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1. INTEODUSTIUW

Tia solest af inds parey iz it ouwrusarize Lhe hlgtory of
plestromaznetio theary fron an sugineering paint of wvlew pre-
pearatory to vhe investipation of swne apscille prebles in-
volving the epplicaticn of slactrezsrnctie theury. 1o de-
rernine how thle paper should 2l fer frme o revliese poper of
tha typs pablished in Bevlesw of dedern rhrsliok, lal as exsming
what 13 meant by an enpinesriag polnt of view, Ths Ingluaery’
Council feor Prefessjonsl Usvelepmznt, whiosrn ie jointiy spone-
porad Ly tha prinoipsl onglnserlry accliotincs includlinyg the
Anarigan Institute of XZleatries) Lagiregers, hes pubilshed the
following on snglosaring:

The englineer may o reardsd, tharaelors, 25 an
interprater of polerge in taree of husan needs and

s naneger of nen, woney, 573 metoeriels in satisly-

ing theas nesda.

The mentisn of "humen wwods" ralsss many Juustions ahisk inl-
tially submerge ths mathemalioesl and physical aspoets under

e dainge &l eoolisl problems Involving econdmie, payshelozlosl,
political, legal, =inieal, and relipzlous arguments. Thie re-
sulits in a serious prodlasm of esxtablishing = perapsative by
whish recegnitien can ba glven 12 the soclel mepecls withoul
loslng sight of elsstromagretic thaory.

The B,C.P . bas Sesaritsd the regecaraon Minotion of an-

gimmering as followe:

ot



Kegoareh 1s the proceses ol goaxing rnew koowl-
aiga or B CLanior wrderstanding of the slenificares
ang relatiocenly ¢f racte slrcad; knowa--tis "acler,
tifis methoad™ of workine fryo: bncwn Taels .awa ¢

the unknesn: toverd ses 1deas, facts, rmincliples.
mycerinis, Oor JUrooaspes, Tz pure sgls Atis* l=

Literogted melniy In Siznooverin ecmetidny new:
tra encinner s laterasted ~sindly in_turning Yhat
grooathive roe Lnve sowwtiodng wselol.,

meatic~ of waaful’ o ralonsa the cuasastion of whnet LY io uzefad
Iormamurder or lmproraseny aY bire wollare of asniind) 10d

igpaary o recalre thwi the porspective have a largo tiae

gcale a0 that Lho orosoent soolsl problems bLeeome vary saalil

o

gapaved 10 tne totsl procvags of nannling,

To 2staliisl. this nocessary pevsprotive a districution
oy eaphasis as show: iva Vlrure 1 hias Tesn employed. Ths ox~
pectod ddstribation for & phyclcs paper 18 showvn conparsd with
the dlgtributlion uvsed in thils rnaper,., The pep batwesn this
paper and {he eoiual investipaticn of & anecific problen im
slgo llinetrated. his gap congiats of two psrta: additlonal
study of the nsthematical end physinal ressaroh previouvaly
done In soe Lreanch of the sppliestion of elecitromsrnetice
thzory guch az microwave wave pulde tracemission; a1l a csresul
survey pf the work velny done in the soolael aslgnzes relating
to the interpretatlion of “nmen neads” and the mesniay of “was-
ful®., 7Tthe procedure results in reduction of the govorape of
the sathenatlical and pnyelsal aspocts of the subliect st this

atege in ordsr teo llivs up to the respensililities of an ane

gluaer,
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1T . PHASFRCY IV

The gpreat sdvanesa in cur ssionilfle knosisdpe in the
lust fifty vears rave nesn asvxans "Lod by an insroasing do-
sree of speclallizst.on. This wocslare of econgsuirsating unon
g nerrsw portlon of a prrtlonier Cield 1la necszssovy Ior (he

o

Sisapvary of new koowladve, ot Las suiferel Trow desfecls due
te the i onorance ol gore gpasiallebs concorning the reletlion-
puine votveer thely siore and the “onaral prosvlens of menkiyv,

