
◤



HeiⅡrich】Iertz
FrUmⅣVⅡdpe血 a,thefreeencyclUpeda

HeinHchRudUIfHertzφ 2Febm呷
1857-1Janua〃 189Θ wasaGerlnan

pllysLi並 WhUclarf始 dandexpanded

JamcsClerkMaxweⅡ selectrUmagnetL

theU〃 Uf埵蚵,wh妃hwasfI就

demUnstratedbyDavⅡ EdwardH叫典es

us㏑gnUn-山φrUus trhlanderrUr

prUccdurcS.Hertzkdkt㏑留ⅡshedfrUlIl

MaxweⅡ andHu出esbecauseheWasthe
fI乩 tUcUnclus∥ elYprUvetheexktenceUf

electrUlIlagncjcWaveSbyengmeer㏑ g

㏑stmlnents tUtransInlandrece∥ erad㏑

pulsesus㏑gexperlInental prUceduresthat

mledUuta1Uther knUwnwleleSs

phenUmena.I1〕 ThescienⅡΠcunlUf

frequency——cyclesperSccUnd——Was

namedthc” hertz” ㏑hkhUnUr.u〕
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Inl883,HertztUUkapUstasalecturer㏑ theUret沁 alphysLsattheUn∥ersi妙 UfK妃1.I

Inl885,Hertzbecamea血ⅡprUfessUrattheUnivers北 yUfKarlsn山 ewherchedkcUvcred
electrUmagneticwaves.

ThemUstdramatLpred妃 tiUnUfMaxwelrs theU〃 UfelectrUmagnetism,pub㏑hcd㏑ 1865,
wasthee虹 stenceUfelectrUmagnet㏑ wavesmUv㏑ gatthespeedUf埵

典 t,andthecUnclusbn
that上山 t你efwas”就 Suchawave.T㏑schalengedexper㏑ ent曲sts tUgenerateanddetect
clectrUmagneticradlatiUnus㏑ gsUmefUlⅡ IUfelectricalapparatus.

ThefIst succeSS血 lra山UtransmissbnwasmadebyDavⅡ EdwardHu」℃s㏑ 1879,butl
wUuldnUtbecUnclusⅣ elYprUventUhavebeenclectrUmagnet沁 wavesLllltⅡ theexperllnents
UfHe㏑r㏑hHertz㏑ 188ε .FUrtheHertzradbwavetransm血 er,heusedah逗灴vUlage
㏑ ductbncUⅡ ,acUndenser● apadtUr,Leydenjar9andasparkgap一 whUsepUlesUne血 er
sjdearefUlIⅡedbyspheresUf2cln radius— —tUcauSeasparkdkchargebetweenthespark
gap’ spUlesUscΞ㏑伍ngatafrequencydeteΠ“ⅡnedbythevaluesUfthecapac丘Urandthe
㏑ducjoncUⅡ .

TUprUvethererealYwasra血 atbnem血ed,北 hadtUbedetected.Hertzusedap怡 ceUf
cUpperwle,l nlln thick,bent mtUaclcleUfad㏑meterUf7.5cln,w北 hasmaⅡ brass sphere
UnUneend,andtheUtherendUfthewlewaspUlnted,w北 hthepUmt nearthesphcre.He
bUu山 tascrewmechan心 msUthatthepU㏑ tcUuldbemUvedve〃 clUsetUthesphere㏑ a
cUntrUuedfashiUn.This’ ’receiver’ ’wasdesignedsUthatcuIentUsciⅡ ajngbackandfUrthin
thewlcwUuldhaveanatllralpef㏑dclUsetUthatUfthe’’transm血 er’’describedabUve.The
presenceUfUsciⅡ at㏑gcharge㏑ thereceⅣ erwUuldbesignaledbysparksacrUss the●㏑y)
gapbetweenthepU㏑ tandthesphere●yp沁alY,t㏑sgapwashundredthsUfami㎞ eter9.

lU                       Heln｜ thHertz-W山 pe山a,Jneieeencydopedla

InInUreadVancedexpcrIlncntS,HertzirleaSuredthevelUclyUfelectrUmagneJbradlatiUnand

fUund北 tUbethesameasthe埵 典t’ svelUcl9.Hea㏑ UshUwedthatthenatureUfra山 Uwaves’

renecIUnandrefracjUnWaSthesameaSthUseUf埵 其ltandestabⅡ shedbeyUndanydUubtthat

賟 t心 afUmUfelectrUmagnetLradhtiUnUbcymgtheMaxweⅡ equat㏑ns.

Hert′ sexpermlentStrlggeredbrUad㏑terest㏑ radbresearchthateventuaⅡyprUduced

cUmmerch」ysucceSSnⅡ Wieless telcgaph,aud㏑ rad㏑ ,andlatertelevkbn.Inl93Uthe

Intemat㏑nalElectrUtechnLalCUmmiss㏑ nσEC)hUnUredHertzbynam㏑ gtheunlUf

frequency——UnecyclepersecUnd-the’
’
hertz” .P〕
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285 S┬ AND︳ NG ELEC┬ R°MAGNET︳CWAVES

Interferenee (and di付 ractiUn) phenUmena are sU
characteristic Uf 

、「
aves that their presence has

a1、
.&ys been accepted by physicists as cUncluSive

prUUf tl(at a prUcess can be in七 erpreted as a〝,ave

mUtiUn. FUrtha七 reasUn,、 vhen in theseventeenth
century 1「 Uung】  GriInaldi, and Uthers Ubserved
interference (and di任 ractiUn) in their reBearch Un

light.tl)ewavetheUryUflightbecamegener㏕﹉
accepte(i  i0七 th&t tirIleelectroInaglletic、 vaves、 vere

nUt knU、一n, andlight、vasassumedtUbe&nel&stic

、
vavejnasubtleInediun】 ,calledether,thatpervaded
all rllatteΥ  ItwasnUtuntil theendUftheΥ】illeteenth
century that ｝Iaxwell predicted thc existence Uf
electrUn〕 agnetic 〝-aves, and Hel,tz, by lneans Uf

interfeΥ enceexperilnents〝.hichgaverisetUstanding

electrUnngl】etic 〝.1veS, eXperimen七 all｝r verined 七he
existence Uf electrUn1&gnetic 

