that the
energy of the ray is contained in a thin spherical
shell. The more sudden the clhiange in speed of the
moving electron, tie thninner is tae shell and tne
more energetic 1s tlie pulse. X-rays are generally
classified in tiiat large range of wave notions wnicn
contains all forms of electromagnetic radiation.
The wave length of X-rays has been found to be of
order 1 x 10-8 centineters.
PROPZRTIES OF X-RaY

The following list contains the most corumon
properties of X-ra radiation. X-ra's are:
1l. Produced by impact of catiliode ravs on Latter,
2. Fropogated in straig:t lines,
3. Invisible and pass tarough space witanout any

transference of matter,
4. Unaffected by electric or magnetic fiecldsy
5. Propogated witn tne sarne velocit;r as lighty
7. Capable of lonizing gasesy
8. 4Absorbed by matter;
9. 4able to stimulate or kill living matter. It is

now widel;r believed that exposure of living

tissue to X-ray radiation hastens the process

of evolution;
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10. Capable of exciting certain chemicals to
fluorescence;

11. Capable of darkening photographic plates. This
property makes X-ray invaluvable to ti.e medical
profession.

12. Capable of producing X-rays of sunorter wave
length when absorbed by Latter.

DuViLOFL.BHT OF X-hni TUBLS
Roentgen conducted i.1s experiments witih a tube
of the type shown in figure I. The operation of
tnis type of tube and in fact any of the comion type

of "sas" tubes may be explained as follows:

The evacuation of tie tube is intentionally never con-

pleted, but a very small amount of gas is always

left in the tube. Tiie pressure witiiin tae tube ranges

from 0.001 to 0.010 mmn. of mercur . lormally tne

nunber of ions present in tiils residual gas is very
small. when a nign potential is applied, tire effect

is to accelerate the motion of tiese ions tovard tue
plates of tie tube, causing tlieir to produce iany ions
by collision withh 3zas :olecules. Tlie electric field
drives the positive ions against t.e cathnodewitn con-
siderable forc:, causing it to ewit cuatiiode rays; also,
tre electric fields directs the catrhode rays against
the target withh considcrable velocity. The cathode
rays are guddenly stopped by the target and X-rays are

the direct result.



In Koentgen's tube the cathode rays were directed

against the end of tie glass tube. This proved very
unsatisfactory because tiie greater part of the energy
carried by tiie cathode rays is converted into heat wen
tne motion is cnecked. Since glass melts easil:’, suci
a tube was readil; susceptible to puncture wnile in
operation. #arly research workers found thnat netal
targets could be substituted in place of tihe glass
wall. It was also discovered that the rietals of nhign
atomic numbers gave a larger output of ravs. The
izetals best suited for use as targets were those of
2lgh atowic nwibers, high melting point—to permit
sharp focusing of the cathode rays without fusing the
target, and those that were good conductors of heat
so tliat the heat would be conducted away from the pdnt
of impact of cathode rays rapidl-:. Platinuwr and tungs-
ten are most widely used metals, with tine latter being
considered tne more suitable. Alumninuwsz is generally
tne metal chosen to serve as catnod: in gas tubes.
Figure II shiows the general type of gas tube.
There is one bad feature connected witnh the operation
of all gas tubes. The pressure within the tube may
vary fro.. day to day or even from hour to hour dur-
ing operation. The nietal parts and tie glass walls
of the tube no matter how carcfully prepared contain
sitall amounts of gas within them. Wnen the tube 1s
heated by continued operation, some of this gas may

be given off. This raises the pressure within the
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tube and makes it easler for the cathode rays to pass
from cathode to anode and rays are producca which com-
tain less ensrgy. This condition is knowvn as "soften-
ing" the tube. The metal parts and glass walls are
a2lso cap=ble of absorbing gases and reducing pressure
witaln the tube. Then it becouwes harder to produce
the necessary electrical discharge through the tube,
and the tube is labelled "hard! There are remedies
for botih of t..ese conditions, but they are not very
accurate for one has no means of !mowing exactly tne
condition existing within t..e tube. It is almost iu-
possible to set up a sitandard condition of pressure
under wilch to operate the tune ard always adjust the
tube to this pressure waen using.

To reduce tle pressure withiln the tuve it is
neccssary to cause soue of tiie gas to be absorbzd by
soue agency. Often letting thie tube be idle for some
period of time will produce the desired effect. Con-
tinued neating and cooling of tube soizetires reduces
pressure. Opcrating tube under very nigh potential
witn cathode and anode interchanged may help.

Raising the pressure witnin thie tube is a sorevhat
si.pler problem. T..e metnod most com.onl  enployed
is neating some substance wnicn nas been build into
an arui on ti:e tube. A spark gap is adjusted so that
w.en the tube gets too tard, the disciiarge will pass
across thais sap and tihrough the substance. The sub-
stance is trereb;: lieated and (ives off siiall amounts

of gas. as soon as tne tube offers less resistance
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to the discharze than does the gap, then we have

normal production of X-rays once ajzgaine.

Gas tubes glow with a weird greenish ligitwhile

’

producing X-rays. This fluorescence is not caused
by any action of the X-ray on the walls of the tube.
The fluorescence is produced by cathode rays which
miss the target and are sent against the glass of the
tube.

The Coolidge tube was developed to give the
operator practically complete control of the condi-

ions witnin the tube during any period of operation.

