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┬h｜SpagedescⅡ beshUwarnass spectrum｜ s prUduced

us｜ ngarnass spectrUmeter.

Howamass spectrometerworks
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盯SUmeth｜ ngis mUvingandyUusuㄐ ect｜ttUasideways
fUrce,｜ nsteadUfmUv｜ ng︳ nast「 a︳ ght∥ ne,｜ t、Ⅳ｜ⅡrnUVe｜na
curVe一 deflectedUutUf｜ tsU「｜g︳ na｜ pathbythesideways
fUrce.

SuppUseyUuhadacannUnbaⅡ trave∥ ingpaStyUuand
yUu、ⅣantedtUdeflect｜ tas｜ twentbyyUu.Al｜ yUu︳VegUtiS

ajetUfWateΓ frUmahUse一 p｜ pethatyUucan squirtat｜ t.

「
rank｜ y,｜ts nUtgUingtUrI9akea︳ UtUfd｜fference!Because
thecannUnba∥ ｜ssUheavy,｜ twi∥ hard︳ybedeflectedat
aⅡ f「Um｜tsUr｜ g｜ na︳ cUurse.

ButsuppUse｜ nstead,yUutriedtUdeflectatab︳ etenn〡s

ba∥ trave∥｜ngatthesamespeedasthecannUnba∥ us｜ ng
thesamejetUfwater.Becauseth｜ sba∥ ｜SSU｜｜ght,yUu
wi｜｜getahugedeflectiUn.

┬heamUuntUfdeflect｜ UnyUu、Ⅳ｜∥getfUrag｜ ven
s｜deWaysfUrcedependsUntherl9assUftheba∥ .｜fyUu
knewthespeedUfthebaⅡ andthesizeUfthefUrce,yUu
cUu｜ dca｜ cu｜ atethe:ηassUftheba∥ ｜fyUukneWwhatsUrt
UfcurvedpathitwaSdef｜ ectedthrUugh.┬ he｜ess the
deflectiUn,theheaviertheba∥ .
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Anout︳ :neofwhathappens:namass spectrometer

┬hesequence︳ s:

Sfage” rUη治aσU刀

丁heatUm isiUn｜sedbyknUck｜ ngUneUrmUree｜ ectrUns

｜Uns.

Sfage2:月 ccerera〞Uη

┬he｜ Unsa「eacce｜ eratedsUthattheya∥ havethesame
k｜ net｜cenergy.

Slage3:Defrec〃 Uη
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i點

摺 t早
g;哩ng

丁heamUuntUfdeflect｜ Una｜sUdependsUnthenumberUf
pUsit｜vechargesUntheiUn一 ｜nUtherwUrds,UnhUw

駕踹f評Ⅷ:窩常出黜卸∫皆甫:引者:.The
Sfage6二 De【ecσUη
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Understand:ng、〃hat.sgo:ngon

TneηeedrU′ avacvJm

｜t.S｜ mpUrtant thattheiUns prUduced︳nthe｜ Un｜ satiUn
chamberhaveafree「unthrUughthernach︳ ne、Ⅳ｜thUvt
hitt｜ nga｜rmU｜ ecu︳ es.
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e｜ ecj/UΠ ㏑ap
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P。 Sit｜ Ve｜Uns

Υapo「 isedsa田 p陪

§｜ecr︳caⅡyhe,ated
me注〢coⅡ

┬hevapUⅡ sedsamp︳ epasses intUthe｜ Un｜ satiUn
chamber.┬ hee︳ect〢 ca∥ yheatedrneta｜ cU∥ givesUff
e︳ectrUnsvvh︳ chareattractedtUthee｜ ectrUn trapvvh︳ ch｜s
apUs｜ t︳ve｜ychargedp｜ ate.

Thepa吋 icleSin thesamp｜ e(atUmsUrmU｜ ecu｜es)are
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therefUrebUmbardedwithastrearnUfe｜ ectrUns,and
sUmeUfthecU∥ ｜siUnSareenerget｜ cenUughtUknUckUne
UrmUree｜ectrUnsUutUfthesamp︳ epartic︳eStUrnake
pUs｜ t｜veiUns.

MUstUfthepUs｜ t｜ Ve｜ UnsfUrmedw｜ ∥carryachargeUf+1
becauseit is rI● uchrnUredi〡 1cu︳ttUremUvefurther
e︳ectrUnsf「Urnana︳ readypUsitive｜ Un.

┬hesepUs｜ tive｜ UnsarepersuadedUut｜ ntUtherestUfthe
machinebytheiUnrepe∥erWh｜ ch｜sanUthermeta｜ p｜ate
carry｜ngas∥ ghtpUs｜ t｜vecharge.

鱗o在緲:A$YUuwi〡〡$eeinamoment,thewhU｜ e
iUnis8tiUnchamberisheIdatapUs︴ uvevU｜tageUf
俄bU演 1U,UUUvU║ tS泛 Whereweareta〡 ki伸gabUu支 the
扺Mop〡台te$haVingp◇ $itiVecharge$,在heSeChargeS
arein棧 dd︴ tiUn to that1U,UUUvU｜ ts.

nccerera〃Uη

〡UΠ iBat︳UΠ chamber

┬hepUs｜ tive｜ UnSarerepeⅡ edawayfrUmtheverypUsit｜ ve
iUn〡satiUnchamberandpass thrUughthrees｜ its,thef｜ na｜
UneUfwh︳ chisatUvU｜ ts.┬ hern｜ dd︳ es｜ itcarr｜ essUme
intermed｜ atevU｜tage.Al｜ theiUnsareacce｜ eratedintUa
Πne｜yfUcusedbeam.
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Diffe「 ent︳Unsa「edeflectedbythernagnet｜ cπ e｜dby
d︳fferentamUunts.┬ heamUuntUfdeΠ ect｜UndependsUn:

. thernassUfthe︳ Un.∟｜ghter｜ UnsaredeflectedrnUre
thanheav｜ erUnes.

.thechargeUntheiUn.lUnswith2(UrmUre)pUs〡
t｜ve

chargesaredeΠectedrnUrethanUnes、 ⅣithUn｜ y1
pUs︳ t︳vecharge.

┬hesetwUfactUrsarecUmb｜ nedintUthe用 aSS/C力arge
ra〃U.MaSs/chargerat｜ U｜ sgiVenthesymbU︳ m/Z(U「
sUmeImesm/e).

「
Urexamp｜ e,︳ fan︳UnhadarηassUf28andachargeUf
1+,｜ts rnaSs/chargerat︳ UwUu｜ dbe28.AniUnw｜ tharnass
Uf56andachargeUf2+wUu｜ da｜sUhavearη ass/charge
rat︳ UUf28.

｜nthe｜ astd︳ agran∩ ,｜Un strearnA｜ s rnUstdeflected一 ｜tvv｜∥
cUnta｜ n｜ Uns、Ⅳ｜ththeSma∥ eStmass/chargerat｜ U.｜Un
streamC｜ sthe｜eastdeΠ ected一 ｜tcUnta︳ ns｜Uns、〃｜ththe
greateStmass/chargerat︳ U.

lt makes｜ t sirnp︳ ertUta︳ kabUutth｜sifweaSSumethatthe
chargeUna∥ theiUns｜ s1+.MUstUfthe｜ UnSpass｜ ng
thrUughthernass spectrUmeterVvi∥ haveachargeUf1+,
sUthattherl9ass/chargerat｜ Uw︳∥bethesameasthe
massUfthe｜ Un.

閥◇電@:ˇUurlmu$受 beaWareUfthepUs$｜ b〡｜泌yUf2+
(etcli◇n$tbuttheva$tm翎 U內緲Uf〃治ve〡 quesuons
vV︴ i║ giveYUurna$s$pectrawhichUn｜ y〡βvUive｛十
iUns.U㏕ ess thereis$Umehintin theques如 Un,” u
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@bn$四 uare協跖ng

Assun∩ing1+iUns,strearnAhasthe｜ ｜ghtest iUns,st「 eam
BtheneXt｜ightestandstrearnCtheheaviest.∟ ︳ghter
iUnSaregUingtUbernUredeflectedthanheavyUnes.

DθfectrUη

Un｜ y｜Un strearnBmakes｜ tr｜ghtthrUughthernachinetU
the｜ UndetectUr.┬ heUther｜UnscU∥｜deVV｜ththe、Ⅳa∥ S
Wherethey、Ⅳ∥｜p︳ ckupe︳ ectrUnsandbeneutra｜ ised.
ΞventuaⅡ y,theygetremUvedfrUmthernass spectrUmeter
bythevacuurn pump.
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Whenan｜ Unh｜ts therneta︳ bUx,｜ tscha「 ge｜ sneutra∥ sed
byane｜ ectrUnjumpingfrUmthemeta︳ UntUthe｜ Un(〢 ght
handd〡 agram).┬ hat︳ eavesaspaceamUngst the
e｜ectrUns in therneta｜ ,andthee︳ ectrUns︳ nthellv｜ re
shuff︳ ea｜UngtUf｜Ⅱit.