、
vaves in the radjU＿

frequencyrange. LratertheirvelUcity〝 .as rne&sured

andfUundtUbeequaltUthatUflight, TherenectiUn,
refractiUn,andpUlarizatiUIlUfelect1.Unlagnetic、vaves
〝.as&ls()fUUndtUbes∥ nilartUthUseUflight  The
UbviUuscUnclusiUn、 .astUidentifylightvhthelectrU＿

n】 agnetic 〝-aves Uf certain frequencies   At that

tirlleUptjcs,tUall intentsal1dpurpUseS,ceasedtUbe

an indel)endentbranchUfphysicsandbecamesilnply

achapterUfelectrUmagnetictheUry

TUu〕 lderst&ndthefUrmatiUnUfstandingelectrU＿

n〕agnetlc \vaves, assulne that the 〝.aves prUduced

by Ξn Uscillating electric dipUle are falling 
、

.ith

peΥpendicular incidence Ul1 the plane surface Uf a

pe㎡ectcUnductUr(Γ ig.2821) TakjngtheX＿ axis
asthediΓ ectiUnUfprUpag巳 tiUnandtheltandZ＿ axes
as beint p&ra1lel tU the electric and the magnetic

(t1)

(b)

28.21   Stand︳ ng e!ectΓomagnetic vvaˇes pγ oduced by 了ef︳ eCtion
fΓomaoonduct︳ ngsurface.

nelds, respectively, 
、
ve have a 

、
vave that is plane

pUlarized, 
、
vith the electric fleld Uscill巳 ting in the

X【＿plane. Theelectricneldis thenpaΓ allel七Uthe
surface UfthecUnductUr  Bu七  atthesurfaceUf a
perfect cUnductUr the elec七 ric fieId must be per＿

pendicular tU 七he cUnductUr; that is, the electric

fleldcannUth孔 Ve乳 tangentialcUmpUnent. TheUnly
way tU rnake this cUnditiUn cUmpatible Ⅵhth the
UrieIltatiUnUftheelectricneldiIltheincident╮ /ave
is by requiring that the resultant electric neld be

ZerU atthesurface Ufthe cUnductUr. This means

國立清華大學物理系(所｝研究室紀錄



Hertz.expe了 iment on︳ nterfer-

enceofe︳ ectromagnet︳ cwaveS.

tha七 七heelectric field Uf七 herenected、 vave at 七he

surfacemustbeequalandUppUsitetUthatUf七 he
incidentwave,thusgiving

ε=兢 十 εt=U

fUr a=U.   This cUnditiUn is mathematiea1ly
equivalent tU the cUnditiUn fUr 七he renectiUn Uf

waves in astringwithUp° endnxed, discussedin

Sec七iUn 28.4. Since the mathematics is the same,

wemayuseEq.(28.18)七 UWiteanexpress沁 nfUr
七heresultantelectricfield,

8 = 2εUsin乃竻Sinω t.

The magne七 ic neld UscⅡ lates in the ＿YZ-plane.

U㎡ngEq.(24.8),wenndthatthemagnejcneldis
expressedby

S=2SUcUs乃 竻 CUSω t,

w北hSU=8U/ε .TherefUrethereisaphasediffer＿
enceUf告 λ in thespaceV孔 ria七iUnsandUf告 Pin the

tinevariatiUnsUfthetwUIields. FrUmtheIllathe＿

matical expressiUn fUr 6J, nUte that 七he m孔gnetiC

neldhasmaximumamplitudeatthesurface. This
c&nalsUbeseenfrUInthebUundarycUnditiUnatthe
surface:referringtUFig28.21(b),wesee七 hatifthe

electricneldUftheincident、 vaveisalUngthe十 1￣

axis,themagneticneldmustbealUngthe— —Z-axis,
&ccUrding tU the re1&tive UrientatiUn Uf the t、 vU

nelds 
、
vi七h respect tU the directiUn Uf prUpagatiUn

Uftheincident、vaves, 
、
VhichisalUng七 he 一Ⅸ9axis.

FUr a zerU resultant electric neld tU exist at the

surface,theelectricneldUftherenectedwa八 ℃ muSt

bealUngthe——1/＿ axis, andsincetherenected耶 raVe

prUpagates alUng the X-axis, 七he magnetic neld

mustbealUng七 he一 Z︸&xis.Thus,althUughthe
elec七ricnelds interferedestruc七 ivelyatthesurface,

themagneticnelds interferecUnstructivelythere.

TheamplitudesUftheelectricandIn&gneticnelds
Uftheresulting、 vaveatadistance劣 frUInthesurface

are28Usin几劣and2aUcUslcπ . Theyareindicatedby
theshadedlines inFig.28.21(a).AtthepUintswhere

紛 =竹π Ur 竻=告ηλ,
the electric field is zerU and the magne七 ic neld is

國立清華大學物理系(所)研究室紀錄
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maxiII,urn  AtthepUints、〃here

㏑ =仇 十告)π  ㏄  £=(2η 十 1)λ /4,
the electric neld has a max丘num va｝ ue bu七  七he

nlagneticfieldiszerU.