In this type of tube tne gas is exuausted to such a
low pressure that 1t plays little or no part in the
actual production of X-rays. ACoblidge, inventor of
this tube, became interested in applving the phe-
nomena of thermionic emmnission of electrons as a source
of cathode ra; s in an X-ray tube. He 1is directly re-
sponsible for the preduction of the modsra "hotb catlhedz”
tnbzs siich are rapidly replacing gas tubes. The
cathode conslsts of a spiral of tungsten wire which
is heated to incandescence by i:eans of an electric
current. Large quantities of t.ermions are liberated,
tre nuaber liberated depending directly upon the
temperature of the wire. After these electrons have
been produced, the operation of the tube 1s siiilar
to tnhat of tie gas tube.

The Coolidge tube can be operated on either
alternating or uni-dirsctional potential. Besides
serving as a source of electrons tihe filament, cath-

ode also ssrves as one of tihe ter:inals of the tube.



X~RAY TUBES------ - .- -GAS TYPE TU3M

Fig.I

Fig’,‘o II
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8Y 10 PIuUna I

1. Anode

2. Glass wall wnich served as target
3. Catnode

4. Glass rod for supwvnorting tube

5. Sealing tip.

¥aY TO FIGURE II
l. auxiliary anode
2. Sealing tip
5. Softening material
4, Adjustable gap for softsning
5. Copper Dblock
6. Tungsten or platinum button

7. aluninum catnode.
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CONLINC.Z X-KAY TUBES
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Fig. III Universil Type Tube

¥ig. IV Radiator Tyve Tuhae
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AxY 10 FIGURE III
molybdenum stenm
Anode, Tungsten targze
Bathode, Spiral of Tungsten wire

Device for directing cathode ravs

K3Y T0 FPIGULE IV
Cooling or radiating fins.
molybdenum stem
Tungsten target
Cathode

Device for directingz cathode rays.
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+nen alternating potential 1s apnlied, it is alter-
nately charged positively and nezativelr. When posi-
tive, no electrons leave the cathods and we have nok¥
other source of eleetrons. Tiwus on this nhalf of the
cycle tere 1s no:discharge. iowesver, if the target
becomes heated to a hligh temperature. it may enit
electrons. This would produce a catiode rayv bombard-
ing the fragile cathode and the vital part of the tue
would soon be destroved. Tne targzet wmust be kept at
a low temperaturc 1f alteraating potential 1s used.

All tubes of the hot cathode type are comsionly
.called Coolidge tubes. Tnere are mwany special desi-ns
of this type of tube for speclal lines of work. These
typves are built. with fine, mediun, and 1ar§e focal
spots, depending upon the use of the tube in guestion.
To get the sharpest and tne clearest pictures, it is
necessary to have alrmost a point source of X-rays.
This condition is affected by special shaping of the
cathiode spiral. A hemispnerical spiral placed close
to the targst zives a stall focal spot. Sucn a fine
focus tube has its disadvantai,es because tiie catliode
rays bombard only a very small area, and considerable
energy 1s released at a point. <The turget becowes
padly pitted and distortion results in pictures if
tube 1s operated for long periods of time. For work
w-ere less s''arpnessis desired, broad focus tubes can
be used. 1he broad focus type of tube dogs,faster

work than tine fine focus tube.
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The westingnouse Zlectric Coupany have developed
a tube wnich differs warxedly frox the ordinary X-ray
tube in construction. This new tube =2as ta get arranged
perpendicular to ti:e path of the cathiode rays. The
X-rays are sent back over the sa-e patn tne catnode
rays travel and rig:t on tirou;h tne catnode. By
suitabl:; arranging the focal arca on target, tie rays
can be made more nearly p:urallel than in tubes where
the target 1s inclined forty five degrees to the path
of the cathnode rays. Figures III and IV shiow schematic
diagrams of Coolidge tubes. Figure IV shows a tube

with an external device to aid in radiating iieat away

from the target.
DZVELOP.LENT OF 1IIGH POWLHTIAL APP.xaATUS

The Induction Coil is a device for transforming
lowotential current from a battery into hicsh-potential
current suitable for the operation of an X-ray tube.
It consists essentially of a few turns of wire around
an iron core, outside of which thousand of turns of
fine wire are wound. The iron core beco”esvmagnetiéed
wien the switch is closed and t e battery send cur-
rent tiirough the ew turns around tne core., Tinis
magnet attracts a small metal arm which act breaks te
battery circuit, and the core loses its nagnetic pro-
perties, releasin; the netal arm walch is pulled back

into its original position by a small spring.
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This "wakes" the circuit azaii, and tiie wiiole process
is repeated. =~s the circuit is thus alternately".ade"
and "broken an alternating current is induced in the
coil surrounding the primary. It is desirable to em-
ploy a direct potential across the terminals of the
tube. Tnerefore a condenser 1s placed in circuit,

zd wien the

as snown by Fisure V, so that 1t 1s char

\5
p “imary circult is clos=d and dischiarzges rapidly woen
tiie circuit is bro:en. This dcnanitiges tne iron
core rapidly. Tne induced potentials in the secondary
are much fecbler at ti:e "make" than at toe "break" of
the priumzry circuit. The current induced on the "make"
is ltnown as "inverse" current and is very nearly sup-
pressed in a good coil. This method of generating high
potentials for X-ray work is not very widely used in
United States but finds considerable use abroad. It
is often employed in sewnl-portable outfits.