AflUWUfe｜ ectrUns｜ nthew｜ re｜sdetectedasane｜ ectr｜c
currentwh｜ chcanbeamp｜｜f｜edandrecUrded.┬ herI9Ure
｜Unsarr｜ v｜ ng,thegreaterthecurrent.

Detect:ngfr9eUfr,errUη s

HUWm｜ ghttheUtheriUnsbedetected一
thUse｜ nStreams

AandCwh︳ chhaVebeen｜ Ustin thernach｜ ne?

Rememberthat streamAwasmUstdeΠ ected一 ｜thasthe
sma∥ estva｜ ueUfm/z(the｜ ightest｜ Uns｜fthecharge｜ s
1+).┬ Ub〢 ngthemUntUthedetectUr,yUuWUu︳ dneedtU
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deηectthem｜ess一 byusingasma｜ ｜ermagnet｜ c兩 e｜d(a
sma｜｜e「 s｜dewaysfUrce).

丁Ub〢 ngthUsew｜ tha｜argerm/zva︳ ue(theheav｜ eΓ ｜Uns︳ f
thechargeis+1)UntUthedetectUryUuVVUu｜ dhavetU
deflectthemmUrebyusinga｜ argermagnet︳ cΠ e｜ d.

lfyUuva叩 therl9agnetic市 e｜d,youcanbr｜ ngeachiUn
stream｜ nturnUntUthedetectUrtUprUduceacurrent
Wh｜ch︳ s prUpUrt｜ Una︳ tUthenumberUf｜ Unsarr｜ v｜ ng.┬ he
massUfeachiUnbeingdetectedis re｜atedtUthesizeUf
thernagnetic∥ e︳dusedtUb〢 ng｜tUntUthedetectUr.┬ he
mach｜necanbeca︳｜bratedtUrecUrdcurrent(whichisa
measureUfthenumbe「 Uf｜ Uns)aga｜ nst m/zdirect︳ y.丁he
mass｜s rneasuredUnthe12Csca｜ e.

滋◇te: The12Csca｜ eisasca║ eUnwhichthe12C
isUtopeWeighse×act!y12un｜ ts.

Whatthernass spectrometeroutput︳ ooks︳ :ke

結ξ出:︴騉活品:∥早千ξ:::#攏一醫考詳苳二#t甲prUducedby｜ UnsUfvary｜ ngrY9ass/chargeratiU.

┬hest｜ ckd︳agramfU「 rnU︳ybdenum︳ UUks︳ i｜ kethis:

●〈｝｜at:γ e
abundance

YUurηayΠ ndd｜agrams｜ n、Ⅳh｜chtheVert｜ ca｜ aX︳ s｜s
︳abe∥ edase｜ ther” re︳ ativeabundance” Ur田 re︳ at｜ve
︳ntensity田 .VVh｜ cheVer｜ suSed,〡t rneans thesamething.
丁heVert｜ ca｜ sca｜ eis re︳atedtUthecurrent receivedbythe
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TheVaⅡ ΛIIenBelt’ sΛⅡdⅥⅢyTheyExist
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his is thecase,thebeltshavenUt、 veakeneds㏑ ce
)lllaSGUldhasarguedthattheUuterbelt is leftUver

uedthatthebelt isaresultUfvUlcanicacIv托
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ReImUvingTheBeIt§

Thebe丘 sarcahaZardfUrarIΠ cialsateⅢ依沁 andmUdcr脫e垃 dangerUusfUrhumanbe㏑ gsalld
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HaⅡ effect
FrUmWikpe山 a,thcfreeencyclUpe山 a

TheHaIIeffect拍 theprUductbnUfavU北 agc&Ⅲ打ence(theΠ alI▼UItage9a“ Ussan
electrLalcUnductUr,iallsVcrsetUanelcctriccurrent in thecUnductUrandalnagnetLΠ eld

perpend㏑ ulartUthecuIent.ItwasdkcUveredbyEdw㏑ HaⅡ ㏑ 1879.:l〕

TheHaⅢ cUefflc妃 nt kdcfmedastheratbUfthejnducedelectricfleldtUtheprUductUfthe

cuπentdens丘yandtheapp㏑dmagneticΠeld.ItkacharacteristicUfthematcrialfrUmwhich
thecUnductUr is rllade,sinceitsvaluedependsUnthetYpe,number,andprUpertiesUfthe

chargecarrLrs thatcUnSjtutethecurrent.

CUntents

1DiscUvay
2ThcU】乎
︳ 2.1HaⅡ effect㏑ semLUnductUrs
︳2.2QuantumHaⅡ effect
- 2.3Sp㏑ Halleffect
︳2.4Quantllm sp㏑ HaⅢ effect
- 2.5AnUmalUusIIaⅡ effect
︳2.6Halleffect㏑ bn立edgases
3App㏑ aIUns
▓ 3.1AdvantagesUverUther rnethUds
▓ 3.2DisadvantagescUmparedwi山 Uther rncthUds
︳ 3.3CUntempUr羾yappLcatbns
▓ 3.3.lFerr北 etUrUidrIaⅢ effectcurrent transducer
. 3.3泛 Sp㏑ r㏑gclalmp-UnsensUr
. 3.3.3AnalUgmu比●Ⅱcatbn
- 3.3.4Cu“cnt sens㏑ g
▓ 3.3.5PUs北㏑nandlnUtiUnsensjhg
.3.3.tAutUmUt拉 eig血bnand血d到 ectiUn
- 3.3.7WheelrUt皕 Unsen血g
- 3.3.8ElectricInUtUrcUniUl

▓ 3.3.9IndustrialappⅡ cajUns
. 3.3.lUSpacecraft prUpulsbn

4TheCUrb㏑ Ueffect
5SceakU
6Referenccs

7Furtherread㏑g

8Extemal㏑止s

一

‧

‧

—

▓
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DiscUVery

TheHalleffcctwaSdkcUvcred㏑ l&砂 byEdw㏑ HerbertHallwhilehewaswUrk㏑ gUn㏑s

dUctUraldegeeatJUhnsHUpk㏑ sUnkcr由妙㏑ Ba㏑mUrc,Ma〃land.HkmeasuremcntSUf

thet㏑yeffect prUduced㏑ theapparatllsheusedwasanexpe山 mentaltUurdefUrce

Ihttp〃en.wktbn缸yUrg騎k此Uur一de一fUrce9,accUmp㏑hed18yearsbefδ retheelectrUnwas

discUvered.

TheUry

TheHaⅡ effectcUmeSabUutduetUthenatureUfthecuIent㏑ acUnductUr.CuIentcUnsists

UfthemUvementUfmanysmaⅢ chargecarr跆 rs,垀9calYelcciUns,hUles,bns仆 ee

ElectrUmlgratbn9UraⅢ th㏄e.Whenamagnet妃 Πcldkp㏄scnt thatknUtparaⅡeltUthe

dlecIUnUflnUtiUnUfrnUv㏑ gcharges,thesechargesexpe」匕nceafUrce,caⅡcdtheLUrentz

fUrce.l2lWhensuchamagneticfleldkabsent,thechal-gcsfU” wapprUxImatelYStr瑰 如 ,’㏑ e

Uf叭典σpathsbetweencUⅢ sbnswi山 ㏑Ψur北㏑s,phUnUns,etc.HUwever,whenam後 興etL

fleldw北haperpendLularcUmpUnent kapp㏑ d,tlleipathsbetwcencUⅡ kiUnsarccurvedSU

that rnUv㏑ gchargesaccumulateUnUnefaceUfthelnateria1.This leavesequalandUppUs北 e

chargesexpUsedUntheUtherfacc,whcrcthcrc心 ascarcityUfmUbⅡ echarges.ThcreSu比 k
anasymmetricdktr山ut㏑nUfchargedens” acrUss theHaⅢ elemcnt thatkperpendLulartU
bUthtlle:㏑ eUfs地灴∵pathandtheapp比dmagnetLfleld.Theseparat㏑ nUfch肛ge

estab上 shesanelectricfleldthatUppUsestheIn逛 要ajUnUfmrthercharge,sUasteadyelectrical

pUtenIal isestabⅡ shedfUraslUngasthechargeis nU、 λng.

ItshUuldbenUtedthat㏑ theclassicalv始 w,thercareUnlYelectrUns mUv㏑ g㏑ thesame

aVeragediectiUnbUth㏑ thecaseUfelectrUnUrhUlecUnduct∥ i妙.ThkcannUteXpla㏑ the

UppUsleslgnUftheIIaⅢ effectUbserved.Thediffercnceis thatelectrUns in theupperbUund

UfthevalencebandhaveUppUs北 egrUupVelUc北 yandwavevectUrdiecuonwhen lnUvⅡ lg,

whichcanbeeffectⅣ e妙 treatedasifpUs北Ⅳe圩 chargedparticles(hUles)mUved㏑ tlle

UppUs北edlec伍 UntUthatUftheelectrUns.