T2 svold gerlous Siffioullise In tha considerntion of
the Lilastory of electromasmetic thaliry, 2 parepectlive ig hore
dereleoped to brisefly indlcate the relationghip of j~roprsss of
pur kncwledso of clectremagnetic theory o hunan yrasresa in
goneral. Thie porspeetive ¢-n be rdlvided into tiurce parta-~
nresent, hiletarlesnl, snd future, The preseont and nistorloal
aspects ure bridfly montionsd in thie ehapter wulleo the Muturs
sapecta are sonsidersd in tha agpendir, Huch of thle metarial
on perspective la gulte elemantary. However, it L2 ineludad
hare, nocauas there are indications that the nejlect of ithia
saterial ey Le a coatributing Tsetor to the confusion of a2me
snginsers acd zolentlets.

The presant perepesctive ecnverns tho understandling of
thie velationghlp betlwoen dlffarent types of msatural phenortens.
Ly esmsiderin: only ths meco clemenkary phondmena, we cun &1~
raxy;s them in sn erder of Incrausliny dependaney upon the prae-

sadlry: types of phenceena, ['or brief discumaloen the folloving
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I1T. OUTLINE QF HISPORY OF ZLROTRICITY AND

. 190, 11, 12
BRACRETLIX

A. 8tatic Period, 1500-17%9

1600: #1lilarn Gllbert published his resesrchea on mag-
wets, magnstie bodlez, and elsctrical sttrae-
tione, entitied De mapnets, megnetielsque corpori-
cus, et de marno mapnete tellura,

1782: Benjamin Franklin ldentified atnospherlc eleotri-
@ity with atatle elesctricity.

17¢66: vrleatly sonaludsad that Inverss square lsy applles
to electric shargas,

179Z: Couiowt esgiabllished with precislion the inverse

square law for na netlo poles sugcgested Ly John
¥icholl.

. Current Fariod, 1799-1831

1200; Volts developod the voltsic pile (battery) follow-
ing investigations of fregs legs by Galvani.

182C: Oarstied dlscovered that & wire cerryinc a currant
produced a magnetic fleld.

1820: Ampero established lav of force upon & current sle-
nent in a =zpnetic fleld.

1825: Ampere showed that an sleetris pircuit is equiva-
lent in its zagnetle effects to a magnetic “shel:,®
magnatizxed at risht angles to the surface, whose
boundary eoinoldes with the oirouit.

1826: Ohm esteblishod Ohmts Law through analogy of hest
flow,

C. Elegtroteshnical Pexrlod, 1831-15885

1831: PFaraday discoversd electremagnetio induetion of cur-
renta; made firat dynamo.

1832: Hemry discovered self-industien.



1633 Faraday fournd that the masz of subatsmce literated
in electrolysis l& vroportional: 1) to the gquantlty
of electricity pessed through, ernd 2} to the chemi-
gal ugqulvalent welght af the substensc libarated.

1845: Faraday found that the plesne af polarizetion of light
is changed by pasalng throush gleass tetwesn the pole
fuong of & magnet, Lo found all substancoeg hsave some:
magnafie preperties; defined diammcnotie ard pura-
denstls.

iB84¢: Kireinff developed g thaoren of the currents in a
network,

17471 Reluheoltz proposed thLo principle of conservation of
B:}Gr;y -

1886 wWeber ant Xohlreusc:h aeasured the ratio of elasetro-
amagnetic units to elcetroatatis units.,

systeatle Feriod, 1B85-1000

1E65: Janes Clerk Kaxwell developed the fundamontsl eque-
tiona of the elactroma;noetlic fisli after studying
Faraday's expsrimental work. e sy, ested that
1ight consisted of electromagneiic waves.