The Tesla coil is in a way a double induction
coil. Figure VI 1s a sketch showing the principles
of operation. An alternating current 1s applied to
the primary of the first coil and is stepped up to a
high volta e by tie secondary. Tais induced current
is then sent to the terminals of a circuit includingy
condenser, coil and spark gap. The current is oscillat-
ing rapidly as it leaves the condenser. 4 high fre-
quency, hizh-potential current is delivered at the
terminals of the secondary coil. The use of tlhie Tesla
coll is usually coniined to small portuble outfits be-
cause an X-ray tube expesclally adapted to high fre-

gue.icy potential nust be used.
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The Influence iachine has also had sone use in
generating high potentials. Two sets of conductors
are rotated in opposite directions. One set of con-
ductors becoices charged by friction or so.e other
inethod and this charge induces cuarg:s on the otuer
set of conductors. Brushes are arransed to picit up
tiese cnarges wnich are stored in Leyden Jars until
thie potential differencs across tne terminals of the
machine becoizes sufficiently high for the desired usee.
A properly operating influence machine produces a
beautifully steady potential for X-ray work. iiovever,
it is very difficult to lkeep such a macnine operating
properly. ..any plates aust bs rotated at a nigh
velocity which involves considerable danzer to the
attendant.

The method most cormonly used for the production
of the high potentials required for X-ray wori is step-
ping up a low alternating voltuge by rieans of a closed
iron core traasforier. The primary and secondary
windings are both wound about the iron core. The
whecle set-up is generally inuiersed in oil which has
a very 1low carbon content. The resultant high poten-
tial will bear the saume ratio to the liipressed voltage
as the nutrber of turns in the secondary winding bears
to the nu.ber of turns in priuary winding.

Sorie tubes are bullt to operate under an alter-
nating potential, but the tube is twice as efficient

wien full wave uni-directional potential is applied.






HIGH POTIITTIAT, APPARATUS

Fiz. V Induction Ceil

Fig. VI Tesla Coil
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EEY TO FIGURE V

Primary circuit

Secondary circuit

wetal arm, pri.ary circult interrupter
Frequency adjuster

Battery

Condenser

LY TO FIGURE VI

Alternating potential applied to priuary
Condenser
Spark gap

Secondary terminals
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The netnod for producing hizn voltages by trans-
foruier produces an alternating current. waxivur ef-
ficiency of operation is obtained when the altern=ting
electromotive force is rectified, converted into direct
e. e fo The ethods most comwionly employed for
rectifing nizh potential altcrnating current are:
tie kenetron tube circuits and tﬁe mechanical rotat-
ing disc.

The lzenetron tube 1is sd constructed as to allow
current'to flow thirouzn it 1 . one direction only.
Fizure VII pittures a circuit employin: one kenetron
tube and giving half wave rectification. 0©0-1ly one
nalf of the volta_e cycle is effective in producing
X-rays. Figurses VIII and IX picture circuits using
two and four lrenetron tubes respesctively. These
circuits jive full wave rectification, t..at is, the
one half of cycle is rsvzarsed in direction asd tne
resultihg potential is u:i-directional.

Figure X gives a scaenatic drawing of tne
wechanical rotuting disc rectifying switch. A large
disc wrade up of mica or otiuer suitable insulating
vaterial is driven by .a syncironous iiotor. The disc
is driven at 1300 revolutions per :i.inute, and in
exact synciaronist with alternating potential delivered
to brusihies 1 and 2 siuown in diagraa. w2tal conductors
A and B are ounted on tiae periphery of the uica
disc. .aen orusn 1 is negwcive then 4 is also neja-

tive (frowm Fig £ aad & and 2 are positive. .lien
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one half of a cycle is completed, teruinal 1 has
become positive, but the disc has rotated thirough
nlnety d:grees and conductor B now joins brushes 1
and 2. Therefore 2 is always positive and birushh 4 1s
always aegazive and wi-direcctional potential is
avplied to termainals of tne tube.

Figzures XI and XII show tiie volta e curce before
and after rectifying. alt:ougzy. tiie rectifizd potental
is u idirectional it I ¢ of pulsating forw as shown in
diagram. 1he saawed peortions represent voltage wasted
in the process of rectifying and in heating tne tube.

The ..ethods are comronly eumployed for controlling
tine kilovoltage applied to tiie teruinals of the X-ray
tube. A variable resistance is often connected in
series wit: the prismary windinz of the transformer.
This rethod is not very dependable where accuracy 1s
desires because tinc resist@Or becoues ieated during
the operation of tube. Due to atmospneric conditions
the heat mary not be radiated froxn tne resistOr at the
saiLie rate on two successive days for any one setting.

a more accurate ietnod is to placz an auto-traasforner
in tie priiary circuit so tnat the voltage spplied
to the priicary coil of the transfor:er ca. be easily

and accurately adjusted.

DaVILOPwLUT OF OThER X-RAY PIOTOGAAPHIC EUIP.LENT
The first X-ray photographs reyuired long expo-
sures to the rays. The fil: s used were not ver: seansitive

to the X-rays, and inteAsifying screens had not yet
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HICH POTIHN
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-rav tube

X
Fig. VII Kenetron Tube half wave rectifving circuit.