Hort2. Ξxpe〢 ment ItiS instructive tU see hUw Hein-

rich Hertz, in 1888, with his pΓ imitive equipment,

verinedthetheoretical predictionsgivenabUve. Hertz’

Usci1latUr is shownUntheleft inΠ g.28.22. ThetΓ ans-

fUrmer rchargesthemetallicplatesUand θ
′. Thesc

plates disch&rge thrUugh the gap P, which becUInes

adipoleUsciIlatUr. ΛlongthelineP)r,thedireetiUnUf

theelectricneldis paralleltUtheItaxisandthatUfthe
magneticneld色 lUngtheZ-&xis. ToUbselvethewaves,

Hertzused&shUrtwire,bent incircularsh色 pe,butwith

a small gap.  This device is called a r鈴 U仙耐Uγ .  The

diameterUftheresUIlatUrusedin this kindUfexperiment

mustbeverysm&11comparedwiththewavelengthUfthe
waVeS. Ifthe resUn&tUΓ iSplacedw北 hi七 s planeper-

pendiculartUthemagnetic且 eldUfthewave,thevarying

magnetic且 eldinducesanemfin theresUnatUr,resulting

in sparksat itsgap. Untheotherhand,iftheplaneUf七 he

resUnatUr is paf&llel tU the magnetic neld, nU emf is

inducedandnUsparksareobseIvedatthegap.
TU prUduce standing electrUmagnetic waves, HeItz
placedareⅡ ectingsufface(madeUfagUUdconductUr)at

U. Insuchacase,whentheIesUnatUr isatanUdeUfthe
magnetic丘 eld,nUΥna七七erWhat itsUΓ ientation,itη位ll shUw

28.23   StandingwaVeSon
arectangu︳ armemb了 ane.

(b)

nUinducedemf(Ur sparks). At 色nan伍 nodeUfthemag＿

netic 且eld, hUwever, the sparkingis greatestwhen the

reSUn巳 tUriSUΓ ientedperpendiculartUthemagneticneld.

BymUvingtheresUnatUr&lUngthelinePU,HertzfUund

thepositiUnUfthenUdesandantinUdesandthedirectiUn
Ufthemagnetic 且eld.  The results Ubt,illedbyHeΓ tz

coincided with the theUretical analysis we have given.

By measuΓ ing the distance between two succeSSive

nUdes,HertzcUuldcalculate七 heWaVelengthλ ,andsince
he knew the frequeney v Uf the UsciⅡ a七 Ur, he cUuld

calculatetheve1Ucityε UftheeIectrom色 gne七icWavesby
usingtheequatiUnU =λ 〞  Itwasbythis means that

Hertz Ubtained the nΓ st experimen七 易l Value fUr the

ve1UcityUfprUpag&tion ofelectrUmagneticWaves.

η

,

〡u言一︳ ∟吉╛
｜一
      一a————————

—
ξ=U
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θ

一一 
 
形

〞”沁 〦′′θ

RadiatUr§ andRadiatiUn

Theener肛 e㏕ttedand㏕”Urbed好 matehald珀 ec小 in tlle㏑
Ⅲ UfelectiUm㎎ lletic

waves遠 generaⅡytemed打 εε〞U/●9r9g9.ε r●cra祊 a′′U,9Ur 
血mp9mˊ ′a〞羽

㎞ d正比iUniSemiuedat tlleexpenseUftlleeIleI野 UfthefadlⅢ
ingU切 e癿 absUrbed

ra血at㏑naddstUtlleener田 UftlleabSUrbingUbJ㏄ t

山Ψ Spec面cdlStHbt1ⅡUnUfelectrUmagnet始
radla● Un,stlChas tllecUlU1lISUftlle

rainbUⅥ t is terlIledavθε〞初999 IfthedistΠ
buuUncUmphseS acUnunuUus regiUnUf

打equenciesUrwavelen飣 hs,it iSaεU刀 r9η VU〃∫ .PεεrrJI,,j; fitcUmpriseSaSehesUr

卵

堮 tl:臨 驟 甘 玒生 :::::｜ :t::置

縳

㏑

t翠 枕 糕 1穩 眾
sUur㏄ Uffa山atiUn is itsε u9“′Uη 卯θU’

eⅡissiUn spectmm intheVisibleregiUn

The血sthbutbnUftlleelectrUmagnetlcradlaⅡ Un transmIted“ anat,sUrbing

medium placedin thepathUfradiatiUnthatexhibitsacUntinuUuSSpectrtlm, isca1led

anθ狋 U〞打U刀 Warγ 9,1(Γig2lb) Whenvi唧
ingarahibUWthrUughacUlUuIedΠ lter,

ceiaincU1Uursare seentUbe lnissing; they are theUnes absUibedby thefllter Tlle

spectrtlmUfthetfansIIuttedlightis theⅡ lter’ SabsUrptiUn spectrl1m

拷綿∴鎧璶省︴器蓄絆噬
sUurceisdispersedIlt。 itscUmpUnentsbya

:::︴iI:jii橍 1::j:全︴:h技
eInlssiUn spectrtln9

a sample ofule materi

speciⅢn  is  be㏑g

iequenclesabs°rbedby

血 k lines Ur bands
specmln prUJectedUntUtheⅨ 汀een

Ra斑 a士jUKSr,光ㄕε〞
一Iλ解九a昭?′“凸ε

-咖 θ形古′aη

中
θ.tF.J1〃
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筋栩′ J́巳6﹁〞

泑e勿〞 〞出�蟲 ∴
↗〃 內a〃” tθ ↙́“

〃〞屁 eJ → 勿 ↙́ ′〃 羽 昭
θJη ′σaˊ′

」夕
ㄏ 弱 ε

↙乃θ物 a↙ 〞U〞〞 ∠夕
ㄏ

t污θ〃
三E印
aˊ
/oθ
′拓稻

WeshaⅡ nUw恤 ltUanUthcrp叱北 ∞ 血 U血mgp” S妃怎蕊 飩 thc恤 lUftlle

ce山們√(1’UU9:j嗎thUWdUheatedbUd怕 srad㏕θ Therewasagcneral

understand㏒ UfdlerIlecha血m山olvcd-heatwas knUwll tUcauSethe
IIlUlecu㏑sandatUllBUfaSdⅡ tUmbrate,andthelIDlecuesandatUlIlswere