FUrasⅡ叩lemetalwheretl9ereisUnlYUnetYpeUfchargecaIier
(e㏑ctrUnΦ theHalvUltage9竹 k區㎎nby

JE
I:f=

F1.(:→｛:i︳

whereJkthecuIenta“USStheplatclength,Bkthemagnejcflcld,
σkthedepth(thdmess9Uftheplate,θ 抬theelectrUncharge,andK
kthcchargecarr始 rdens北yUftheca」ΠerelectrUns.

TheHaⅡ cUefflc㏑nt kde血edas

ⅣⅣ=

。

㎡β

-｜

蹣

enwiklpedla斑 g一Ⅵik.i.lH㏕ l＿effea



12/4/18                                               Hallefiect＿ Wikjped怕 ,thefreeencyclopedia

whereˊ kthecuIcntdens北yUfthccarrierclcctrUns,andE‵uis the㏑ ducedelec臼Hcfleld.In

SIun北s,thisbccUmes

片Ⅳ=驫 =響一忐
Asaresu北 ,theHall㎡托ct出 veη use血Iasameans tUmeasuree丘herthecaI怡 rdensi妙 Ur
themagnejcfleld.

Uncve〃 ㏑ΨUrtantfeatureUftlleHaⅡ effect is tllat北 df免rent血tesbetwecnpUs北Ⅳech波琴 s
mUv㏑ginUnedlea㏑nandnegaIvechargesmUv㏑ gin theUppUs北e.TheIIaⅡ eΠ℃ctUffered
theflrst real prUUfthatelcctriccurrentSin rIletalSarecarr始 dbylnUv㏑ gelectrUns,nUtby
prUtUns.TheHaⅡ effectakUshUwedthat㏑ sUmesubstances● spedalYp一 ㄅ pc
sem㏑UnductUrs9,北 kmUreapprUpriatetUth旅 UfthecⅦ盯el1taspUs丘 行e嘔 Ulcs” mUv㏑ g
ratherthannegajveelectrUns.AcUmmUnsUl1rceUfcUn血 siUnw丘htheHaⅡ Effect is that
hU怡smUⅥ ngtUthe㏑ narere㏕ 圩 e怕ctrUI9smUv㏑ gtUtlleⅡ ght,sUUneexpec怕 theSame血 gn
UftheHaⅡ cUefflc始 lltfUrbUthelectrUnsalldhUles.T㏑ scUnfus㏑ n,hUwevcr,canUn9be

resUlvedbymUdeΠlquantum lnechan㏑ altheU〃 UftranspUrt㏑ sUⅡds.l3〕

ItmustbenUtedthUughthat tliesample㏑ hUmUgeneiㄅ mult resu比 ㏑ spuriUusm驆 Uftlle

HaⅡ effect,even㏑ ⅡealvanderPauwcUnflgtlratbnUfelectrUdes.FUrexalmple,pUs丘 ∥e

HaⅡ effectwasUbseⅣ ed㏑ eⅥdent9n＿tYpesem沁UnductU“ .I劍

HaⅢ effect山nseⅡlicUnductU1

Whenacurrent-carrvingseΠ licUnductUris kept inalnagne伍 cfleld,thechargeca」ΠcrsUfthe
senicUnductUrexperienceafUrceinadlec伍Unperpendicula1.tUbUththelnagne位 cfleldand
thecⅢent.AtequⅢbriunl,avUltageappearsattheSelnicUnductUredges.

Thes㏑ Ψ lefUmulafUrtheHaⅡ cUefflcientglvenabUVebecUmeSmUrecUmplex㏑

semicUnductUrswherethecarriersaregenerallYbUthelectrUnsandhUleswhichmaYbe
present1lldiΠ℃rentcUncentratiUnsandhavedifferent rnUbiⅡ 位es.FUr lllUderatelnagne石 匕flelds

theHaⅡ cUefflc始 nt拍 F〕

片Ⅳ=
牌碟一｜↑〦i:
F｛押t打 +尚｝戶i扑空

where〡!ktheelectrUncUnceniaIUn,pthehUlecUncentratbn,uΓ theelectrUnmUb血 ty,u打
thehUlernUbⅡ 北yand.:theabsUlutevalueUfthcelectrUn㏑ chargc.

FUrlargeappIedirleldstheslnplerexpressbnanabgUlls tUth飩 fUraS㏑ glecaΠHertypehUⅡ s.

ⅣⅣ=
｛u一 滁扣±#

哦∥+排外
官

wi山

enwlklpedlaorgㄙ ㎡kl/H甜 Leffec｛
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已=些
︴t′1

QuaⅡtumHaⅡ effect

五庇”Kartjc.JθrU銘aKJZJr9,正切〃 auε t

FUratwUdlInensbnalclcctrUnsystelnwhLhcanbeprUducedinaMUSFET.Inthe
presenceUf㏑ rgema留 犯 tiCfleld就 rengthandlUwtemperature,UnccanUbseⅣ ethcqual1tum

HaⅡ effectwhich泊 thequan也m位UnUftheHaⅢ vUltage.

Sp㏑ HaⅢ effect

五庇”羽 晚 泛 ..助
。
K助 〃釸 a

Thesp㏑ HaⅡ effectcUns拍ts in thesplllaccumulatiUnUnthelateralbUundariesUfacu“ ent-
cano砬ngsample.NUmagne伍cfleldis needed.Itwas predJctedbyhI.I.DyakUnUvandV.I.
Perel㏑ 197landUbservedcxper㏑ 犯 ntauYmUrethan3U” ars later,bUth㏑ sem㏑ UnductUrs

andinIlletals,atc呼 UgenicasweⅡ asatrUUnn temperatureS.

Quantums●nHaⅡ effect

腕 切 翃 葩 @a滮 〞 V切 Jf,加舜 a

FUr lnercu〃 teⅡurⅡetwUd㏑ KnsbnalquantuⅡ lWeⅡ sv而thstrUngsp㏑ 一Urb土 cUup㏑ g,㏑ zerU

magnetic丘eld,atlUwtemperatllre,theQuantum sp㏑ HaⅡ effecthasbeenrecent妙 Ubselwed.

ΛnUmaIUusIIaⅡ effect

InfeIUmagneticm飩erials(andparama留 Eticmate山 k㏑ amagneticf●leld9,theHal
resistⅣi妙 ㏑cludesanadd北㏑nalcUntr山utiUn,knUwnastheanUmaIUusHaIIeffect°rthe
extraUrdina呼 Halleffect),whLhdependsdiect廿 UnthemagnetLatiUnUfthematerh〦 and
七 Unenmuchlargerthan tlleUrd㏑ a〃 HaⅡ effect.卻 Utethat tll怎 effectk刀 UtduetUthe

cUni山u依沮 Ufthemaglle也 atiUll tUthetUt缸 maglleticFleⅡ.)AlthUu出 awel＿recUgn矻ed
phenUmenUn,therek stⅢ debateabUut北 sU山典 ls㏑ thcvarbusmatcrials.TheanUmalUuS

Haleffectcanbe㎡山erana仍妳比ωisUrder＿ relatcd)effectduetUsp㏑ -dependent
Scatter㏑gUfthechargecarr㏑ rs,Uran切 〞′J智5effectwhLhcanbedescribed㏑ terlnsUfthe

B㏄,phaseeffect㏑ thec〃stalmUmentumSpaceσ├space,.I劍

HaⅡ effectin iUn也 edga§es

(SeeelectrUchem㏑ al㏑sta㏑蝴

TheHaⅡ ㎡免ct㏑ an㏑n扢edgas(plasma)k slgn五 cant圩 山““entfrUmtheHaⅢ effect㏑
sUⅢds(wheretheHaIIparameter士 alwaysve〃 ㏑feriUrtUun北y).Inaplasma,theHaⅡ
parametercantakeanyvalue.TheHall parameter,β ,㏑ aplasma砡 theratbbetweenthe

enwiklpcdlaUlg9vvlklˊ HalLelfect ll
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electrUn猩 VrUfrequency,Ωε,andtheelectrUn-heaVypartLlecU吐怎㏑nfrequency,v:

β=一 =
Ⅳ

CB

了了古r;ˊ

whcre

︳θktheelementa〃 charge(apprUx.1.6× 1「
19C)

▓B化 themagneticfleⅡ 〔n托 S㏑Φ

一
沕θktheelectrUnmass(apprUx.9.1× 1U11k色>

TheHaⅡ parametervalue㏑ ㏄easesw北 hthemagnetLfleldstrength.

PhysL缸圩,thetr旬 ectUricsUfelectrUnsarecuⅣ edbytlleLUrcntzfUrce.NevertheleSswhen

theHaⅢ parameterklUw,thelmUtbnbetweentwUencUuntersw北 hhcavypart沁les(neutral

Ur㏑ n9kahllUst㏑ I汨r.ButiftheHaⅡ parameterkhi出 ,theelectrUnmUvementSareh⋯ 好

cuⅣed.Thecurrentdensi妙 vectUr,洸 knUlUngercUl㏑ earw北htheelectr沁 fleldvectUr,E.