Fig. VIII

Two tube rectifying

full wave.
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Fig. IX Four tube full wave rectifyin~ cirsuit
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Fig., X i.echuni:cal rectifying device

0 90 18 270 3§0

Fig. XI Alternating voltase sine curve

0 90 270 - 360

Fig. XII Rectified voltage curve,
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been invented. However, scientists who noticed that
the X-ray was capable of causing certain chenical
compounds to fluoresce with visible ligat conceived
the idea of placing sucii a screen gainst tne film
during the exposure. Since tue filia was more sensi-
tive to visible 1light t:.an to X-ray, tlhils suould pro-
duce a good picture. Tie rssults vere satisfactory
and tne idsa was develoved. The usual type of in-
tensif:ing screcn is nov mauz up of a fluorescent
~aterial censisting lar:2ly of calclwn tungstate wiich
fluoresces witn a ligut of wave length about 5000
anzstro:s units. T .is 1s tiie wave lengtn for wiilch tne
ermmulsion is i.0su scnsitive.

Only a very s:.:;all portion of tie ray is absorbed
by t e filui. If tlie plate is backed up by a lead
s.eet ..ore of tie energy is utilized. The :astman
Kodalk Coupany manuf:cture a film fof X-ray pnotography
winicn 1s heavily coated wit sensitive e ulsion on
both sid.s of the filice Tnis cuts ti:e tiwve for
exposure in hialf. Tne intensifying screens, oane
vlaced on each side of such a film reduces the ti.e
to about one eizhth tihie tii.e for ordinary exposure

wit: B stran's dunlitized filui.

ToCHNIWUL 0F X-{aY PIOTOGAPIY
The operator siould try to bpecoi:e tiorouiily
farriliar with his machiine vefore trying to produce
perfect pictures. ile shnould try to work out a technigue

for different sizes, objects, using different settings
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veen invented. 07evsr, scientists who noticed tnat

tire X-ray was capable of causing certain ciiemical

o

cornounds to fluour
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of thie switciies. a4 proper procedure in .iandling
tube and machine is indispensable. A method should
be adopted .uiicii will save ti. e and tube, render re-
production of rssults possible, an»nply to any mmachine,
require a iiniiwa df instruwent reading wnen tuce is
operating, and indicate the working range of the 1a-
c:iine. X-ray apoaratus 1s expensive, ..andle wvitn Care.
liever close tre operating suitch wiile sowne verson is
too close to a nigh tension wire., ..evcr iest your
tube and apparatus witn patient 1a position. l.ever
close the iain switch before you irmow that current is
flowing tiorougn tie filament of a Coolidze tube. Do
not try to tike pictures of tihilci: d.nse objects with
low vower, not try to use excessive power Ior tiiin
objects. Develop a good darizroowr tecinique.

It will soon becore apparent to an X-ray
operator tnat the rays produced by nigher potentlials
have considerable :iore penetrating power and o ore
enersy than the rays excited by lower potentials. The
lower pote -tials s-.ow more deteil 1in a picture while
higher potentials tend to penetrate and obliterate
details. The effect of the ray on a plate 1s
proportional to the sqyuare of thne voltuge exciting the
ray. Quis stateme t deuals with a constant potential

or with tiie effective voltazge.



25

Variation in tie tu ¢ current also produccs a

0,

gcided effect on the exposed plateg§. If tne potential
is kept constant, tmue effect on plate varies directly
with the tubs current. IfHowever, (at least witn our
acinine), as you lower tlie tube curreat, the applied
potential raises. Tnus t:ie efiect of lowering tune
current rmav not produce dirccet variation in blucizen-
iny of 1iate unless constant potential is wulintained.

Tne ovlaciening of the plate varied indir=ctly
as tzie syuare of the distance frowm t:e plate to tlie
target of tl.e tube. Tie distance criosen siiould be
great enougi so tiat distertion of imaze does not
result.

If tnc¢ operator has plenty of time in which to
wake the exposure, ne snould choose a tecnrigue involv-
ing low enougn potential to aive good dstail, =« laraze
enougn plate to target distance to give no :.arked
distortion, and tne tube current s:iould be i.oderate.
Intensifyiag 8creens r.ay be used or ouwitted as the
operator ciooses. If fast workk is regquired, the fol-
lowing conditions should be :iet: very large current.
nign voltage, fast plates and intensifying screens,
and if necessary, s.iall tar et-plate distanc:z. ..ost
riachines are equipped witn automatic timing devices
but tre operator can tie his exposure by a stop watch
or by counting off seconds. "One thousand one, one

thousand two, one thousand tnree,"

is a covenient system
with whici: one can acyuire a great deal of accuracy

witn a little practice.
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Darlkiroom technique is also very important in the
production of good X-ray pictures. Several important
rules follow:

wever nandle the films with wet or greuosy fingers
before or after exposure;

Learn how to handle the plate without touching
the ermlsion;

Do not expose film to any liz -t =t any time until
tne film is almost fully developed;

A weak red lizht may be used in darkroom to view
developing plate; tials 1s best done by using reflected
lizht.

wasn all negatives thiorou;-ly before and after
fixingy

Leave the films in the fixing bathr for a few
ninutes aftzr ther seern fully clesred up;

Do not leuve filuis in the develoner or Ey“D too
long as this is haruful to tiie plate and poor pictures
will surely be tihie result;

Try to have tihe darkroom well ventilated;

Arrange the mnaterials in an orderly fashion and
learn the arrangenent so that you can find things in
the darii;

Do not leave any boxes open wazn you leave ti.e room;
X-ray filr s are expensive and a s.iall amount of light
renders tiiel useless;

Do not lecave fixed negatives in tiie water for

long periods of tiue, for trhe e.ulsicin will soak off.
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4aPPLER KING ..0DSL X=iaY waCilis

¥Fisure XIIT on followingz paze shiows a schematic
wiring diacrair of tne usappler ling rodel A-ray machine
witn whicn tre writcr's wors was carried out. T .is
rrachine is ratiie old and not very dependible. Jhe
first problem was to aake tiie wacnine run for it ad