thelIBelvescU㎎㏑ atedpatterllsUfelec比 ㏕ char嬰&体 s必mLNeWtUnwas

Unthe山葑t出犯k.)FrUm山eexpermentsUfHertzandUthers,Maxwe∥
’
s

predtjUlls thatUscⅢh㏒ charges“㏕柁de㏑ ciUlIng,1let㏑ rad㏕bnhadbeen

cUnmlied,atleastfUrs㏑ pleantennas.ItWas knUwniUm∼ IaxWel︳
’
sequatiU伈

that伍6radh石bniaveledatthespeedUf山要北and全Um血 北wasre㏕比 dthat

lu北 你e坁 andthecbse廿 related㏕ aredheatradlat1Un,Wereac恤町

e㏑ciUIIBg,1let㏑ waves.η ㏑ pdⅢ e,the耴 WaS山 戚 WhenabUdywasheated,

theCU伈 equCnt●br敵 邲 UnaIIlUlecuhrandatU血 ㏄ ale㏑e切㏑bV㏑ 山Ⅸ汜d

chargeUs岫 ㏑ lls.Ass-gthenthatMaxwelstheU,Ufeleci㏄ mgnctlc

radlatb耴 W㎞ DhwUikedsUweⅢ ㏑ themacrUscUpLWUrld,wasalsUva㏑ at tlle

lIlU㏑ cⅢ征 leVeLtheseUs㏕㏑血名 chargeswUudradnte,pres-bVgmgUfrdle

he飩 and岨 北 UbSe1.ved.

HUWiSRadiatiUnAbS。 rbed?

What怎 mmntbythephrase‘bhckbUdy,rad㏕bpThepU血 怎thatthe

radhtbn全 UmaheatcdbUdydependstUsUIIleeXtentUn血 bUdybci㎎

heated.TUsee而 sIIlUSteaSi枕 let,sbackupmUπ ε刊㏑H9andcUnsiderhUw

dILrentlmte血 6a狋 U祊 rad㏕bn.SUIne,皿e山 ss,seemtUabSUrb出 典 t

hardV狂 al一 the山望igUes嘓 ithrUㄐ日∟ FUras㏒ lne伍脆 s岫 ce,the蜘
t

心ntabsUrbede血 r,北 gctre北cted.ΓUrab㏑cklmte血1旅esUUt,出參iand

heatarca㏑ o就 CUmlete妙 absUrbed,andthemta伍lge圮 WarlnHUWcanwe

unde6tandthesed血 rentbehn㏑ 6㏑ 托rrnSUfV朮 aSanc㏑ ciUmgne比 wave

血 eractmgw血 charges㏑ tllelIla把」hLCalsmgthesechargcstUUsCⅢ h柁 and

absUrbenefgy丘 omtherad㏕㏑pInthecascUfglass,eMdentu曲 sdUesn’ t

｜
happ吼 飩 怕ast nUt lnuch.WllVnUpA㏕ understand㏒ UfwhYneeds

t」xtⅣ＿Jad㏑ tonhulIl
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B︳ ackBtndyRadla● Un

quanm lllechants,butthegeneraldea6asfUmUws:therearecharge├

e始ciUIlS mglass thatareab㏑ tUUsc╜hte㏑ respUilsetUanapp㏑ dextemal

UscⅢht班

一

㏑c血  iield,乙 〞 thesechargesare㏒ 灴 VbUmdtUatUm,andcan

U山◤Usc血圮 飩 ccrta㏑ iequenc沁 s.lFUrquan㏑ llexperts,thesecharge

Usc屾 k江lStakephceasaneleciUnIIlUVeSiUImUneUib北 tUanUther.Uf

cUlIrse,血twasnUtunderstUUd㏑ thel89U’ s,thetmeUfthe血 st prec心 bn

wUrkUnb㏑ ckbUdyradiatbn.)Ⅱ happerls tllatfUrUrd㏑ a,glass刀 U刀θ☉╭砌 “ θ

戶 名ua竹
j“ a◤K彤η K持 ㄌ 切“t厖 嬨 加 ,sUthcre怎 ηUresU並mCeW山 aVi

wave,andhence︳缸怕 ener,absUrbed.η mt’ swhY目 ass心 perfeabr

Ⅵ咖 ㏑ ws!Duh.But』 小S心 UpaqueatsUlIle全 equenc妃sU切 rj’〞θt㏑ 赫 山㏑

range(㏑ generaLbUth㏑ thei血aredandthcuh.amU㏑°.mesearethe

全equenc始satwh始h士εelectl1calchargedktl1butbIls㏑ theatUlllsUrbUndscan

Ila㎜班yUscⅡ比比e.