1870 4saxwell publisihod hls Treutise on Eisctricliy and

Harpstisn.

iB7C: de A. Rowland showed experimentally that a zoving
electro-atatio charge produced a magnetic field like
g current in a sonduetor,

Lo FAts Uerald showsd thecoretloally thei a coll carry-
ing a rapidly slternating owrrent should radiate
¢lecotric waves on the baals of Hexwell's thaeory.

12€6~10881 Harter sxperimentally verified the exlstence of
slectramagnetic waves formulated by Maxwell, saves
from 4 spary: gap osclllator were detecisd by enother
apar gap.

188€: Xiehelson and lorley found lnsuffielent experimantal
¢vidence for a fixed sther (first exp. in 1821,

1887;: Heris showed that the alesatromapgnetic waves he pro-
duoed were plane polarized.



10

1892-16895: Pitzgerald and orentz explsined remlts of

1896

¥ichelson-iorley experiment by theory of contractlion
of langth with veloaclty.

Herooni nzsd slectromagnetic wrvea for signalling.

Atoale Peried, 1850-~19l5

1805

1900,

1805;

Rosnteean dlscovered X-reys., In 1283 J. J. Thomson
had pointed out that the sudden stopplug of cathode
rays should in aceordanee with Xaxwell's theory pro-—
duce alegtromasneatic radiation llke light waves,

: Baogqueral discovored rediocastivity.

: J. J. Thomson?s daacngtration of eilastroetatic asz

well a8 meznetic dsflestlion of catheds rays estsb-
liszhed the electiron theory which: had been in process
of dsveleopmant by Pranklin (1756}, Faradey (1833},
#aber {1871}, Crooksa {(1879), and Steney (1891),

¥ax ¢lsnck developed cusntun theory of radistion
for energy euitted by a nlagi body.

Einzteln postulated photoelectric law in whieh epergy
redliated consiats of diserete quantu, %instein de-
veloped gpacial theory of relativity spplylng to sys-
tems with uniform valoolty; principles of relativity
of uniferm motlion; prinoirle of ths econetancy of the
veloolty of light.

1909-101%: Millikan seocurately deternlned ratio o/n end

1912
1813:

1813:

Froved exiastence of 3 unlt eharge, the elsetron.
de J. Thomaon developed masa spestorrsaph.

Niela Bohr desvsloped theory of etox in which slec-
trons z2ay have only cartalin orbits, and rediate aleso~
tromagnetic wever wshen of disarste quanta when slec-
trone change from one orbit to snothsr,

Leaus meesurad wavelength of X-rays and studied crys-
tal structure by studying the diffraetion of X~rays
by srystals.

1913-1917;: Bimztein devoloped general theory of ralativity:

an axtensisn of epscial theory tc the cags of eccalsr-
ated syatoms.
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Tha uantuu Perled, 1915-192¢

191L: Milikan experimentslly »roved Zinstaln's photo-
glectris law, sscurstely determined Planek'r con-
gtant.

1213: Rutherford showed that the mieleus of &n ordinary
elament could be chwnged by bombardment with highe-
eneryy alpha particlesm,

1823: A, . Compion showed that X-rays acattersed Ly arys-

tals have an increase 1n wavselength thet is in agree-
ment with quantum theory.

The Zave Meghanles! Perlod, 1826-1831

1925: de Uroglie proposed the comoe;t of s wave-electron,
costining quantum theory aml wave theory.

1926: 3Schroedinger devaeloped wave equationa.

12271928 Helisenber, and Dirac devoloped ocuartuyn mechanios
uging nastrix calculua, :

16871928 Daviseon and Geraer and also G, D. Thomaon
obtained axperimental proof of the wave-~sloctron,

1523-31929;: 3tern found that sheoting molestles omis thae

atomlie lattice &t errystal surfsces formed scattsring
patterna which confirmed thd wave meshsenlos thoory.

The Fuglear Perlod, 1951-

1831: E. 0, Lawrenwca developed cyalotron for accelsration
of lons for usze in study of atomic muclel.