FYE-
not been used for so.e ti .e aaapadecicecdly cut of ad-
justuent. Tné rotatinz disc is really driven b tw
otors. .4n induction motor serves as a starting motor,
fut this is left running even after t.ie syncanronous
rotor reacnes full speed. alternating currert is
delivered to t:..e one end of tne armature of the svn-
c:. ronous motor. Dircct current is talkea frou tie
otner end by :.eans of a cormutator and brus-es. ‘‘his
direct current is used to excite tne field and w-s
also intended to operate the autoua ic tining device,
but we uscd a sepurate source of direct current. The
svacnronous motor offered considerable trouble before
it w:s finally wade to run at the riznt speed. after
considerable delay tie machine was finall  mnadae to
run and a few good pictures were obtained, Print num-
ber 1 was made at this time.

Before attacsing an” proble , the operator rmust
first beco.e fai.iliar with the peculiarities of his
machine 2nd work out a sulta 'le tecunigue wiaich will
cover all paases of his problew. It is very helpful
to know what voltage the transforrer is delivering
for each setting of the switches. A calibrated

spark gap was used to record these voltages.
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Print Number I Showing Wrist Structure
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The terminals of t:e gap were connecbted to tie termi-
nrals of t1e tuce, and t::e recdings were taken wnile
the tuiic was operatiag. “ne potential control w:.:s a
variable resister in the primary circuit. On it were
ninefins to aid in radiating the neat. Tiese fins
were nuw:bered 0, 1, 2,—8. . itn the ar.. on fin num:.er
0, no resistance wis in te circuit. 4ll the resist-
ance was in the circult wnen the arii was set oa fin
nuabzr 3 etec. There tere also various settings of the
primary coavolution switc:r for whlch to-e voltages wesre
calib:ated. Tiese settings as incicated on wiring
diagramn of tne macnine, were for various nu:ber of
turns in tihe primary of transformer. A table of
values appears on separate sueet. Values of potential
given 1in each case represent peak voltages and not

tiie effective value of the potential.

SPLCIAL PROSBLEW

#itn t:e above information and lknowledge ve
were ready to begin taking X-ray pictures. Tre
Animal I'usbandry Department was interested in the
variation in ti.e nu.:bcr of ribs and vertabrae which
existed amongs piss. Thney desired to nake X-ray
photographs of all tie young plgs born in the .icuigan
State College experiiient station at Zast Lansing
during the spring farrowing season. The X-ray offered
an eass w. to make a count of the vertevtrae and thnen
feeding tests were to be conducted to determine if

these variations were of any econoic iaportance.
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KEY TO FIGURE RIII

1. Filament transformer
2. PFilament current control
3. Coolidzge X-ray tube
4., Auto-transforier, supplies 220 volts to
motors and pri:ary of transforuer.
5. Autvoratic timning device
6. A meter
7. Tiue switch
8. iwain switch
9. Kev to ald in setting timing device
10. Polarit:s reversing switch
11. Spark gap
12. Variable resistance potential control
13. Primary convolution switch
1l4. Rotating rectifying disc
15. FPrimary transformer windiag
6. Secondary transformer winding

17. Tube current milliarmeter
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Urnw ULIVZIHSAL TUBZA

Frak VOLTAG=S

Tube current Kes. Rheo. Fotential Potential
Moo S setting rriv. Con. 4 Prim. Con. #d
25 0 80 ot determined
25 1 78 " "
£5 2 74 " "
25 3 68 " "
2.) 4 45 n 1]
25 c 54 " "
25 5 e t L
20 0 88 o
20 1 81 55
20 2 75 50
20 3 72 42
20 4 o8 o2
20 O 44 18
20 6 10 W
15 0 20 60
15 1 38 60
15 2 84 o6
15 o) 83 56
15 4 s 46
15 3] 65 40
15 6 z:
10 0 g 65
10 1 9 - 64
10 2 9 62
10 3 i 62
10 4 8< o8
10 S 7cC o
10 6 Sy o0
10 7 28 i
Kadiator Tube (all readings taken on Frim. Con. #4)

10 0 105

10 1 100

10 2 98

10 3 g6

10 4 83

10 5 84

10 6 70

10 7 52

S 0 G

S 1 Lyt

5 2 102

5 3 98

5 4 26

S 5 g

) 6 86

5 7 76
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A permancnt rccord was desired, so it was necassary
to invent soi.e system of nubering the fil.. and the
individual pig, so tnat tlie. could both be accurately
identified in the future. .ariking the filic was an
easv matter because a s.all thickness of lead stops
X-rays. Je uszd lead wire nu.bcrs a~d letters indicat-
ig tae breeu, sex, litter, and individual pig aw ber.
The nizs were :arked by neass of notcies 1: thelir ears.
wotciies in a ciortain position represented a definite
nurber, tiose on one ear representing the litter -
ber and t.vse on tihie other ear representing tie i.divi-
dual pig nu.ver. 4 notation on the film of Y3207 would

be interpreted as Yorkshire sow, litter 20, pig /7.

