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TUcalculatethefUrceexertedUnthe、 virc,cUnSiderasegmentUfwireUflengtht and

crUSs-SectiUnalarea4,asshU、 vn inFigure8.3.2.ThelnagneticΠ
eldpUints intUthepage,

and“ representedwithcrUsses(X).

一︙︙一
┴紕
﹉﹉﹉﹉:﹉   ﹉﹉9﹉

Figure8.3.2、旺agneticfUrceUnacUnductingwirc

ThechargesmUveatan鉀 eragedriftvelUcΠ y予 〞.SincetlletUtalamUuntUfchargein th必

segment 你

。

°t=σ(K4U,whereKis thenumberUfchargesperunΠ
vUlulne,thetUtal

magneticfUrceUnthesegment is

馬 =C㎡鳴 ×二=ση4〞(為 ×i)=人形×二)       (8.3.1)

、
vheref=ησv〞4,and〞 isaJθKgt乃 vθε〞U〞 Withamagnitudet anddirectedalUngthe

direcjUnUftheelec廿 iccurrent.

FUrawireUfarbΠⅡvyshape,themagneticfUrcecanbeUbtainedbysuIn“ ingUverthe

fUrcesactingUntheSmall segments thatmakeupthewire.Lctthedifferentialscgmentbe

denUtedasσ 6(Figllre8.3.3).

“＿＿幣....一↓〦′.￣——心.— ﹉̄ ‵﹉..′ ..

要﹉4
′扭  ′

﹉﹉    一 .—

—

￣﹉﹉﹉.“-    ﹉一

. 紊

一

﹉  ﹉   .一 一′. “..

Figl1re8.3.3Cufrent-ca」 oㄏing、vireplacedinarnagneticfleld

TheInagneticfUrccactingUnthesegment is

〞馬 =rσ忑×B
(8.3.2)

(8.3.3)

4

FB=rfσ百×B

Thus,thctUtalfUrccis



whereaalldtrcprcsent theendpUil1tsUfthewire.

Asanexamplc,cUnsidcracurvedwireca可 ”ngacurrent r inaunifUrm magneticfleldB,

asshUwll inFigurc8.3.4.

﹉  扭
-.   .”

Figure8.3.4AcuⅣ edWirecar玎 ingaCurfellt王

UsingEq.(8.3.3),themagneticfUrceUnthewire必 函venby

FB=′｛︳;σ‘｝×工i=f9×二

hrllere t is thelengthvectUrdirectedfrUmatUt.HU、 vever,ifthe﹋泣refUl1l1saclUSed

lUUpUfarutraryshapeσ ㎏ 班 e8.3.5),tllenthefUrceUnthelUUpbecUmes

(8.3.4)

(8.3.5)FB=J｛σσ百｝×二

$

鎮樲§%﹉眾﹉兼
﹉錚⋯

Figure835AclUsedlUUpc釦 ●⋯ngacurrentfinaunifUΠ nInagneticfleld.

SincethesetUfdifferenjallcngthelementsσ tfUrlllaclUsedpUlygUn,andtheirvectUr

sum你 zerU,i.c.,σσ忑=U.ThenetmagneticfUrceUnaclUsedlUUp你 几 =U.

ExampIe8.1:】4agⅡeticFUreeUnaSeⅡⅡi一CircularLUUp

CUnsideraclUsedseΠi-circu上Υ lUUplyingin theK/planecarryingacurrent r in the

cUunterclUckwisedircctiUn,asshUⅥninFigure8.3.5.
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濯

憨
﹉發⋯′



Figure8.3.6SeIni-circu北 IlUUpcar./ingacl1rrent r

AunifUrln lnagneticfleldpUinjngin the十 ˊdiectiUn isapplied.FindthelnagneticfUrce

actingUnthestraightsegmentandthesemicirculararc.