193): Anderson discovered pﬁsltion.

1932: Chadwlek dissovered reutron.

12541 Curle~Jollots preduced artificial radloactivity.
1934: Perml propossad bowbardment of rmolei wity neutrons.,

1936; Barrow and Southworth lndependently demenatrated
peasible prsetical use of wave pguides.



1338 Halm avd 3trassmersn digsesvered that an lsotope ef
barics wes pro@uaed by demberdasnt sf wreniwe with
BeALIENBL .

18958 Yrish sndéd Belitosy pradioled that ebgorptisn of a now-
tvon by sreaninm stmwtines csuses mualesr “Pissien”
¥ith relonse of enismtus ensrgy.

1940: Over zixty articsles on tramsmlsaien of sleptro-
magnetis weves in vaveguldes had dDesn woblighed,

1940-1040: M. 1.7. Radistion Ladborstery irn oedperstisn with
infustry and governmentsz) aganales appiied ocliesotro-
nxgmetic thesry 9 the deeign of migrowwve radmr.

isdl: Over e endred arilelses o mmaliosr fiseion had besa
pabliished, plue severa)l rovisw ariicles and besks,

19MBe1BLB: 0B8R D, Nsnbattar Project, and solperating
agonoice appllied Emslear physles e the ypweblam af
reloasing mglear energy for miliinry whish
resulited Iin dovslepment of atonis desd,
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1Y, BASIC EISTORY OF ELEOTROMACNETIC THREORY

A. Actisn at a2 Diatanse Theariss
Early atteapte to formmlate theories ol slestricity and

magnetism wers basad on finding appliecationa of gravitational
theory which would explain elastrsmagnatic phenosena.

Revton had clearly and rigereusly formaletsd the inverse
square showing the gravitational ettrastion betwesn twe bLodles
ag followe:

F = g 3] ®mg
{1)
there G is a comstanl; a4, mp are the massea of ths two bodles;
and r ia the diztance betwesn them. Fellowing the work of
Prieatly, Hichel, and othera, Coulemb's Laws for elesotrls obanges
and magnetic poles were sstabllshed as follows:

F =~ c %1% (g)
!"i :

y = ¢, P1 Pp 3

g___;!__ (3)

#here P is force; (,.0p are sonatants; q3+ 9p are aleoctric
ahirgoc; Pys Pp 6re magnetic pole strengths; and r ia distance
botwoen cterges or magnestie poles.

laplaes invented the method af genalidering the componeuis
ef a veetsr as the first derivative of a eertain funation of
the ossrdirmtes with respest to the cuardinntoa.lﬁ

lLegrsngs developsd such a function V in gravitetion theory

such that the forss on a partiele satisfies Laplece's equatien:
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V‘Vn‘»‘ﬂ -:é.vﬂ-d.v‘dgj{ (4)
Ix® c)y“ a!n
Where V ia the sum of the mase of eash particle divided by

its distance from the peint. Prolasen chowed thet many con~
septs from gravitation theory oould be used 1n sloatrostaties,
9a showed that the distridbutiocn of charges on a eonductor

oan be sbtained throeugh solution of Laplage's Equation (c‘. Al
Foisson's equetion relating potentinl and charge density at

a peint ig:

ey . . A2 By 2%y | 2% ()
€* Ix® 2y* os®

Whers ¥V ia the petential at o peint, P is eleatris charge
deneity, and ¢} 1s specific industive sapasity. When the
charge density 1z sero eq. (D) reduses to {(4). Oreen gave the
naze petential to the funetion ¥V in eg. (8) and axtended
the work of Poisson, Green davelopsd & theorem cenneoting
surfase and veolume integrnln.ls
B, Far ‘s Res 2