PHOTOG:wPi:IG TuE PIGS

Due to the trouble in repairing the i:acnire, a
late start was wade. Several litters of pigs nad already
coixe into existence uand welre rapidl;; growing too large
for us to handle. There wzre about two hundrcd young
plgs to paotograph. This involved much worik besides
tie actual puotograpny, for the pi.ns iad to be caught,
loaded ;nfo a trucit, and transported over to tne Puysics
tulilding, and tinen returned Lo thie pastures. Je wanted
to film as many as possible at the aze of one to two
weeks. The tecnnigue set up w's not one that produced
verfect negatives, but our objsct was to get readable
pictures of as ma.y of t e pigs as possible. Our na-
ci:ine would not take good pittures of pigs whicn were
tnicker than five inchnes turough the chest and was

absolutely stcpped at eight inches.
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One of tiie difficulties encountered in pnoto-

grapning piys 728 xeeping tihei. from moving duriag
exposure to the rays. ..:et .er due to static electri-
city, noise of the machine, or the effect of X-ravs,
the pizgs would begin to sqyuirm when the main switch
was ¢losed, Scveral metirods for holding the pig were
invented. Only two were successful and one of these
was discarded as beilng tco dangerous to attendants.

In this latter umetnod two men ield the legs of tze pig,
but t-is was apt to result in over exposure of taeir
:zands. Tie riost satisfactor:” netihod consisced in roll-
ing the pig tiz.tly in a heavys fabric cloti which did
not absorb an appreciable amount of tne rays. iwubner
bands were stretched about the bundle over tne pigs
legs.

7o or tnree pi 3 were rolled up and placsd on a
siall wooden frai:.. Long wooden boards were placed
between the w-1lls ¢f the fraue and tiie pigs to hold
them firalsy in vosition. LEetween tie pigs were placed
boards with lead strips on bottoi: to wmark division
between pigs on film. The "patients" were laid on
tneir backs. nusters and letters to identify eacn
individual were mounted on a thin strip of wood and placed
beneath tlie plz to wiich it referred.

The wooden fraie was built to allow the loaded
cassette to be placed beneatn it. The cassette was
10 x 12 incies and was equlpped with two intensif ing

screens.
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The time of exposurc varied with t..e sizce of the
pigs. Due to our many diffliculties, we were not able
to take the picturcs of all the pigs waile tiey were of
a certain age. Figs ranging in age frow eignt days to
ten weclis were dealt witi. UThe tiie of exposure w1s
decided by tiae operacor, one picture was taien and
developed, and from the resulting negetive, the operztor
determinzcd a suitable ti..e. The actual exposures were
froin one to el it seconds. 1ae gensral fault of our
tecanigue .was over-exposure. aAll pictures were taken

at a tarpet-plate distance of 36 inches.

)

m

Two tubes were used for this woriz. Tihe first
e.ployed was a Coolidge tube of t.ie universal type.
Tnis tube w.s ratiher old and perforied erratically. It
was a fin@ focus tube, and the target was rather badly
vitted. Its perfor.ance vsca..e more and more erratic
until it had to be discarded. “This tube was operated
at sixty to eighty Kilovolts potential and twent. -five
illiamperes tube current. The above tube was eiwiployed
because tiie ti.ie necess:r - for an exposure was less
thhan wit our Coolidg. radiator tube wihilch was designed
for only ten milliaxperes tube current. The latter
tube was employed in tiie latter nhalf of tie experiiient
witii s ucn better results. %4owvard t e e-d of tne ex-
peri-ent tihe transforiier became err.tic, probably due
to a break in t-c¢ insulation of the secondary circuit.

Prints 2, 5, and 4 sunow so.e of tne variations

found.



56

THE =ZSULTS OF IUVESTIGATION
4 co plete record of tne results of our experi-
iment is not vet cou.piled, but since tiils paver is not
conc-rned with cenetic importance of the experi.ent,
the following table of results will satisfactorily

show the variations found.

Breed iio. of Pics 20 Vt. 21 vVt. £2 Vt.
Chester fiite 36 1 25 10
Duroc 27 6 18 3
Foland China 25 2 16 6
Berksiiire 28 0 9 17
Yorlkshire o6 0] 47 9

172 9 115 45

Prints 2, &, and 4 show soue of t:e variations

found.

Im
n

O

C



Print II 16 Pr. ribs =2ud 21 Vertebrae



‘..

»

Print 111788 Pr.

ribs and 20 vertebrae



«— 34751 IN—NYRTEN

Print IV 15 Pr. ribs and 22 vertebrae
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CRYSTAL STRUCTURs a4.D X-Kay DINPLK.LCTION

After coumpleting the 11 ediate tasik of taking
pictures of all tne pigs available tiie writer, desir-
ing to get furtilier esperience in the ranipulation of
other avallable X-ray equipuent, elected to nake a
stud;s of the equipment especially designed by the
General mlectric Conpanv for Crystal structure
analysis by the X-ray diffraction method. Tne

discussion following is a report on tnis study.

During the seventeen years followingz Roentgen's
discovery of tne X-ra; considerable research work was
carried on to prove or disprove that X-rays and light
were si ilar in nature. licarly all experiiientcs failed

to produce any definite proof. 1ot until 1912 was the

1

‘truth definitely eclaillicl e,

ha

o 2

~rof.

| de

LA S .
ot oewr

Laue of wmunich published a paper asserting that the
regularly spaced pianes of a crystal should produce
diffraction of X-rays 1f the latter were a wave phe-
nomena. iHe calculated matnematically what effects
would be produced on a photograpnic plate wihen a mono-
caroratic beam of X-rays was passed through a crystal
of zinc blends. Friedrich and Xnipping put his argu-
ment to test experiizentally and obtained the results
prophesied by Laue, definitely establisning the fact

that X-ray radiation is wave prienomena similar to lignt.
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X-ray diffrac-ion by crystals ianterested otner
scientists and was soon being apiplied to identifying
crystal structures and determining the wave length of
X-rars. The chief difficulty encouantered was in find-
ing perfect large crystals of compounds. Only a few
crystalline substances yielded suitable crystals for
this type of r:zsearch. Debye and Scnerer, and iull
advanced a new iiethod for procucing X-ray diffraction.
The method consisted in sending a fine beam of monochrom-
atic X-rays through a itass of fincl— powdered crystalline

|
raterial, the particles of wnich are arranged at randon
so their axzes are oriented in all directions.