HUwcanwcmderstandtheK〃 θa泊KUflultbya羽 aa休%ce?Ap怕 ceUf

rIletalhaselectrU伈 丘eeω IIlUVcthrU咖 thee血esU㏑ .蹦 忘心 whatIrlak㏄ a

metalametal北 cUnduc6bU山 e㏑c成” andhe飩 eaS迎” bUthareacim」 y

cam㏕ byclIrrentsUfthese全 eeVIlnvmge㏑ ciUils.(We北 a㏑㏑ Uftheheat怎

caⅢ斑 byvbra㏑ lls.)But rnetakarerecU田 ㏑ b㏑ becausethey’ re“岍

whY’ sthat?Aga軋 rsthUse全 eee㏑ ciUlls:they’redrIven㏑㏑ hrge←eh山etU

theatUm● Usc╜htbIlsbythec㏑ ciLal 托 ldUftheiEU㏒ 山虫iwave,and血

㏕ ucedUscⅢh㏒ clIrrent rad血 ese㏑ctrUmgue飩 a班”j嚃t旅eaclIrrent㏑ a

trallSm社㏑gantenna.Th心 rad㏑比bn心 there北 cted山要朮.FUraslllIlvrrlcta︳

sudhce,㏑㏑Ufthei㏄ Ullmgradhntenergy6absUrbedasheat,北
’
sj嚃t

reradhted,that is,reΠ ected.

NUw㏑ t’ scUIlSⅡ erasubstancethatat∫ UI.D∫ 坩 1.nUiarlS血 sbnandnU

renec石Un.WecUmeveη /clUsetUperFectabsUrptiUnⅥ
◤此hsUUt. 〕LikearnetaL此

wⅢ cUnductane始 c㎞〕clIrrent,butnUwherenearaSej比 妃ntu.merearθ

lm田伍 chedelectrUns,wh㏑hcan㎜ 玳 tllrUⅥ扣 thewhU胎 ∞ ㏑ ,butthey

CUllStantVbⅢ叩 mtU山 吼 分 一 山 叩 haveashUΠ Inean全 eepath.Whenthev

㎞ ㎎ ,theycauSevlbratb耴 皿 ebals㏎ ㏒ bⅢ可汜rS㏑ ap岫 mIInc恤 ,sU

theygIveup kiettener田 血 Uheat.AlthU咄 thec㏑ ciUllS㏑ SUUthaVeashU此

IIleanieepathcU呵〕aredtUthUse㏑ agUUdmetattheylllUVel/e,全 eeV

cU倒paredw山 eleciUIlsbUundtUatUIlf(as㏑ ghss9,sU山eycanaccelerate

andp㏑kupene珽Ⅳ全Umthee㏑ ctrlc&Ⅱ ㏑the埵典twave.Theyarethcre山 rc

ve,efrec山吧 ㏑比rlned麻 s㏑ ialls元 IIⅢ1gener田 ㏑ mthe出出twave血Uheat.

Re!atingAbso rPtionandErIliSSion

HavmgseenhUwsUUtCanabsUibradh㏑ nand廿 anSfertheenerg/mtUheat,

Wh飩 abUut tllereversθ W盱 dUes北 ra山a柁 Wllenhe疵ed?Thep㏕ mll mch㏑e

amlU田 ‘ smgUU出 IlIngmcnUWap㏕ 〕aΠ 卹 ㎞比 Wheredlebamers,etc.,

v山ratevlgUrU必好 becausethcyareb由 圯 元dencr田.Thebalsfthee㏑ ciUIls)

bUlInci吧 UfthemⅥⅢbesudde㏕yacceleratedatcachcd㏑ b耴 andthesc

㏄celera血名c㏑r嬰se㏕ electrUlrnv℃仇 wa㎎sUntheUtherhand,the

eleciUIlS㏑ a〞θtaˊ haVevc,1Unglllean全eepa血,the㏑竹沁e、心ratbllsafect

thelnIImJchleSS,sUtheyarelcssefrecth° ㏑gathcmgandradhtmgawayheat

cnergy. It怎 e、心 cnt iUmcUrlSⅡ era㏑lls」kcth怎 uΥ比 gUUdabsUrbersUf
時
﹉
手早究媝紀錚



B︳ ackBUdjRadia└ on

radlatlUnarcalsUgUUdeⅡ血把rS.

In血ct,wecanbelIIlchiIlUreprec6e:abodV田 ㎡ tSmⅢ a位onatag” eⅡ

teHemtureaⅡdfrequeⅡcyaηc口9a§ weⅡ as北 absUrbsthe§ aIIle

mⅢa位Un.殈 was prUVedbyKk山 hU丘 theessentlalpU血 t6thatfwc

suppUseapamcuhrbUdycanabsUrbbctterthan士 emts,then山narUUrn山ⅢUf

U切 ectsalatthesaIIlete㎎ era血e,北 wⅢ abSUrbrad血bn全Um山 DUtherbUd始 s

better 血 nlradntesener廷VbacktUthemTh心 Illeans iⅥⅢgethUtter,andthe

re歐 UfulcrUUmⅥ 砠 gUwcUlder,cUniad㏑ 血唱 thesecUndhwUf

themUdma㏕ cs.(WecUuld嚃 eSuChabU打 tUcUrlStmctahe飩 engme

extrac位吧 wUrkastherUUmgrUWscUlderandcUldeH)

ButaIIletalglUWswhen北
’
shea托dupenU班典:whVk山 飩?ASthete倒 perame

芯 ra怎ed,士ε httLeUfatUrrlsubrateslIlUreandlllUre,thcsembrajUlls scatter

andacce怕 ratethee怡ciU伈.EVen」assglUwsatⅡghenUughtemperames,as

theeleciUIlsarelUUsenedandubrate.