Michae¢l Faraday's discovery in 1831 that elestiris cur-
rents arey induced in sonduotors moving with respect te a mag-
netle fialal? lald the basis for Naxwell's formulation of the
tuslic equations of eleotromagnetic theory. Zereday's experi~
meniel denonstration of magnetic rotation of the plane of
relerinstion of 115h318 in 1845 inareased the cvidencs of @

relatiivasiip Detwesn light and elsotricity and magnetiss, In



ib

1852 he discussed linos of magnetis foree as physical lines
19
of force gulite 4differsnt from gravitational forcea. Fara-

day reported hls researches iln great detail, uelng extsnaive
word descriptions of his 12aas and experimenta. Thoers was
considerable questisn as to vhether Fareday's viewa or the
theoriea of retion at s distance were sorrest., Maxvell uncer-
tock to study Faraday's rezearches end put thea in mathemati-
cal form., Haxwell commenta on his analyeis as follows:

“hen I had trenalated what I eonsidered to Ve
Faraday's ideas Iinto a methematleal form, I found
that in geonersl the results of the two mathoda co-
inoided so that the zsme phanomena ware accounted
for, and the eame lawe of sation deduced by both
methods, but that Faraday's methods resembled thoas
in which we degin with the whole and arrive at the
paris by analyels while the ordinary mathematical me-
thods were feunded on the prineiple of beginnin;: with
the parts and bullding up the whols by syntheais. <V

In a phllosephical point of view, moreover, it
is exoeedingly important that two methods should
be coapered, hoth of which have susoeeded in ex-
plaining the prineipsl elegtromagnetic phenomena,
and both of whieh have attempted to explain thas
propszation ¢f light as an elegtromagnetic pheno-
mencn 2nd have sctually osloulsztad its veloolty,
while at the samo time the fundsmental econceptlons
of whet astually takes place, az well ag most of
the sueondary congeption of the g?antitlou con~
corned are radioally different. <

C. Esxwell's Lguations

Haxwell extended Faraday's ldeas by mathsmatieal fornmla-~
tion and by the goneept of displaceonent current. Haxwell ex-
pregasd hia eguations 1n quaternlions and also in complete
form for all three ocomponsnts in Cartesisn oolrdinates., Othar
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gelentists 1ster translated sxwall's aqustlora inte the vegs-
tor form new ugted. In Gesussian units >axwell's eguations fer

bvodlies &t resat are:

- Loy .
curl W = %? i * ‘: cé% {6}
L )
ourl B = _ 7 {¥}
-3
divy ¥ = An P {(8)
diy B = 0 (@)

In 1868 Raxwell publlahed his msthematiocal theory of the
elestrosagnatlise field and predigted tha existense of slaotro-
maprnatio waves traveling with the vaeloeity of llght.32 rrom
equations (&) and (7} he ubhtained:

aﬂg ﬁﬁg
— = g% 1 (19)
Ag® Ax*

From the general egquation for plauns waves

Ey = rf{x - wvtj (11)
he sbtalined:
d*g a*s
- ]
T Te o

™e sluilarity «f egquations (11} and (12) wvhen y = ¢ aug-
gosted that slectromagnetlie waves should travel in free 2pece
with the velesity of light,

The Faraday-daxwell thaory of eloctremagnetis phenpmens
was only saceptad by part of the scientifle world. The lsek
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of exparimental veriflestisn of elestrozagnetic waves appeared
t¢ be the largest ovetaole to gensral sessptanse, 3lr Wllliem
Thomson, Feddarsen, and others hnad psinted out the eseilla~
tery naturs of the Leyden Jer dischargs. Fltsgeresld in 1883
showed from Maxwell's equatlons thati a cell ecarrying & rapidly

alterneting gurrent should radlate slsotrio wavea,

D. Experimental Verifisatlon and Interprateticn of ileetro-

g&gpntlc Yavea hlrnartz.