The加mVectUrsˊ andEmaketheIIaⅡ aⅡgle,θ ,whichalsUglvcstheHalparamcter

β=t蹤l｛〞岱

ΛpplicatiUnS

Hal prUbesareUftenusedas rnagI1lctUmeterS,i.e.tUlneaSurcrnagnej匕 flelds,Ur inspect

m飩er㏕S(suchastub㏑gUrp● d㏑es)us㏑gthcpr㏑●∥esUfma留(ticnuxleakagc.

HaleffectdevLes prUduceave呼 lUwsigmllevelandthusrequlealmp上 山匕aIUn.Wh北

su北ablefUrIabUratU〃 lilstmrnentS,theVacuumtubeamphΠ ersava血 blein thefIsthafUf

tlle2UthcenmlyweretUUexpensiVe,pUwercUnsuⅡ ling,andunrdhblefUrcvc呼 day

appⅡcatbns.Π wasUnlYw山 tlledevelUpmentUfthelUwcUst㏑ tegratedc士 cu北 tllattheHal
effectsensUrbecamesu北 ablefUr rnaSSapp上catiUn.Ⅳ㏑nydcV沁 esnUwsUldasHaⅡ cffect

sensUrs㏑ factcUnta㏑ bUththesensUrasdescr山 edabUveplusah出 ga㏑ ㏑ tegratedcicu丘

σC)ampⅢtr㏑ as㏑glepackage.RecentadVanccshavefurtheradded㏑ tUUnepackagean

analUg-tU-d㎏ 山㏕ cUllverterandPC(Inter＿ ㏑tegatedcicu北 cUmmun沁 atbn pmtUcU)ICfUr

diectcUnnecⅡ UntUalllicrUcUntrUler︳ sI/UpUrt.

ΛdvantagesUVerUtherIllethUdS

Ha上 effectdev妃eswhenapprUprhtelYpackagedare血 iIllliletUduSt,d㏑,mud,andwater.
ThesecharacterkticsmakeHaⅡ effectdevLesbetterfUrpUs丘 iUnscns㏑gthanaltcmaIve

means suchasUpIcalandelectrUmechanicalsens㏑ g.

WhenelectrUnsΠ UwtllrUuglacUnductUr,amagneticncldk prUdu㏄ d.Thus,北 kpUssbletU

createanUn-cUntacjngcurrentSensUr.Thedevicehasthreeterln㏑ als.AsensUrvUltageis

app上edacrUss tlVUt咖 ㏑ alSandthethidprUvⅡ esavUltageprUpUrtiUnaltUthecuIentbe㏑ g

senSed.Thkhasseveraladvantages;nUadd北 iUnalres怎 tance(a∫力切K免 requiedfUrthelllUSt

enwiklpedlaorg細 i㎞ ,II缸l＿ellect
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cUmmUncurrentScnS㏑gmethUΦ needbe㏑ scrted㏑
theprllnaη◤clcu北.AlsU,thcvUltagepresentUnthe
ⅡnetUbesenscdis nUt transini仇 cdtUthcsensUr,

w㏑chenhancesthesafetYUfmeasur㏑ gequ●mcnt.

DisadvantageScUmparedⅢ 以thUther

ⅡLethUd§

MagneticfluxfrUmtheSuIUund㏑ gS(suchasUther

wies)maYd血㏑ishUrenhancetheflcldtllcHall
prUbcintendstUdctect,rcnde」 ngtheresults

㏑ accurate.AlSU,asHallvUltageisUftcnUntheUrder

UfmiⅢ vU北s,theUutputfrUmthktYpeUfsensUr

cannUtbeuScdtUdiecⅡydr∥eactuatUrsbut止恪tead
mustbeampIfledbyatransistUr-basedcicu北 .

CUntempUraπ/appⅡcatiUns

HaⅢ efectcⅢ entSellSUr、 V止hiⅡ比Imal

mtegratedcicu比 aIiipliΠ er.8nΥn

Upelmg.ZerUctllTelltUutputⅦ ltage怎

Πidwaybe〝veentheSuppVvUltagesthat

m碰lta㏑ a4tU8VU比 d此renth1.NUn＿

zerUctlrrent reSpUllSe伯  prUpUrHUllaltU

thevUlagesl1pp上 edand怎 ㎞ artU6U

aImperesfUr tl9怕 pa而cularφ5A)

de、㏄e.

HaⅡ cffcctsensUrsarereadⅡ yav缸lablefrUma

numberUfd血rent rnanufacturers,andlnaYbeused
1llVadUuSsensUrs suchasrUtajngspeedsensUrs

aicyclewheek,gear-teeth,alltUmUtke
speedUmeterS,electrU血 c⋯北bnsystems9,n㎡dflUw
SenSUrs,cuIent sensUrS,alldprcssuresensUrS.CUΠ 1lnUnapp上cauUnsareUftenfUundwhere

arUbustandcUntactleSss、 λtchUrpUtenIUmeter is requied.Theseinclude:electricalsUft

guns,triggxsUfdeciUpIleumaticpa㏑ tbal興 錙 ,gU＿ cart speedcUntrU㏑,smart phUncs,and

sUmeglUbalpUs血Un㏑gsystems.

Fe田ⅡtetUrUidIIaIⅡ effectcu‵tnt transducer

HalsellsU播 CandeteastraymagneticfleldseasⅡ y,

㏑cltld㏑gthatUfEarth,sUtheywUrkweⅡ as
electrUniccUmpasses:butthisalsUlneans thatsuch

strayΠ eldscanh㏑ deraccuratemeasurementsUf

slnall magnetLflelds.TUsUlvethk prUblem,HaⅡ

SensUrsareUften㏑ tegratedw北 hlnagiletLsh始 ld㏑g

UfsUmck㏑ d.FUrexalmple,aHaⅡ senSUr㏑tcgratcd
㏑tUafcrrler㏑g(asshUwn)canreducethedetectbn
UfstrayfleldsbyafactUrUflUUUrbetter(asthe
cxtcmalmagneⅡ cfleldscancelacrUss thermg,glvmg
nUreSmualmagne石 cflux9.T㏑ scUnfIgurajUnakU

prUvidesan llllprUvement lll s遠 與al-tU-nUiserajUand
drIteffectsUfUver2UtlnesthatUfabareIIaⅡ

deⅥce.ThemngeUfaglvenfeedthrUu出 sensUrmay
beextendedupwardanddUwnwardbyapprUpriate

enⅥiklpedlaor╯wi㏑/H日└effect
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確苟茻罕一一﹉獅攡攤舉趙彈執
h地加ercurrcnts,acurrcntdⅣⅡermη beused.The

dⅣmer sp比sthecu“ entacrUsStWUWieSUfdiffe1.㏑ gwⅡ thsalldtheth㏑ nerwle,car呼 ㏑ ga

smaler prUpUrIUnUfthetUtalcuIcnt,passcsthrUughtllesensUr.

Thcpr㏑ cΦlcUf㏑creas㏑gtllenumberUfw㏑d㏑gsa

cUnductUrtakeSarUundthefcI北 ecUreiSWeⅡ

一

 

艸

understUUd,eachtumhax/㏑ gtheeffectUfmu比Φ垃㏑g
thecllrrentundermeasurement.Uftenthese

add北bnalturnsarecarr始dUutbyastapleUnthe
PCB.

SpIitΠngclamp＿ UⅡ sensUr

AvarhtbnUnther㏑gsensUruseSaSp㏑ sensUr
炳◤hiChisclampedUntUtheIneenablngthedevicetU
beused㏑ telmpUra呼 testequ● mellt.Iused㏑ a
perlnanent installajUn,aspl北 sensUrallUwsthe

electrLcuIent tUbeteStcdⅣ ㎡血Uutdkmantl㏑ gthe

exlsIngclcu丘 .

Λn㏕UgImu1位pIicatiUn

〝

一

 ′﹉姦滋一
一
小 吵 忡 艸 心 ●-— 〝 昧

一

⋯ 〝 ⋯ ⋯

一

輚 擎

心 蛉

一

∴寸螂蝴鹼

姑︿磁軒中坤
、
         ﹋郎蔑梅蔽無‵蔽
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、
山ㄩⅢ

。

㏑I㏕ andcUIespUnd丘吧
transferf」 mσHUn.