國立清華犬學物理系 (所)研究室紀錄



B︳ack-b°dyRad:at:°Ⅱ

CUIImUnmate● alsand。ㄐectsdUnUtabsUrball theradia└
Un㏑ cidentupUnthem;they

arenUtpeIfectabsUIbersUfⅡ Xla└。
n.N

an kkalbUdVW㏑ chdUesabsUIbalΠ

whateveImswavelengthUr inten主 ●.B

whateverlght it k illuⅡ inated,m6callcdat妨
c肛加鈔

Sl〔泡,bVdefl血jUn,ablack-bUdvkapeIfectabsU山 叭 imuStalsUbeaperfect

e㏕位e几 i.e,丘 mu就 beabIetU“㎡tradiatiUnUf。β呼 w押elen帥 ata叩 intenSi,The

heatradiatiUne㏕ 位edbyablack-bUd,,kcalledt切 ε肛tUJ,,K祊a打 U〞 .

NUsubstanceisaperfectblack-泳 田悅 thUughsUUt,w㏑ chabSUrbssUnle95%Ufthe

Ⅵ s山leandinfra-redr血 at㏑n incmeIltupUn it,clUSe圩 apprU虹IIlatestUUneindis

range.HUw°β几” makin8asmallhUle㏑ thewallUfahUllUl1.U切 ectwecancUnStmct

adelqce,wlⅡ chtUall intentsandpuFpUSes,abSUrbsall theradiat二 Un incidentupUn it.

The山Ⅳ沁ewUrkSSUmewhatl伙ean趶 tiapAnYradiat㏑ ncUmingupUnthehUlefrUm

UutSide、〃ill pass thrUughit,enterthecavⅡyandbetrappedins女 虫,σIg2.3).Thehole

is tllusapefectabsUrberUfradiatiUn;Π 6ablack」㏑虹 BydeflnitUn,Π willalsUbea

perfectemtterUfI滋 atiUn.AnyradiajUngeneratedin thecaVⅡythathappenSupUn

thehUlewiIlescapcwithUuth㏑ drance,iπ especti、° UfitSwaVelengtㄗ Ur inten蕊●

灘紅含娞〝誌i盟甯生算#钀
thellUlexvlllbetrapped㏑ side

SuppUse,thatallUllU、VU切 ectⅥλthasIIlallapeil1reinUlleUfitSwalls6keptata

cUnstant telllperamre.Eve叮 pUintUΠ tlleinsidesurfaceUfthecavi9willbc㏑ the︳ IlIal

equihbhumⅢ 吐thaⅡ theUtherpU山 iSUnthe

qualΠyandquantΠ ywiⅡ beemittedandabs

mateHaliUmwhichtheinsidesufaceUfthe
byelectrUmagneⅡ cra&ajUnthatcUmphSeSa11thewavdengthsUftheheatra山 ajUn

characteh斑iCUfthedVefstempeIatuIe,eachat丘 sapprUphateintensiyA』 yUfth6

ε伊”VΠ 9祊 atrU刀 thathappenSupUntheaperlureiUm in血
dewillescapetlIUughit

unhh㎡ered.Ⅵ°vedfrUmUutSide,thiSrepresentati、 ℃ saInpleUfthe田 Vi妙 ra血飩㏑ n

wiIlbetheblack-bUdVrad㏑ t㏑ncharacteHst沁 Ufthepai沁 ularteinperature

國立清華犬學物理系 (所)研究室紀錄



The‘
‘
B︳aCkB。 dy” Speㄈtrurn:aH° !ein theUVen

abUutthebUdYdU㏑唱theradlatmg:仍
θ

玿烤彿動艿習尾蓊多官弩駕絲境夕孖玿↑鬼紹幾音∵
::︳a比

加〞
”
.

∥攡摔無獵雖
驟㎜黯d

Ux6anexcelentabsUrber,sInceany

radh㏑ nthatgUes tlrUu色 hthehU㏑
bUlIncesarUmdiBⅡ e,abtgettmg

absUibedUncachbUlInce,andhas山
〣bchanceUfevcrgettmgUutagam. SU,

wecandUt㎞打ηrθ vθKθ:haveanUvcnw血
atmYhUle㏑ thesⅡ e,and

㏑Ulc6asgUUdarepresentatlUnUfa

ichhUifchalengedtheU函 tsand

e(respec山c屻 tlleencr㏕frcquency

aled北 (㏑ Gemm耴 UfcUlIrse:

hU扯mlm廿 amg,WherchU扯 alImmeanshUuUwrUUmUrc蝴 ,sia㏑啊 外

rad㏑比b°.勤戶Kt,jtWa∫ Kjrc乃沌好
’
∫ε乃〞厖ηgθ jKI8J’ 山㎡ 厖〞〞

jrθcnr〞 ㄌ

σaaη t切〞廝θU〞rUr〞 ,θa俗
幼tθ r一
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‵

—

＿
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Fig2.4Theintenslt兄 王
Uf the  heat radiatiUn

emittedbyablack＿ bⅨ玎
and ule fllaIllent in an

㏑candescent lanlp at a

tclnperatureUf2UUUKas

a  nlnctiUn  Uf  ule
wavelen酐 h, 兄, Uf the
radiation

】
 一‥一咖咖

→

.妒η一⊿4〞士〞θ〞η 乙〞
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TlleabsUlutetemperahlre,π Ufablactbb仰 k inⅦ rse” prUpUⅡ U去altUtlle
I9,avelength切 vaε〞U, 兄m琳 9Ufthera山 auUnΠ emitswiththegreateSIinten血 ,

。

Fig25):

T兄 m球 =U2’ .lU￣
2m.K

This ruIeis knUwnas〞 ㄉㄔ♂5乙 rn,

勁1U9

伈Γ㎡
3

5兄 (“φ

惡盡搵是巃技甘T惢║罐豫tr紫淵℉掤拭早驟
uleene哪 m山 atedeachsecond餃 tlle、但Vdeng血 sbetween九 andφ +M)frUma

unit area ofthc bUdy’ s surface mle area under each curve gives the t。 tal energy

radiatedeachsecondfromeach1lIlitaIeaattheparticulartemperatUΥ e

(22)
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分期 :