Special apparatus was developed for this tvpe of
research. Figure XIV shows a schematic diagram of the
X-ray Diffraction .pparatus, Type V.iJ, form E, 1:anu-
factured by the General Electric Cor.pany. Item /5 on
diagram, Victor Stabilizer, is designed to control the
filament current and thereby regulate the tube current.
.men the desired adjustment is obtained, the stabilizer
will autoriatically maintain these conditions. In the
filament circuit of the tube is «n automatic water pres-
e Suribtin Whith prgaxs (ivaied oF wdasrr Preg-
sure falls below fifteen pounds per sgquare inch. The
tube is a Coolid je tyve tuvne witih a water cooled
rnolybdenun tar_ er, permnitting the application of un-
rectified potential. This metal produccs very nearly
monochroratic X-rays at a potential of 30,000 volts.
Detailed description and instructions for operation are

furnished witn the apparatus.
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X-RAY DIFFRACTION APPARATUS

Fig. XIV General Electric Diffraction Apparatus.
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9.
10.
11.
12.
13.
14.
15.
15.
17.

18.
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neY TO FIGURE XIV

Voltineter, line voltage

110 volts alternating e. m. f.
Fuses

~illiam:eter, tube current
JYictor stabilizer

Cage type resistance

autonatic water pressure switch
Switch

Switch

Safety break on door of can

Safety brea’:lown spark gap

Filanent transfor..er

i:1gh potential transformer

Slit

Fowdered speciinen in glass tute
Siit

Film

Watzr circulating system of cooling target
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THEORY OF CilUSTaL STRUCTURE

Crystallograpners .ad produc:d the prevailing
theor; of crystal structure before X-ray diffraction by
crystals was develoved. liowever the latter did rmuch
to confirm the theory. It is believed that crystals
are iade of atoms, arransed in perfectly definite
geometric pattern. Every ator: is contained a set of
parallel, equally spaced planes. There are several
such systems of planes, but we will thinit of three sets
of parallel planes corresponding somewnat in general
directions to the planes malking up the rectangular
system of coordinates so commonly used to locite
points in space. wmacn set of planes are equally spaced
but tne spzacing in one sect need not equal that in eitier
of the other sets. We can refer such a structure to
a coordinate s stem by taking any point of inter-
section of taree planes as tie orizin and the three
lines formed by intersection of pairs of planes as tae
coordinate axes. Parallelopipeds are formed turough-
out the crystal by the intersection of the tnree sets
of planes. EKach of these parallelopipeds is a unit
crystal. Tne length of tlie edi:ss of tiie unit ccll
beco.es the unit of lengtn on the corresponding axis.

All crystals can be classified into six systeus:

CU=2IC S8i8Txwe Crystals referable to three equal
rectangular axesy

LaTaGOUAL SYSTL...  Crystals referable to three
rectangular axes, two of whicn are equal, tie third

being a tetragonal axis.
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haX.GOLAL SidSYsw. Crystals referable to three
equal oblique axes making equal angles with each other;

OATIUIGIC.LBIC SY¥STsu,. Crystals referable to three
uneyual rectangular axes;

20L0CLINIC SYSTswe Crystals referable to three
unegual axis one of wnica is perpendicular to the other
twosj

ANORTIII6 5YSTEw. Crystals referable to taree

unequal oblijyue axes and possessing a center of syuu.etry.

Fimures =V, XVI, and XVII showvy three types of
criystals belonging to the cublic s stem. Figure XV
pictures a si.ole cubical lattice. Fisures AVI and
AVII picture face centeréd and bod7 centereca cubical
lattices respectively.

Trere exists a netl:od for nw bering the various
planes wihicii consists in labelling the plane with the
reciprocals of its intercepts on the cocordinate axis.
In fizure XV th; irethod would e applied tiwus:

Flane GuaF=--=100 plane

Plane CuDG---001 plane

Flane BoGH---010 plane

Plane aCB---- 111 plane

Plane CEr'i=-- 0l1ll plane

Plane Dbam=-~- 110 plane

X=lial aVa DIFPHACTION
dave Diffraction pnenoiiena may ve exnlained by
aid of diagram XVIII. w«e learned that one of tne
properties of X-rays is the power to produce a secondary

radiation of rays when absorbed by matter. The diagra m
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CUBIC TATTICES