TheUutput上 prUpUrjUnaltUbUththeappⅡ ed

magne石 bfleklandtheappIbdsensUrvUltage.Ifthernagne位 cfleldisappⅡ edbyasUlenUid,

thesensUrUutput怕 prUpUrjUnaltU山 eprUductUfthecuIent thrUughthesUlenUidandthe

senSUrvUltage.ASmUstappk汨 伍Uns requi㏑ gcUlmputaⅡUnarenUwperfUπ nedbysmaⅡ

●vent㏑”du伍lcUmputers,the㏄ma㏑㏑gusefulapp虫汨tbnk㏑ pUwerscns㏑g,w㏑ch
cUmb㏑escurrent sens㏑gwi伍 vU北agescns㏑g㏑ as㏑gleHaleffectdcⅥce.

CuⅨ屯ntSenSing

Bysens㏑gthecurrent prUvidedtUalUadandus㏑ gthcdcvice’ sapp上edvUltageasasensUr

vU比age北 kpUss山letUdeterlll㏑ethepUwerdiss珀 atedbyadeⅥce.

PUsliUnand】mUIUnseΠ sing

HaⅡ effectdevicesusedinInUⅡ UnsensjngandlnUⅡ Unl㏑血 sw北chescanUfferenhanced

rc㏑bⅢ妙 ㏑ extremeenVlUnments.ASthercarenUmUv㏑ gparts㏑ vUlvedwith㏑ thesensUr

Ur lnagnet,tYp沁 a1山跆 expectancyk inprUvedcUmparedtUtrad丘 bnalelectrUlnechan沁 al

sw丘ches.Add丘 iUnauY,thesensUrandmagnetm妙 beencapsulated㏑ anapprUprh托
prUtecjvematerh1.ThkappⅡ ca位Un isused㏑ brushlessI)ClIlUtUrs.

enwklpedlaUr」 wi㏑/H扯Leffea
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AutUmUt∥e㎏Ⅱit㏑naⅡdfueli〢 ect㏑ n

CUmmUn好 used㏑ dktr山utUrsfUr班妥丘bn伍m㏑g(and㏑ sUme妙pesUfcrankandcamshaft

pUslbnsensUrsfUr㏑ jectb且 pulSetim㏑ g,speedsensing,etc.)theHaⅡ effectsensUr心 used

asad士ectrcplacementfbrthernechanicalbreakerpUlntsuSedinearⅡ erautUmUtiVe

app上catiUns.ItsuscaSall iglitiUn㏑ ㏑ gdev㏑ e㏑ varbusdistrbutUrtypeskasfUuUws.A

statiUna〃 p“manellt maglletandSem此 UnductUrHaⅡ effectch● arcmUuntednexttUeach

Uthcrseparatedbyanalgap,fUnn㏑ gtheIIaⅡ effectsensUr.AmetalrUtUrcUnsisjngUf

Ⅵ哇ndUwsandtabs is lnUuntedtUashaftandarrangedSUthatduf㏑ gshaftrUtaⅡon,the

w㏑dUwsandtabspass th1.Uughthealgapbetwcentheperlnanent magItnetand

semLUnductUrHaⅡ ch● .T㏑seffectⅣ elYs㏑eldsandexpUsestheHallch● tUthepaⅢmnent

m後羿eJsfleldrespectketUwhetheratabUrw㏑ dUwkpass㏑gthUughtheHaⅡ sensUr.FUr
lgnⅡUn tin㏑gpurpUses,theinetalrUtUrwⅡlhaveanumberUfequal-sLedtabsandw㏑ dUws

match㏑gthcnumberUfengmec′㏑ders.T㏑s prUducesau㎡㏑rln squarcwaVeUutputs㏑ ce
theUn/Uff●㏑eld㏑gandexpUsure)tmlckequa1.Th抬 s又要mliSuscdbythecnmecUmputer
UrECUtUcUntrUllBn血 Un tin㏑ g.ManyautUmUjveHaⅡ effectsensUrShaVeabuⅡ

一

㏑

mtemalNPNtransistUrwlhanUpencUⅢ ectUrandgrUu且 dedCmitter,mcan㏑ gthatratherthan

avU北 agebe㏑ gprUducedattheHaⅡ sensUr§唾 alUutputwie,tlletrans抬 tUrktumedUn

prUvⅡ㏑gaclcu士 tUgrUl1ndtl9rUu」 lthesj會mlUutputwie.

WheeIrotatiUⅡ sensing

Thescns㏑gUfwheelrUtatbn拍 cspcd㏕9useful㏑ allti-lUckbrakesystcms.Thepr㏑ cΦ les

UfsuchsystelnshavebeenextendedandrefmedtUUffcrInUrethanant｝ skmhllc石bns,nUⅥ r

prUvid㏑ gextendedvehiclehandⅡ ngenhancements.

ElectHcmUtUrcUⅡ trUI

SUlne” ℉esUfbrtIshlessDCelcctr妃 mUtUrsuseHaⅡ cffectsenSUrs tUdetectthepU血 ㏑ nUf

therUtUrandfeedthat infUmaIUntUthemUtUrcUntrUler.ThisaⅢ UwsfUr rnUreprecise

mUtUrcUntrUl

IⅡdust㎡ alappIicatiUns

App㏑atbnsfUrHaⅢ Effectsens㏑ghavcalsUexpandcdtU㏑ dustr㏑lapp比 atbns,w㏑chnUw
uScHalEffectjUystLks tUcUlltrUlhydrauⅡ cvalves,㏄plac㏑ gthetrad北 bnalmechallical

leversw丘 hcUntactleSSSenSjng.SuchappLca1Uns include;∼ 山㏕ngTn肥 kS,BackhUcLUaders,

Cranes,Ⅲ芻 e“,ScissUrLf比 ,e托 .

Spacecraft prUpuIsiUn

AHaⅡ effectthruster(HET)抬 arelatⅣ e妙 lUwpUwerdevicethat拍 usedtUprUpelsUme
spacecraft,Uncetheyget mtUUrb北 UrfartherUut llltUSpace.IntheHET,atUmsareiUnLed

andacceleratedbyanelectricfleld.AradiallnagneticfleldestabIshedbyInagnetsUnthe

thnlsterkusedtUtrapelectrUnsⅥ◤hichthenUrb北 andcreateanelectrLΠ eldduetUtheHaⅡ

enwiklpedlaU〕 g/xvik1.H㏕ lefect
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effect.AlargepUten石 hl上 estab㏑hedbetwecntheendUfthethmsterwhereneutral

prUpellant kfedalldthepartwhereeleciUnsareprUduced,sUelectrUns trappcdin the

magnet沁 丘eldcannUtfaldUwn tllepUtenthl,andthusareextremc圩 energet沁 aⅡUw㏑gthem

tUiUnLeneutralatUms.Neutral prUpellant is pumpedintUthechamberandis iUn扢 edbythe

trappedclectrUnS.ThenpUs比 Ⅳ ebnsandelcctrUnsare句 ectedfrUmthethmsterasa

quas㏑eutral plasllla,creat㏑ gthrust.

TheCUrbinUeffect

TheCUrb㏑ UeffectkaphcnUmenUn㏑ vUlv㏑gthcHaⅢ

effcct,butadisc-shaped工 Ⅱctalsampleisuscdin placcUf

arectangularUne.BecauSeUf北 sshapetheCUrb㏑ Udisc

aⅡU炳 ◤StheUbservajUnUfIIaⅡ 一effect一 based

magnetUresistancewithUuttheassUclatedHallvUltage.

Ara山alcuIent thrUu山 aclculardkc,su切 ectedtUa

magnejcfleldperpendiculartUtheplancUfthedisc,

prUducesaⅡ circula′
’cu#ent thrUughthedisc.口〕

TheabsenceUfthefreetransverSebUundariesrenders the

interpretatiUnUfthcCUrbinUeffects如 ηplerthanthatUf

tlleHaⅡ cffect.
CUrbi【)d伯c-daslledclIrves

representb蚵血血沁pialpathsUf

de北ctedelectrUlls

Nemst-Ettmghauseneffea

QuantumHaleffea
Sp㏑ HaⅡ effect

ThcΠmalHaⅡ effect

Senftlcbcn-Beenakkereffcct

Transducer

、

πanderPauWmethUd
CUulUmbpUtenIalbetweentwU
cu“ent lUUpsembeddedjnarnagneIc
fleld

ListUfplasma(physics)articles

SeeaⅡsU

Capac北Ur

EddycuIents
Elelllental乎 charge

EhcFawcett
HaⅡ effectsensUr

HaⅡ effectthr略 ter

HaⅡ prUbe

Nernsteffect

RefereⅡces

enwlklpe山 a以蜘 h,H㏕Hfea
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 Sp㏑ HaⅡ EffectDetectedatRUUlnTeImperature
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一
HaⅡ EffectSens㏑ gandAppⅡcatbn
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QuaΠtuⅢ HaⅡ effect
FrUm‵0㏑pe&a,thefreeencyclUpe山 a

ThequaⅡ tuⅢ ⅡaⅡ effect(UriⅡ tegerqⅡ antumHaⅡ effect9抬 aquantum-mechanical
versbnUftlleHaⅡ effect,UbseⅣ ed㏑ twU＿山 mensbnalelectrUnsystemssu切 ectedtUlUw
temperaturesandstrUngmagneticΠ elds,㏑ whichtheHaⅡ cUnductⅣityσ takesUnthe
quan」zedvaIues
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E

仔 =舯
亍

whcreθ is theelementa●◤chargeand乃 isPlanck’ scUnstant.TheprefactUrvis knUwllasthe
叮Ⅲ㏑gfactUr’ ,andcantakeUne北her㏑teger” =l,2,3,‥ )Urrat㏑nalfractiUn° =l/3,
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螄 9expla㏑ ed㏑ temnsUfs㏑ gle-pa血cleUrb士akUfanelectrUn㏑ amagnet㏑ fleld仆ee
Landauquant扢aIUn).ThefracIUn㏕ quantllmHaⅡ effect抬 mUrecUmpIcated,as你
e虹 stencereⅡ esfundamenta町 UnelectrUn一 electrUn㏑ teractiUns.Itka㏑ Uve〃 weⅡ

understUUdasan integerquantumHaⅡ effect,nUtUfeleciUnsbutUfcharge-nuxcUmpUs北 es
knUwnascUmpUs北efermlUns.
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Fractional quantum Hall effect
From Wikipedia, the free encyclopedia

The fractional quantum Hall effect (FQHE) is a physical phenomenon in which the Hall
conductance of 2D electrons shows precisely quantised plateaus at fractional values of .