SUlutiUn:

Let二 =巧 and虱 alld凡 tllefUrcesactingUll thestraightsegmentandthesemicircular

parts,respect∥ ely.UsingEq.(8.3.3)andnUtingthat tllelengthUftllcstra㎏ htsegment6

2必t,themagneticfUrceis

Fl=J(2Ri)× (Bj)=2′RBk

wherek isdirectcdUutUfthepage.

TUevaluate乳 ,wenrst nUtethat tlledfferentiallengthelemellt〞 6Un tllesemidfclecan

bewrittcnasσ 忑 =〞∫

。

=Rσ θ(-sinθ :十 CUSθ :).:Γ hefUrceactingUnthelengthclement

〞§is

〝1=� t6× B=iRσ θ(-sinθ i+cUsθ
j)× (Bj)=一 五aRSinθ〞θ k

H㏄eweseethatσ乳pdnts illtUtllepage.Illtegrat㏑ gUverthcentiresemi-circulararc,

、
vchave

F2=一 JBR女 fsinθ
σθ =-2五aR女

Thus,thenetfbrceactingUntheseⅡ I-circularwireis

民由=Fl+F,=U

This iscUnsistentfrUmUur previUusclaim thatthenet rnagneticfUrccactingUnaclUsed

current-car6位 nglUUpmustbezerU.



8′ TUrqueUnaCurreⅡ tLUUp

Whathappenswhen、 veplacearectangularlUUpcarryingacⅢ ent′ in theKvplaneand

switchUnaunifUrln magncticfleldB=Bi n.hichruns paralleltUtheplaneUfthelUUp,

asshUⅥm inF㎏ure8.4.l(a9?

Figure8.4.1(a)Arectangularcllrrent lUUp placedinallnifUrm magneticΠeld.a》 The

magneticfUrcesactingUn sides2alld4.

FrUmEq. 8.4.l,、veseethemagneticfUrcesactingUn sides l and3 vanishbocausethe

length vectUrs 向=-tiandt3=乙 iare p缸allel alld anti-parallel tU B and their crUss

prUductsvaniSh.UntheUtherhand,themagneticfUrcesactingUnsegmentS2alld4are
nUn-VanlShing:
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(8.4.1)

fUrce Un thc

(8.4.2)

with凡 pdntingUutUftlle

rectangularlUUp is

pageand凡 intUthepage.Thus,thellet

凡“=丮 十几+凡 十凡=U

asexpected.EventhUughtllenetfUrceUn tllelUUpvallishes,tllefUrces凡 and凡 will

prUduceatUrquewh沁 hcausesthelUUptUrUtateabUuttheˊ -axis(Figure8.4.2).The

tUrquev紅threspecttUthecenterUfthelUUp is

子=〔一
::｝
×̄2+〔
::｝
×F4=〔 -::｝×｛JaBi｝ +〔告:｝×(-′aBi｝

   (8.4.3)
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where 4=a乙 represents the area Ufthe lUUp and the pUsitive sign indicatcs that the

rUtatiUn is clUckwise abUut theˊ ＿axis. It is cUnvenicnt tU intrUduce tlle area vcctUr

A=4n、 vherenisaunΠ vectUr in thedirectiUnnUrInaltUtlleplaneUfthelUUp.The

direcjUnUfthepUsitivesenseUfn issetbythccUnventiUnal right＿ handrule.InUurcase,

wehaven=+k.TheabUveexpressiUnfUrtUrquecanthenbere、
、
Υittenas

弓=JA× B (8.4.4)

NUticethatthemagnitudeUfthetUrqueisataInaxilllulnwhenB is paralleltUtheplane

UfthelUUp(Urperpend沁 ulartUA).

cUnsmernUwthemUregeneral㎡ tuat㏑ nwherethelUUp]。 rtheareavect㏄ Λ)makesan
angleθ v汪threspecttUthernagneticfleld.