陷予圮:J-4
您號 :

π V    〃向 JL釷 ＿ ＿ ＿ ┘ 多 努 ˊ 並 滮 幽 ﹂ ＿ ＿ ＿ ＿ ＿ ＿

————————二毒一再尋ˊㄇ刀

吻”

〃r9′ ′万’

＿＿                ＿   ＿＿必刀U吻
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一

面

南號 :J＿ 。「
6●!!!:多七 :

奶 山 口扭 跑 缸 ┘ 立
穻
⊿ 性 工

＿ ＿ ＿ 」 鈕 栩

一

⋯ ︼ 上
一
單 =U
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一因 口口巷a三
要
五 翹 延 土 丑

鞋 戶 孕
妞 勾 生 生 加 跑 ﹂

什 ↗
n6午

＿＿＿二一＿＿＿＿ ＿┤壘望望荃

一

卒v﹁一├ ＿ ————

—

土罕﹂∠二並昈                         一

6J

＿ ＿ 乙 伍 ﹄
叩 努
茈 區
一
幽 M∟ ∠ Ⅱ ㏑ 丑

們

一

t∟a∟ 磁 加 塑 立 巨 ┘ 勉 L∠ ∠

一

立 矼 )

「′力rI9方

＿＿ ＿ ＿ ∠ 瓬 豳
%6a齔 山 ╘ 區 〦 一 專 一

」 左 一之 =U一 鈕 ╯ a

一

ε

9 ′ θ

豆血 望 └ ┘必 五 t刀JZ.t2′′9t9L∠  C必 ε

′歹 //’/≠ K4’

一             仰
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才力r,  ╭刀切′ X′方V

一     屆 ㄕ Uˊ磁 ′′ 仡 屁 tθ 刀ε〞 ﹀ V/zLZε 葝 以 炒
.紅
4∠ ˊ J狫 〞 劦 θ ′勿 昭  ∴  ↙〃 t′θ

′↘   ′,9′

ㄏ =方 t
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刀了日 :

滿號 :J-
您號 :

— 名 拜 a├ 助 生 田 必 其
一
牡 ′
〞 缸

J扇a╯  v ｝tm′′
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分 期 :

鴣號 :J’ 一
您號 :

」 ε山 幽 ㄅ 色
牻 豳 ︸ 勉 茲 ＿

∠

ˊ-′ ╮π
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中
一
一

三 +叮 劮 理 率 rΞ斤
、
砰 中 室 年 含常
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B︳ NUM︳ ALANDMVLT︳ N。 M︳ALD︳ STn︳
BVT︳ UN

DuringthecUurseUfUurdiscussiUnUfthecanUnicaIensemble,、
veshallencUunter

the                                 、
vays

:l:一                                 :㎡
::)i

are                              ne (
ateth
UssiblediΠbrentarfangements Ur、 vayStG

UUseUneUftheⅣ U切ectsandplace丘 in

in:ngU切 ectsandplacei

dered ClearlythereareiV

::北站c。孟i燕眷t托£℉I眾l:∫甘紮熙翠::::一:::
prUductUfa!lthechUices,

N(N-1)(Ⅳ -2)‥ (2)(I)≡ Ⅳ!   (distingulshableU切
ects)

NeXt〝定CalCulatcthe number Uf、vays

twUgrUups UnegrUupcUntainingNl

購!坦社拌謜
、

℉�蕊
pfUduct

呷 ╢ ‥ 〢 一凡 〣 刷
一Ⅲ =躺 刷 一Ⅲ =M

蚻獄 宙#℉瀠戰:甘。攡眾
托揣甘埕報7∴:群艦

spUndtU” Une血㏕Un㎡Ⅳ山㏕s戈片1七苗瀠℉∫戈::百昱法驟 :石乳
desiredresult is

」t、
、
i′ !     」:、、’

r!

⋯
=Ni!N2!

(1-75)

SincethecUmbinatiUnUffactUrials inEq.(l-75)Uccurs in thebinUΠ
IalexpansiUn,

(1-76)﹏+｝尸=Ⅳ皂U諾午崙π=濫
cient TheasteriskUnthesecUndsunlrlla-

十收 =Ⅳ .

visiUnUfiVintU,.gfUups,thenrstcUn＿

Ⅳ ! Ⅳ ! (1-77)

Ni!Ⅳ 2!‥
.ⅣΓ!=╕Π
一
ⅣJ!

whefeⅣl+吨 十‥ +Nr=Ⅳ .This is knUwnasamultinUmialcUemcient,㎡
nceit

Uccu【 sin theexpanSiUn

●l+秏十⋯+X〕Ⅳ=Ⅳ珪U瑾 U⋯色為
wherethis timetheasterisk 血gnmestherestrictiUnⅣ l+Ⅳ 2+‥

.十 Ⅳr=Ⅳ .