It is a property of a collective state in which electrons bind magnetic flux lines to make new
quasiparticles, and excitations have a fractional elementary charge and possibly also fractional
statistics. Its discovery and explanation were recognized by the 1998 Nobel Prize in Physics.
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Introduction

The fractional quantum Hall effect (FQHE) is a collective behaviour in a two-dimensional
system of electrons. In particular magnetic fields, the electron gas condenses into a
remarkable liquid state, which is very delicate, requiring high quality material with a low
carrier concentration, and extremely low temperatures. As in the integer quantum Hall effect,
a series of plateaus form in the Hall resistance. Each particular value of the magnetic field
corresponds to a filling factor (the ratio of electrons to magnetic flux quanta)

where p and q are integers with no common factors. Here q turns out to be an odd number
with the exception of two filling factors 5/2 and 7/2. The principal series of such fractions are

and

There were several major steps in the theory of the FQHE.
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Laughlin states and fractionally-charged quasiparticles: this theory, proposed by
Laughlin, is based on accurate trial wave functions for the ground state at fraction 

as well as its quasiparticle and quasihole excitations. The excitations have fractional

charge of magnitude .

Fractional exchange statistics of quasiparticles: Bertrand Halperin conjectured, and
Daniel Arovas, J. R. Schrieffer, and Frank Wilczek demonstrated, that the fractionally
charged quasiparticle excitations of the Laughlin states are anyons with fractional

statistical angle ; the wave function acquires phase factor of  (together with an

Aharonov-Bohm phase factor) when identical quasiparticles are exchanged in a
counterclockwise sense. A recent experiment seems to give a clear demonstration of

this effect [1].

Hierarchy states: this theory was proposed by Duncan Haldane, and further clarified
by Halperin, to explain the observed filling fractions not occurring at the Laughlin states'

. Starting with the Laughlin states, new states at different fillings can be

formed by condensing quasiparticles into their own Laughlin states. The new states and
their fillings are constrained by the fractional statistics of the quasiparticles, producing
e.g.  and  states from the Laughlin  state. Similarly constructing

another set of new states by condensing quasiparticles of the first set of new states, and
so on, produces a hierarchy of states covering all the odd-denominator filling fractions.

This idea has been validated quantitatively,[2] and brings out the observed fractions in a
natural order. Laughlin's original plasma model was extended to the hierarchy states by

MacDonald and others.[3]

Composite fermions: this theory was proposed by Jain, and further extended by
Halperin, Lee and Read. The basic idea of this theory is that as a result of the repulsive
interactions, two (or, in general, an even number of) vortices are captured by each
electron, forming integer-charged quasiparticles called composite fermions. The
fractional states of the electrons are understood as the integer QHE of composite
fermions. For example, this makes electrons at filling factors 1/3, 2/5, 3/7, etc. behave
in the same way as at filling factor 1, 2, 3, etc. Composite fermions have been
observed, and the theory has been partially verified by experiment and computer
calculations. Composite fermions are valid even beyond the fractional quantum Hall
effect; for example, the filling factor 1/2 corresponds to zero magnetic field for
composite fermions, resulting in their Fermi sea. Composite fermion theory provides a
complementary description of the Laughlin and hierarchy states. It gives trial wave
functions which, though not identical to those produced from the hierarchy picture (the
wave functions for the Laughlin states are identical), are in the same universality class,
as shown by Read. There are no experimental tests for fractional quantum Hall states
that, even in principle, allow one to confirm the composite fermion description while
excluding the hierarchy description.

The FQHE was experimentally discovered in 1982 by Daniel Tsui and Horst Störmer, in
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experiments performed on gallium arsenide heterostructures developed by Arthur Gossard.
Tsui, Störmer, and Laughlin were awarded the 1998 Nobel Prize for their work.

Fractionally charged quasiparticles are neither bosons nor fermions and exhibit anyonic
statistics. The fractional quantum Hall effect continues to be influential in theories about
topological order. Certain fractional quantum Hall phases appear to have the right properties
for building a topological quantum computer.

Evidence for fractionally-charged quasiparticles

Experiments have reported results that specifically support the understanding that there are
fractionally-charged quasiparticles in an electron gas under FQHE conditions.

In 1995, the fractional charge of Laughlin quasiparticles was measured directly in a quantum

antidot electrometer at Stony Brook University, New York.[4] In 1997, two groups of
physicists at the Weizmann Institute of Science in Rehovot, Israel, and at the Commissariat à
l'énergie atomique laboratory near Paris, detected such quasiparticles carrying an electric

current, through measuring quantum shot noise.[5][6] Both of these experiments are
somewhat controversial.

A more recent experiment,[7] which measures the quasiparticle charge extremely directly,
appears beyond reproach.

Impact of fractional quantum Hall effect

The FQH effect shows the limits of Landau's symmetry breaking theory. Previously it was
long believed that the symmetry breaking theory could explain all the important concepts and
essential properties of all forms of matter. According to this view the only thing to be done is
to apply the symmetry breaking theory to all different kinds of phases and phase transitions.
From this perspective, we can understand the importance of the FQHE discovered by Tsui,
Stormer, and Gossard.

Different FQH states all have the same symmetry and cannot be described by symmetry
breaking theory. Thus FQH states represent new states of matter that contain a completely
new kind of order—topological order. The existence of FQH liquids indicates that there is a
whole new world beyond the paradigm of symmetry breaking, waiting to be explored. The
FQH effect opened up a new chapter in condensed matter physics. The new type of orders
represented by FQH states greatly enrich our understanding of quantum phases and quantum
phase transitions. The associated fractional charge, fractional statistics, non-Abelian statistics,
chiral edge states, etc demonstrate the power and the fascination of emergence in many-body
systems.

See also
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Laughlin wavefunction
Hall probe
Quantum Hall Effect
Topological order
Coulomb potential between two current loops embedded in a magnetic field
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A French cyclotron, produced in

Zurich, Switzerland in 1937

A modern cyclotron for radiation

therapy

Cyclotron
From Wikipedia, the free encyclopedia

A cyclotron is a compact type of particle accelerator in
which charged particles in a static magnetic field are
travelling outwards from the center along a spiral path and
get accelerated by radio frequency electromagnetic fields.

The cyclotron was invented by Leó Szilárd and first

manufactured and patented[1] by Ernest Lawrence, of the
University of California, Berkeley who started operating it

in 1932.[2] Lawrence read an article about the concept of

a drift tube linac by Rolf Widerøe,[3][4] who had also
been working along similar lines with the betatron
concept. The first European cyclotron was constructed in
Leningrad in the physics department of the Radium
Institute, headed by Vitali Khlopin. This instrument was
first proposed in 1932 by George Gamow and Lev

Mysovskii and was installed and running by 1937.[5]

TRIUMF, Canada's national laboratory for nuclear and
particle physics, houses the world's largest cyclotron. The
18m diameter, 4,000 tonne main magnet produces a field
of 0.46 T while a 23 MHz 94 kV electric field is used to
accelerate the 300 μA beam. TRIUMF is run by a
consortium of sixteen Canadian universities and is located
at the University of British Columbia, Vancouver,
Canada.
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Diagram of cyclotron operation from

Lawrence's 1934 patent. The "D"

shaped electrodes are enclosed in a flat

vacuum chamber, which is installed in a

narrow gap between the two poles of a

large magnet.

Beam of electrons moving in a circle.

Lighting is caused by excitation of gas

atoms in a bulb.

Sketch of a particle being

accelerated in a cyclotron, and

being ejected trough a beamline.