E
G
N
N
— 1
¥Yig., XV

Fig. XVI
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X-RAY DIFFRACTION

y 2 Ay
A
' +
. A 3
VAN 34"
X

Fig. XVIII
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represents a two dinensional figure, but the lines pp!
represent planes 1in the crystal winich are tniciily studded
with atous. Let a-a'=-a", 4y, ay, az, etc. represent
wave fronts of a train of X-ra - waves striking the
rlanes pp' at angle g. Since tie secondary radiation
is sent in all dircctions, we mayv consider any part
of the secondary ray wnich is sent out in a direction
valziing angle 130- 28 degrees with tae incident beaui.
‘fnen we can consider tnis a p:ienomena of reflection.
The atow.is at B, B! and B" all tend to send radiation
out in tnhis direction. If tie waves from each of these
separate sources reach.point X in p:iase, constructive
interference is tire result and a dark line or spot
would be foruwed on a piiotograp:ilc fil... The conditions
necessary for sucn a result can be worked out readily.
Let X be tue wave length of the original X-ray.
Produce A'B' to next plane, calling point of intersection
D. Tnen 2'D is egual to B'zs. The difference in path
for ray AB and a'B' equals B'B-B'lJ. But by correct
substitution this remainder is equal to LkD. D can
be expressed as a function of the angle g and the
distance between parallel planes pp'.

wD = 2d sinqd: LK
For constructive interference D must be WX where n
represents intcgral values. 1 the waves are not
exactly in paase the resulting radiation from the many
layers approaches zero intensity and the filimn is not

affected. Other svstems of planes will have different

angle of reflection and iience tne dark line for this
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system of planes will appear in different position on
the filrm. Knowing the distances of the speciven fromn
tme fil. the angles of diffraction can be i:easured from
tiie spacing between lines on the nejutive. Tor another
set of planes the avove forrmla becomes: X &= 2d' sine d.

The powdered speciiien is placed in a siiall glass
tube about one thirty-second of an inch internal dlameter.
The ends of tihe tube are plugzed with cotton so that no
cnermical crange siall take place during tlie long ex-
posure. The speciren is rield in place b7y ti:e casset®
which holds the film. This cassetR is in the shape of a
quadrant of a circle of €ight inch radius. The bands
resulting on the negative are in reality arcs of circles
though they appear to be straight lines.

Tiie spaciny between planes can be read directly
from the negative by means of a scale furnished by the
General Electric Company. Tney also furnish grapns
containing curves drawn from data about hundreds of
criystal substances. If a paper with spacing on film
indicated on logaritnmic scale is moved up across graph,
always keeping the paper strip parallel with the
abscissa, an .exact fit of curves with lines on paper
can be found. Tnis will then 1ldentify the crystal struc-
ture of t:ne substance dealt with.

To cneck results thne spacing between the (100)
planes of the crystalline substance can be calculated

mathematically from the following formula$:

(next page)
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. x 1.649 x 10°°
(d x 1078)%

4

av}
(N ]

P = density of substance

i

side of elementary cube, parallelopiped,
equals distance bztween the (100) planes.

molecular weight of substance

number of points associated with unit cell

1l for si..ple cubic lattice

s
U

n = 2 for body centered cubic lattice
n= 4 for face centered cubic lattice

n>= 8 for diariond cubic lattice.

Siiilar formulas nave been developed for tetru-
gonal and hexazonal crystals hut these involve cor-
rections {or axial ratios and tine nexagonal formula

involves side of triangle rather than edsge of cube.

EXPERI.L.IENTAL RuSULTS
Tne following substances were examined and their

crystalline structure identified in our laborator: s

Substance Structure
Sodium chloride Face centered cube
Potassium chloride Siiiple cube lattice
Sodium Bromide Face centered cube
Sodium Iodide " " "
Aluminum " " "

: ‘ i c k l e 1 1 1

Aantimony " " "
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Othier subztances were studied but te results were
of no value due to i.pure sa.ples. Print nuw.ber V on
following siheet siows a typical film of diffraction

Pattern.

FR2CAUTIONS 00 Bis 058.:iaVuD BY OriilaTOR

.i.ere is considerable danger connected with the
operation of an X-ray ::achine if special carc 18 not
taken to avoid undue exposure to tiie rays. The body
absorbs the rays fro.: day to day. Tne effects are
cwrulative and mav not appear for a weeix or two after
t~e operator tias b2en exvosed. Severe anxd painfully
slow healing wounds may result on surfuce of tne body,
and sterilization is often produced by to> much ex-
posure to the rays.

The danger can be ireatly reduced if the
operator will observe tnhe followvingz rules:

1. Use lead zlass shiield about tne tube;

2. If possible, stand benind a lead barrier wiien
operating machine;

4. Lever use your bod: for fluorosconic of vnoco-
gra-hic demonstrations if you are constantly operating
an X-rar .acnine;

4. Yrom time to tize test the position in wiich
you stand at controls for intensit.. of exposure; 'nis
can be done witn a fluoroscope.

S. If doubtful about the amount of exposure your
bod; undergoes, carry a dental film in pocket; Develop
it after a week. If tiie filii is blackened appreciably,

use more care in shielding the body.
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6. It 1s a good plan to 'eep an accurate record
showing wnen and :now long vour bod: wvas directly
exposed to X-rars;
7. Take good care of tnhe nish poilentlal apparatus
and wires. Bz sure tiat all ign tension leads are well

away from control switches and from the patient.



Print V Diffraction Pattern



COLCLUSION

The writer has zained invaluable experience
from nis contacts with X-ray photo raphy. ‘e has
learned to applv the principles of X-rays to practical
probleus tdobtain desired results. a proper tecnnique
of handling costly apparatus has been dcveloped. He
has been taugnt that each probler: snovld be carefully
analyzed and the method of attack planned carefully
before one tries to obtain a solution. Above all, this
work has taught him to appreciate the importance of
setting up a suitable technigyue for reaching a desired
goal whetnher the probl:a deals with the phenomena of

X-rays or other branchc:. 6% science,
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