︴

Figure8.4.2RUtatiUnUfarectangularcurrent lUUp

ΓrUmFigure8.4.2,theleverarlllsandcanbeexpressedas:

孔 =告｛
一sinθ :十 cUSθ 女

｝
=＿馬

andthenettUrquebecUmes

:=孔 ×F2+馬 ☆F4=2孔 ×F,=2.:｛ -sinθ :+cUsθ女｝
×
｛
f,Bi｝

=北必Bsinθ j=rA× B

FUralUUpcUnsistingUfFVturns,theInagnitudeUfthetUqueis

t=〝1A“ inθ

ThequantityNrAiscalledtllemagneticd● UlemUmelltΠ :

╟

(8.4.5)

(8.4.6)

(8.4.7)

(8.4.8)



Figure8′ .3Right-handrulefUrdeterllliningtlledicctiUnUf口

The血recjUnUf口 is thesameastheareavectUr云 (perpen山culartUtheplaneUfthe

lUUp)andisdcte1lllinedbytheright-handruleσ ㎏ure8.4.3).TheSIunitfUrthemagnetic

dΦUlemUment isampere-meter2(A.m2).Us㏑ gtheexpfessbnfUr口 ,thetUrqueexerted

Unacurrent-carIγinglUUpcanberewrittenas

TheabUveequatiUn isallalUgUustU子 =● ×元 inEq.(2.8.3),thetUrqueexertedUnan

electricdbUlemUment● in thepresenceUfanelectr沁 fleld元 .Recallingthatthe

pUtenjalenergyfUranelectr㏑ dΦUleisσ =一口 .元 IseeEq.(2.8〃 )〕 ,a由 milarfUrm is

expected fUr the magnetic case. The 
、
vUrk dUne by an external agent tU rUtate thc

magneticdipUle士 Umallangle乳 tUθ isgivenby

(8.4.9)

(8.4.lU)

(8.4.1l)

〞豖t=瑳 tσθ
〞
=嚼 (uBsinθ

′
)σθ
’
=uB(cUsaU-cUsθ )

=Δσ=σ一吨

Unceagain,吼 xt=-〃 ,where〃 is thewUrkdUnebythemagnet此 丘eld.ChUUsing

σU=Uat乳 =π /2,thedΦ Ulein thepresenceUfanextcrnalΠeldthenhasapUtential

cnergyUf

σ=一uBcUsθ =一u.B

ThecUnf●lguratiUn isatastableequilibriumwhenΠ isalignedparalleltUB,makingσ a

minimumwithσ ㎡n=一 uB.UntheUthah缸 ㏕ ,When口 andB areanti-parallel,

σm沝 =十uBisamaximumalldthe盯就emiSmstable.

9



8.4.1  ╮旺agneticfUrceUⅡ adipUle

AswehaveshUwnabUve,thefUrceexperiencedbyacurrent-carryingrectangularlUUp

〔.e.,amagneticdipUle9placedinaⅢ ifUrm magnetic丘 eld沁 zerU.汕
啦athappensfthe

magneticfleldis nUn-unifUΠ n?Inthiscase,therewillbeanetfUrccactingUnthedipUle.

cUnsmerthe㎡ tuat㏑nwhereasmall山pUle口 必placedalUngthesymmetr㏑ a虹sUfabar

magnetaSshUwn inFigure8.4.4.

髍  製﹉僽心

一

 杺  

一

Figure8.4.4AInagneticdipUlenearabarmagnet.

ThedipUleexpcriencesanattractive士 Urcebythebarmagnetw.hUSemagneticfleldis nUn-

unifUrm in space.Thus,ancxtemalfUrccmustbeappliedtUmUvethedipUletUtheright.