Principle of operation

Cyclotrons accelerate charged particle beams using a
high frequency alternating voltage which is applied
between two "D"-shaped electrodes (also called
"dees"). An additional static magnetic field  is
applied in perpendicular direction to the electrode
plane, enabling particles to re-encounter the

accelerating voltage many times at the same phase.[1]

To achieve this, the voltage frequency must match
the particle's cyclotron resonance frequency

,

with the relativistic mass m and its charge q. This
frequency is given by equality of centripetal force and
magnetic Lorentz force. The particles, injected near
the centre of the magnetic field, increase their kinetic
energy only when recirculating through the gap
between the electrodes; thus they travel outwards
along a spiral path.

Their radius will increase until the particles hit a target
at the perimeter of the vacuum chamber, or leave the
cyclotron using a beam tube, enabling their use e.g.
for particle therapy. Various materials may be used
for a target, and the collisions will create secondary
particles which may be guided outside of the
cyclotron and into instruments for analysis.

Relativistic considerations

In the nonrelativistic approximation, the frequency does
not depend upon the radius of the particle's orbit, since
the particle's mass is constant. As the beam spirals out, its
frequency does not decrease, and it must continue to
accelerate, as it is travelling more distance in the same
time.

In contrast to this approximation, as particles approach
the speed of light, their relativistic mass increases,
requiring either modifications to the frequency, leading to
the synchrocyclotron, or the magnetic field during the
acceleration, leading to the isochronous cyclotron. The
relativistic cyclotron frequency can be rewritten as
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,

where

 is the Lorentz factor

 is the particle rest mass
 would be the cyclotron frequency in classical approximation.

The gyroradius for a particle moving in a static magnetic field is then given by

,

where  is the relative velocity.

Synchrocyclotron

Main article: Synchrocyclotron

A synchrocyclotron is a cyclotron in which the frequency of the driving RF electric field is
varied to compensate for relativistic effects as the particles' velocity begins to approach the
speed of light. This is in contrast to the classical cyclotron, where the frequency was held
constant, thus leading to the synchrocyclotron operation frequency being

,

where  is the classical cyclotron frequency, and  again is the relative velocity of

the particle beam.

The rest mass of an electron is 511 keV/c2, so the frequency correction is 1% for a magnetic

vacuum tube with a 5.11 keV/c2 direct current accelerating voltage. The proton mass is
nearly two thousand times the electron mass, so the 1% correction energy is about 9 MeV,
which is sufficient to induce nuclear reactions.

Isochronous cyclotron

An alternative to the synchrocyclotron is the isochronous cyclotron, which has a magnetic
field that increases with radius, rather than with time. Isochronous cyclotrons are capable of
producing much greater beam current than synchrocyclotrons, but require azimuthal
variations in the field strength to provide a strong focusing effect and keep the particles
captured in their spiral trajectory.

Recalling the relativistic gyroradius
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and the relativistic cyclotron frequency , one can choose  to be proportional to

the Lorentz factor, . This results in the relation

which again only depends on the velocity , like in the non-relativistic case. Also, the
cyclotron frequency is constant in this case.

The transverse de-focusing effect of this radial field gradient is compensated by ridges on the
magnet faces which vary the field azimuthally as well. This allows particles to be accelerated
continuously, on every period of the radio frequency (RF), rather than in bursts as in most
other accelerator types. This principle that alternating field gradients have a net focusing
effect is called strong focusing. It was obscurely known theoretically long before it was put

into practice.[citation needed] Examples of the Isochronous Cyclotron include the Oak Ridge
Isochronous Cyclotron (ORIS)which ionises radioactive particles to produce Radioactive Ion

Beams and was one of the first AVF cyclotrons produced.[6]

Usage

For several decades, cyclotrons were the best source of high-energy beams for nuclear
physics experiments; several cyclotrons are still in use for this type of research. The results
enable the calculation of various properties, such as the mean spacing between atoms and the
creation of various collision products. Subsequent chemical and particle analysis of the target
material may give insight into nuclear transmutation of the elements used in the target.

Cyclotrons can be used in particle therapy to treat cancer. Ion beams from cyclotrons can be
used, as in proton therapy, to penetrate the body and kill tumors by radiation damage, while
minimizing damage to healthy tissue along their path. Cyclotron beams can be used to
bombard other atoms to produce short-lived positron-emitting isotopes suitable for PET
imaging.

More recently cyclotrons currently installed at hospitals for particle therapy have been

retrofitted to enable them to produce technetium-99.[7] Technetium-99 is a diagnostic isotope
in short supply due to difficulties at Canada's Chalk River facility.

Advantages and Limitations

The cyclotron was an improvement over the linear accelerators (linacs) that were available
when it was invented, being more cost- and space-effective due to its iterated interaction with
the accelerating field. In the 1920s, it was not possible to generate high power high-frequency
radio waves which are used in modern linacs (generated by klystrons), thus requiring
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60-inch cyclotron, circa 1939, showing a beam

of accelerated ions (likely protons or deuterons)

escaping the accelerator and ionizing the

surrounding air causing a blue glow

The magnet portion of a 27" cyclotron. The gray

object is the upper pole piece, routing the

magnetic field in two loops through a similar part

below. The white canisters held conductive coils

to generate the magnetic field. The D electrodes

are contained in a vacuum chamber that was

inserted in the central field gap.

unpractically long linac structures for higher-
energy particles. The compactness of the
device reduces other costs, such as its
foundations, radiation shielding, and the
enclosing building.

Cyclotrons have a single electrical driver,
which saves both money and power, since
more expense may be allocated to increasing
efficiency. Furthermore, cyclotrons are able to
produce a continuous stream of particles at the
target, so the average power passed from a
particle beam into a target is relatively high.

The spiral path of the cyclotron beam can only
"sync up" with klystron-type (constant
frequency) voltage sources if the accelerated
particles are approximately obeying Newton's
Laws of Motion. If the particles become fast
enough that relativistic effects become
important, the beam gets out of phase with the
oscillating electric field, and cannot receive any
additional acceleration. The classical cyclotron
is therefore only capable of accelerating
particles up to a few percent of the speed of
light. To accommodate increased mass the
magnetic field may be modified by
appropriately shaping the pole pieces as in the
isochronous cyclotrons, operating in a pulsed
mode and changing the frequency applied to
the dees as in the synchrocyclotrons, either of
which is limited by the diminishing cost
effectiveness of making larger machines. Cost
limitations have been overcome by employing
the more complex synchrotron or modern,
klystron-driven linear accelerators, both of
which have the advantage of scalability, offering more power within an improved cost
structure as the machines are made larger.

Related technologies

The spiraling of electrons in a cylindrical vacuum chamber within a transverse magnetic field
is also employed in the magnetron, a device for producing high frequency radio waves
(microwaves).

The synchrotron moves the particles through a path of constant radius, allowing it to be made
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as a pipe and so of much larger radius than is practical with the cyclotron and
synchrocyclotron. The larger radius allows the use of numerous magnets, each of which
imparts angular momentum and so allows particles of higher velocity (mass) to be kept within
the bounds of the evacuated pipe. The magnetic field strength of each of the bending
magnets is increased as the particles gain energy in order to keep the bending angle constant.

See also

Beamline
Cyclotron radiation
Synchrotron light
Bremsstrahlung (radiation)
Electron cyclotron resonance
Gyroradius
Gyrotron
Ion cyclotron resonance
Linear accelerator
Particle accelerator
Storage ring
Synchrocyclotron
Synchrotron
TRIUMF - largest cyclotron in the world
Radiation reaction
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Indiana University Cyclotron Facility (http://www.iucf.indiana.edu/) MPRI treats first
patient using robotic gantry system.
"The 88-Inch Cyclotron at LBNL" (http://user88.lbl.gov/)
"The NSCL at Michigan State University" (http://www.nscl.msu.edu/) Home of
coupled K500 and K1200 cyclotrons; the K500, being the first superconducting
cyclotron and the K1200 currently the most powerful in the world.
Rutgers Cyclotron (http://www.physics.rutgers.edu/cyclotron/) and "Building a
Cyclotron on a Shoestring"
(http://www.physicstoday.org/resource/1/phtoad/v57/i11/p30_s1?bypassSSO=1) Tim
Koeth, now a graduate student at Rutgers University, built a 12-inch 1 MeV cyclotron
as an undergraduate project, which is now used for a senior-level undergraduate and a
graduate lab course.
"Resonance Spectral Analysis with a Homebuilt Cyclotron"
(http://www.niell.org/cyc2.html) an experiment done by Fred M. Niell, III his senior
year of high school (1994–95) with which he won the overall grand prize in the ISEF.
Relativistic accelerator physics PDF
(http://casa.colorado.edu/~wcash/APS3730/chapter6.pdf)
Wired news article (http://www.wired.com/news/politics/0,1283,69726,00.html?
tw=wn_tophead_1#) about a neighborhood cyclotron in Anchorage, Alaska
The Cyclotron Kids (http://thecyclotronkids.org/) A pair of high school students building
their own 2.3 MeV cyclotron for experimentation.
2010 Small Cyclotron Conference (http://cyclotronconference.org/) Amateur cyclotron
builders gathered for the first Small Cyclotron Conference on April 24, 2010.
TSL - The Svedberg laboratory (http://www.tsl.uu.se/welcome.html) , center for proton
therapy and radiation testing, Uppsala, Sweden.
Oak Ridge Isochronous Cyclotron (http://www.phy.ornl.gov/hribf/accelerator/oricweb/)
Web site of company IBA (http://www.iba.be)
Advanced Cyclotron Systems Inc (http://www.advancedcyclotron.com) Commercial
manufacturer of high output medical cyclotrons.
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A synchrotron is a particular type of cyclic particle accelerator originating from the cyclotron
in which the guiding magnetic field (bending the particles into a closed path) is time-
dependent, being synchronized to a particle beam of increasing kinetic energy. The
synchrotron is one of the first accelerator concepts that enable the construction of large-scale
facilities, since bending, beam focusing and acceleration can be separated into different
components.