(1一 78)

ThereareanumberUfUthercUInbinatUriaI fUΓ mulasthatare usefulin statistical

thermUdynam沁s,butEq.(l-799is themU斑 uSefuIfUrUⅢ purpUseS‘ CUmbin乩 U㎡ al
fUrmulas can becUme rather demandingtU derive. We refertU Appendix AVII Uf
MayerandMayer*wh︳ chcUntainsacUⅡ ectiUnUffUΓ mulas.
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sT︳ nㄩ NG’sAPPΠ
。
〤︳MAT︳

。
N

ncUunterfactUrialsUfverylargenumbers,

atiUn and.mathematical manipulajUn Uf

erefUreit isdesirabletUnndanapprUxiIna-

sUrtUccurUftenin mathematicsandare

, an apprUxiInatiUn tU a func“ Un which

increases.Since� V!isactuallyaprUduct,it

is isasum.TheasymptU●capprUxima● Un

wⅡchwenUwderive.
lnⅣ !is

lnⅣ !=

Unlyin thebeginning IfⅣ is largeenUugh

,thisafeawil1makeanegI斑 ≡blecUntfibu-

lnⅣ != (Ⅳ large, (1-74)

Ⅳ
甲
乙
甿

Ⅳ
一ⅣnⅣ=x

′
xn

�

J
i
∼〃n

Ⅳ
▼
乙
╓

ln沕
(1-73)

Λ p︳ot oflnx甲 erS● Sx,SⅡ
。
w︳ngh●9wtheSumma° °Π

。
fInr” canbeapprUximatedbythe

:●teg了 a︳ °fInx.

w㏑chkSjrlinξ sapprU如 mat㏑ntUlnⅣ !.ThelUwer lim比 cUuldjustasWellhave

beentakenasUinEq.(l-74),sinceⅣ is large.(Rememberthatxlnx→
Uasx→ U.)

AmUrerennedderivauUnUfsjrling’ sapprUx㏑ 田㎡ Ungives ln iN’ !∼ Ⅳ lnN一 N

十ln(2πⅣ)i/2,butthisadd丘iUnalterm isseldUmnecessary.(SeePrUblem1-59.)

Fig〞 rε l＿ 5.
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ME┬ H。 DUFLAGRANGEMVLt︳ PL︳ EBS

ItwⅢ  be necessary, Iater, tU maXimize Eq (l-79) w比 h the cUnstr日
nt

圠濷克:.垚告孟
c翠
點 aF︴::盟:雷

;!i,扣
縣(玎
::::=｝i遐翠

濭
variablesafecUnnectedbyUtherequat︳ Uns

andsUUn This typeUfprUbIem is readilyhandledbythemethUdUfLagrangeun-
deterΠlinedmuItipliers.

Ifitwe㏄ nUtfUrthecUnstr茁 Iits,的 ●q,x⋯ .‥ ,x′)=U,themaximumUV(x1,‥ ..x′ )

wherethe zerU subsc了 ipt indicates thatthis equatiUn equals ze〔U Unlywhenthe 〃

芳i︴全鍔竹准｝
「
::品各廿雀見緊U｛L&兮〡I二t#l橪

#｝｛;茫:︴:║::variedjndependentlyandarbitrarily,ands

every。 ,since易╭mustequalzerUThiswUuldgiverequatiUnsfrUmwhichthevalues

、
vUuIdbegivenby

¥╮蔧上｛爵｝UδxJ=U

Uf:十

::::U:::j:I::::t:°:::re is sUme Uther relatiUn bet、 veen

θ(xl,x2,‥  ,XΓ)=U,wehavetheadditiUnaIequatiUn

δσ=JΣ
l｛習哥｝Uδ灼=U

(1-79)

the x’ s, such as

(1-8U)

(1-83)

ThisequajUnserVesasacUnstraint thattheδ x。 must sau㎡9,thusmakingUneUfthem
dependupUntheUtherr-1.IntheLagfangeInethUd,UneInultipliesEq (l-8U)by
sUmeparameter,sayλ ,andaddstheresu(ttUEq.(l一 99)tUget

(1-81)

Theδ x。 arestill nUt independent,becauseUfEq (l-8U),andsUtheycannUtbevaried

independently EquatiUn(l-8U),hUwever,canbetΥ eatedasanequatiUngivingUne

Uftheδ xJin terlnsUftheUtherr一 l independentUnes PickanyUneUftherδ xJ

asthedependentUne Letthisbeδ xu.

ΥhetricknUwis thatwehavenUt specined λ yet. 
、

Ve set itequaI tU ()J︴εxu)U一

〔Uθ｜Uxu)U,makingthecUemcientUfδ xuinEq (l-81)vanish.ThesubscriptzerU

here indicates that (θㄏ≠θxu) and (θθγUxu) a了e tU be evaluated at values Ufthe x。

suchthatˊ isat its maximum(Urm㏑ imum)underthecUnstr茁 lltUfEq(l-8U) Uf

cUurse,WedUnUt knUwthesevaluesUf〕 ㄅ yet,butwecanneVerthelessfUrmaⅡ
ydenne

λin this mannef.This leavesasumUfterIns inEq (1-81)invUlvingUnlytheinde-
pendentδx。 ,whichcanbevariedindependently,yieldingthat

S̄eeMayeΓ andMayeΓ ,&arlε′i‘atMec方 a〞 j‘‘(NeWY。Γk:Wiley,194U)

IΓ wecUmbinetheser一 lequatiUnswithUurchUiceFUrλ
,wehave

(1-82)

潝何
生::至
璘#u〨扭iξ穹≒駍乳︴古昆跘辭佐出製λ Butthis presents nUdimculty,sincein

practice兄 isdeterIninedbyphysicalrequirements.ExamplesUfthisㄐ
汀1lUccurin the

nexttwUchapters.

LagΓange’sInethUdbecUmesnUmUredimcuItin thecasejn、 vhichthereareseveral
cUnstraints.Letθ i(x1,‥  ,xΓ),σ2(xi,‥ ..XD,‥ ,beasetUΓ cUnstraints WeintrUduce
aLagrangemultiplierfUreachθ j(x1, ‥ , x′)andprUceedaSabUvetUget

o
=x

δ勿
一既

腳一γ一既

o
=
ㄌ
一既

λ

一
γ
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髭一右努一λ2鬵﹎.=U
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