TheamUuntUffUrce屁 燈eXertedbyanexternalagent tUmUvethe&pUlebyadistance

Δxisgivenby

屁x′a=〃
一

=Δσ =-uB(x十 Δω+uB(x)=-uIB(x+Δ ω-B(x)〕   (8.4.12)

wherewehaveusedEq.(8.4.ll).FUrsmall∠㏑,theextemalfUrcemη beUbtaincdas

rkt=＿uIB(x+Δ
污)-B(X)〕

=＿u考暑
w㏑chisapU血 t∥equanti#血nceaB/歲 <U,i.e.,themagnet沁 flelddecreaseswith
incrcasingx.This is preciselythefUrceneededtUUvercUmetheattractiVefUrceduetUthe

b缸 magnet.Thus,、vehave

(8.4.13)

(8.4.15)

馬

ⅣIUregenerally,themagneticfUrce

magneticfleldBcanbewrittenas

=u參 =寺
;。
.動

experienccdbyadipUleΠ placedin

(8.4.14)

anUn-unlfUrm

一
B一u

▽
=

一耴

where

lU



《
k
o
一

銠
+

o
一

鈔
+

a
一

釚
=
▽

(8.4.1‘ )

is thegradientUperatUr.

﹉ChargedParticles inaUnifUrIIlⅣ
IagneticField

IfaparticleUfrnassη 2rnUves inacircleUfradiusratacUnstant speedv,whatactsUnthe

#｛:::l:Ii::常::1ξ::lagnitudeΓ
=羽 V2/rthata㏑〃ayspUints tUwardthecenter

UcityUfthepar﹂cle.

InSectiUn8.2,weh小 K缸 9UshUwnthatthemagnet㏑
fUrce乳 alwaY。 p㎡nts㏑ tlle

diect㏑nperpen&culartUthevelUd垀
予 Ufthechargedpart㏑ leandthcmagnet㏑

fleldB.

Ⅲnce丸 candUnUtwU1.k,丘 canUnly山
allgethedirectiUnUf予 but llUti怕

magnΠude.

WhatwUuldhappenifach缸 gedparticlemUvesthrUughaunifUrm magneticΠ
cldiwith

its㏑itialvelUciy予 ataΠghtangletU二
?FUr 血mpl㏑i妙,letthechargebe十 σ

andthe

agc.Π turnsUutth脫 乳﹋λll plaYtherUleUfacenthpetaldiect㏑nUf二 beintUthep

fUrceandthechargedparticle﹋ 泣Ⅱ rnUveinacifculafpathinacUunterclUck甲
沌sedirectiUn,

asshUwn inFigure85.1.

。
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卜王螑﹉
虃

﹉

﹉   

一

   ×   .   一

F㎏ ure8.5.lPathUfachargcpart梵 lemUⅥ nginaunifUrm二 ΠeldwithvelUdtY予

in北iallyperpendiculartUB.

With

σvB=二二竺∠t                       (8.5.1)
r

theradiusUfthecircleisfUundtUbe

(8.5.2)

ThepcrbdΓ (timereq血㏄dfUrUnecUmplete㏄vUlutbl19isg∥ enby

Γ=型 =生型 =2望∠生      6.5.匆
v   v σB  σB

SiⅡilarly,thcangular speed● yclUtrUnfrequency)ω Ufthcp釦 Ⅱ CleCanbeUbtaincdas

(8.5.4)

IftheinitialvelUc丘 yUfthechargedparuclehasacUlnpUnent paralleltUthemagne位c

Πeld二 ,insteadUfaciclc,therestIltingtr句ectU,willbeahel沁alpath,asshUwn㏑

Figure8.5.2:

蠜

Figure8.5.2IIelicalpathUfachargedparticleinanexternalmagneticfleld.ThevelUc北 y

UftheparticlehasanUn-zerUcUmpUnentalUngthedirectiUnUfB.

濏

.
D

〃
一
羽
=

v
一

 
〞
=/π。6=ω



8.6.1 VelUciㄅ SelectUr

InthepresenceUfbUthelectricfleldEalldInagneticfleldB,thetUtalfUrceUnacharged

particleis

Π=σ｛元+予×二｝ (8.6.1)

(8.6.3)

This is knUⅥmastheLUrentzfUrce.BycUmbiningthetwUΠ elds,particlesⅥ 伍ichInUve
w丘hacertainvelUcΠycanbeselected.ThiswasthepΠ ncipleusedbyJ.J.ThU“ ‘UntU
measurethecharge-tU-mass ratiUUftheelectrUns.InFigure8.6.ltheschematicdiagram
UfThUmsUn’ SapparatuSisdepicted.