Heinrich Hertz gsonductad & serisa of experlzents atart-
ing in 1886 fer the purpoze of testing the hypothesls of Max-
well's theory., He used an irvductlion eoil and spar: gap as
ssurce. 3parks were found to occcur aarges a gap in zeparste
enaleosed loop af wire placed near the spark gap. Fhenomenas
ot explainable by theorlez of aotior at a distence are re-
ported in 1887 and 1888, The most emi.nilng yroaf af Fara-
day's and Haxwell's theory wes his denenstration that plane
polarised waver existed by rotation af the seocondary loop amd
that they had s finits veloolity akin te that af 1light by mee-
muresent of savelength of standing wavesz on a wire and cheock-
ing of veloeity of propogation in space by interfaronse be-
twesen standing waves on the wire and the waves propagated
taresuzh upnou.ga Re alsyp deanvonstirated reflection and refrao-
tien of elestromagnetio 'nves.z‘

Hertz showed that electric sscillatiens soculd be axplained
without making distinetion betwasn sleootrostatie and sleatro~



magnatle forees. He introdused s veeter 1| whieh i now
g6
called the "Hertsisn Veetor .
TT 1a s Musettes of 2, ¥, t which eatisfied the ecuation:
a*v
A® — = V] (13)
a*

symmetrisal
for the cass whers the slestriec force 1y’abtmt the = - axis

fQ = # 3 (1‘)
A = rveclproeal of velesity of light

Compouents of elestrliec force Campenants of magnotic foroe

a* Il a* "
X = . {15e) L = A {16a )
dx
s il
Y = . (156) E »_ A {16h)
d”?f d;n?.‘, dx at
Z M= {150} ¥ = O {16a)

ax®  Ay®
This HEertzian vesstor satisfles its eguation throughout
space exgept at the ¥ - sxie whers 1t is discontirmous for s

wire, or at the erigin for s rectilinear sscillator,

E. Interpretation arnd Development of Zlectromagnetic Theery

Stratticon has pointed out that Maxwell &idé not devots very
sosh gpape in tis eritings to hils own moet important equations.

*he patitern set neerly TO years sge by Mexwell's
Preatise on Kleckiricity and Magnetlss hes teen a
CoRimarn: infinsnce on a t every subsequent =Zng-
l5sh and smeriesn text, perslsting to the present
dAY secc Trem the single point of view of Faraday.
Tms it conteained little or no meuntion ef the hy-




19

pothessa put tm on the sontiment in eurlier

years by Riemasm, Websr, Kirehheff, Helmbolss, ard

others ..., Oaly the sriginsl and sslitary geailms

of Hewvisids suseeeded ir breaking away frse this

oPuT 88

Par an sxplarstian of the Sundameontal somtent

of Maxwellts equatisens anes st twrn eagein to the

Continent., There thas werk of Hertz, Poinsalré,

Lersntz, Abrahan, and Sesmerfeld, together with

thelir sasceliates and pusceasers, bag lod to a wvast-

IJ deepar understacxiing ef phnical shansmena snd

uﬂanrul dsvelapnanta of tremendous proper-

tions ,

Jeans relates that at the end of the nimstesnth gentury
selsntlists belisved that the way epened by Hazwell would lead
to an mlmun:’ of the whole wniverss in terma of elsatro-
magnetic theory.  This view was shecked by ths Niohelssome
Rorley experimsaty whish made ths existense of the othewr doubt~
fal and by the veriflieation of tbhe guantum thesory in whieh
soms phenassns ware nat satlzfastorily desoridbed By slectro-
sagnetic thesry, Stratten states that the stetistical aAverage
of quactum eleestrodynaaies tgr large mabers of atoms must
lead to Naxwell's equations.

Nnxwallts equations év» net econfllist with relativity thsory.
They unzgn mathenatisally derived fram the relativity gecmetry
of Weyl. They can alse be derived frex the physicel pleture
of elestric linws of faree senninting of elesemis moving with
the velseity of iight by spplisstisna of the theory of rela-

uuwm%mmmwmawu-untmm-
siem theory.