〔

! ﹉  γ     

一

﹉

一

﹉

一

●﹉

一

﹉::一 ︴﹏

一

●,

Figure8.6.lThUmsUn’ sapparatus

TheelectrUns、vΠhchargeσ =-θ alldmassη2areeΠittedfrUlll thecathUdeCandthcn

acceleratedtUwardslΠ A.Let tllepUtent㏑ l山fferencebetweenAandCbe9低 一吒 =Δ◤ .

The change in pUtential energy is equaltUthe extemal wUrkdUne inacceleratingthe

electrUns:Δ 乙r=〞豖t=σΔ◤ =一εΔ◤ .ByenergycUnserVatiUn,thekineticenergygained

iSΔ丞。=-Δ 乙ㄏ=羽 V2/2.Thus,thespeedUftheelectrUnSiSgivenby

(8.6.2)

IftheelectrUnsftlrtherpass thrUugharegiUnwherethereexists adU、 vn、vardunifUrm
electricfleld,theelectrUns,beingnegauvelycharged,willbedeΠ ectedupward.HUwever,
ifinadditiUntUtheelectricfleld,amagneticflelddirectedil1tUthepageisalsUapplied,

thentheelectrUnswillexperienceanaddⅡ UnaldUwu、vardInagneticfUrce一 θ予×B.When
thetwUfUrcesexactlycancel,theeleciUnswill rnUveinastraightpath.FrUmEq.8.6.l,
weseethatwhenthccUnditiUnfUrthecance1latiUnUfthetwU士 UrccsiSgivenbyθ E=@B,

h,.hichimplies

E
一

B
=v

InUtherwUrds,UnlythUseparticlesv㎡ thspeedv=E/BwillbeabletUInUVeinastr缸 ght

line.CUmbiningthetwUequatiUns,weUbtain

15



θ   E2
〞 2(Δ /)B2 (8.6.4)

ByIneasuringE,Δ ◤andB,thecharge＿ tU＿nlasSratiUcanbereadilydetermined.The
mUst prec必 emeasurement tUdateisθ /羽 =1.75882Ul74(71)× lUllC/kg.

8.6.2  Π旺as§ SpectrUmeter

VarbusmetllUdscanbeusedtUmeasuretll?massUfanatUm.UnepUss山
ili#is thrUugh

theuseUfamass spcctrUmeter.Theba㎡ cfeatureUfaB加 刀t〃J磅羿 maSSspectrUmeter is

里 蹛

d㏑ Π gure8.6.2.Ap㏕ clem呻 ㏒ achar胖 圴 拍 flr就 Sellt thrUughavelUd妙

﹏﹉ ﹉﹉

一

 ﹉泳

Figure8K迄 ABainbridgeInass spectrUmeter

TheappliedelectricandmagneticΠ eldssatisㄅ therelatiUnE=vBsUthatthetr句 ectU,
Uftheparticleisastraight line.UpUnenteringaregiUn、 vhereasecUndmagneticfleld
BUpUinjngintUthepagehasbeenapplied,theparticlewill rnUveinacircularpaⅡ 1wΠh
radiusrandeventua1lystrikethephUtUgraphicplate.UsingEq.85.2,wehave

ηπV尸=兩       〔∫巧句

Sincev=」F/B, thelnassUftheparticlecanbe喇 ‵丘tenas

羽=望上上上=σ馬
Br

(8.6.6)
V   E

﹉ 

︙ .
.
 

﹉﹉

﹉
﹉

\

﹉
.
 
.
 

﹉﹉﹉

中:

j

�

︙—i

︙﹉
﹉
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