The first electron synchrotron was constructed by Edwin McMillan in 1945, although the
principle had already been published (unknown to him) in a Russian journal by Vladimir

Veksler.[1][2] The first proton synchrotron was designed by Sir Marcus Oliphant[3][4][2] and

built in 1952.[2]
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Differentiation

A storage ring is a special type of synchrotron in which the kinetic energy of the particles is
kept constant.

A synchrotron light source is a combination of different accelerator types, including a storage
ring with beamlines and usually a synchrotron (which is sometimes called booster in this
context). Synchrotron light sources in their entirety are sometimes called "synchrotrons",
although this is technically incorrect.

A cyclic collider is also a combination of different accelerator types, including two
intersecting storage rings and the respective pre-accelerators.

Principle of operation
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A drawing of the Cosmotron

The interior of the Australian Synchrotron facility, a

synchrotron light source. Dominating the image is the

storage ring, showing a beamline at front right. The

storage ring's interior includes a synchrotron and a

linac.

While a classical cyclotron uses both a constant guiding magnetic field and a constant-
frequency electromagnetic field (and is working in classical approximation), its successor, the
isochronous cyclotron, works by local variations of the guiding magnetic field, adapting the
increasing relativistic mass of particles during acceleration.

In a synchrotron, this adaptation is done by variation of
the magnetic field strength in time, rather than in space.
For particles that are not ultrarelativistic, the frequency of
the applied electromagnetic field may also change to
accompany their non-constant circulation time. By
increasing these parameters appropriately as the particles
gain energy, their circulation path can be held constant as
they are accelerated. This allows the vacuum chamber for
the particles to be a large thin torus, rather than a disk as
in previous, compact accelerator designs. Also, the thin profile of the vacuum chamber
allowed for a more efficient use of magnetic fields than in a cyclotron, enabling the cost-
effective construction of larger synchrotrons.

While the first synchrotrons and storage rings like the Cosmotron and ADA strictly used the
toroid shape, the strong focusing principle independently discovered by Ernest Courant et

al.[5][6] and Nicholas Christofilos[7] allowed the complete separation of the accelerator into
components with specialized functions along the particle path, shaping the path into a round-
cornered polygon. Some important components are given by radio frequency cavities for
direct acceleration, dipole magnets (bending magnets) for deflection of particles (to close the
path), and quadrupole / sextupole magnets for beam focusing.

The combination of time-dependent guiding
magnetic fields and the strong focusing
principle enabled the design and operation
of modern large-scale accelerator facilities
like colliders and synchrotron light sources.
The straight sections along the closed path
in such facilities are not only required for
radio frequency cavities, but also for
particle detectors (in colliders) and photon
generation devices such as wigglers and
undulators (in third generation synchrotron
light sources).

The maximum energy that a cyclic accelerator can impart is typically limited by the maximum
strength of the magnetic fields and the minimum radius (maximum curvature) of the particle
path. Thus one method for increasing the energy limit is to use superconducting magnets,
these not being limited by magnetic saturation. electron/positron accelerators may also be
limited by the emission of synchrotron radiation, resulting in a partial loss of the particle
beam's kinetic energy. The limiting beam energy is reached when the energy lost to the lateral
acceleration required to maintain the beam path in a circle equals the energy added each
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Modern industrial-scale synchrotrons can be

very large (here, Soleil near Paris)

cycle.

More powerful accelerators are built by using large radius paths and by using more numerous
and more powerful microwave cavities. Lighter particles (such as electrons) lose a larger
fraction of their energy when deflected. Practically speaking, the energy of electron/positron
accelerators is limited by this radiation loss, while this does not play a significant role in the
dynamics of proton or ion accelerators. The energy of such accelerators is limited strictly by
the strength of magnets and by the cost.

Injection procedure

Unlike in a cyclotron, synchrotrons are unable to accelerate particles from zero kinetic
energy; one of the obvious reasons for this is that its closed particle path would be cut by a
device that emits particles. Thus, schemes were developed to inject pre-accelerated particle
beams into a synchrotron. The pre-acceleration can be realized by a chain of other
accelerator structures like a linac, a microtron or another synchrotron; all of these in turn
need to be fed by a particle source comprising a simple high voltage power supply, typically a
Cockcroft-Walton generator.

Starting from an appropriate initial value determined by the injection energy, the field strength
of the dipole magnets is then increased. If the high energy particle are emitted at the end of
the acceleration procedure, e.g. to a target or to another accelerator, the field strength is again
decreased to injection level, starting a new injection cycle. Depending on the method of
magnet control used, the time interval for one cycle can vary substantially between different
installations.

Synchrotrons in large-scale facilities

One of the early large synchrotrons, now
retired, is the Bevatron, constructed in 1950 at
the Lawrence Berkeley Laboratory. The name
of this proton accelerator comes from its
power, in the range of 6.3 GeV (then called
BeV for billion electron volts; the name
predates the adoption of the SI prefix giga-). A
number of transuranium elements, unseen in
the natural world, were first created with this
machine. This site is also the location of one
of the first large bubble chambers used to
examine the results of the atomic collisions
produced here.

Another early large synchrotron is the Cosmotron built at Brookhaven National Laboratory

which reached 3.3 GeV in 1953.[8]
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As part of colliders

See also: List of accelerators in particle physics

Until August 2008, the highest energy collider in the world was the Tevatron, at the Fermi
National Accelerator Laboratory, in the United States. It accelerates protons and antiprotons
to slightly less than 1 TeV of kinetic energy and collides them together. The Large Hadron
Collider (LHC), which has been built at the European Laboratory for High Energy Physics
(CERN), has roughly seven times this energy (so proton-proton collisions occur at roughly 14
TeV). It is housed in the 27 km tunnel which formerly housed the Large Electron Positron
(LEP) collider, so it will maintain the claim as the largest scientific device ever built. The
LHC will also accelerate heavy ions (such as lead) up to an energy of 1.15 PeV.

The largest device of this type seriously proposed was the Superconducting Super Collider
(SSC), which was to be built in the United States. This design, like others, used
superconducting magnets which allow more intense magnetic fields to be created without the
limitations of core saturation. While construction was begun, the project was cancelled in
1994, citing excessive budget overruns — this was due to naïve cost estimation and
economic management issues rather than any basic engineering flaws. It can also be argued
that the end of the Cold War resulted in a change of scientific funding priorities that
contributed to its ultimate cancellation. While there is still potential for yet more powerful
proton and heavy particle cyclic accelerators, it appears that the next step up in electron beam
energy must avoid losses due to synchrotron radiation. This will require a return to the linear
accelerator, but with devices significantly longer than those currently in use. There is at
present a major effort to design and build the International Linear Collider (ILC), which will
consist of two opposing linear accelerators, one for electrons and one for positrons. These
will collide at a total center of mass energy of 0.5 TeV.

As part of synchrotron light sources

See also: List of synchrotron radiation facilities

Synchrotron radiation also has a wide range of applications (see synchrotron light) and many
2nd and 3rd generation synchrotrons have been built especially to harness it. The largest of
those 3rd generation synchrotron light sources are the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France, the Advanced Photon Source (APS) near Chicago,
USA, and SPring-8 in Japan, accelerating electrons up to 6, 7 and 8 GeV, respectively.

Synchrotrons which are useful for cutting edge research are large machines, costing tens or
hundreds of millions of dollars to construct, and each beamline (there may be 20 to 50 at a
large synchrotron) costs another two or three million dollars on average. These installations
are mostly built by the science funding agencies of governments of developed countries, or
by collaborations between several countries in a region, and operated as infrastructure
facilities available to scientists from universities and research organisations throughout the
country, region, or world. More compact models, however, have been developed, such as
the Compact Light Source.
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Applications

Life sciences: protein and large molecule crystallography
LIGA based microfabrication
Drug discovery and research
"Burning" computer chip designs into metal wafers
Analysing chemicals to determine their composition
Observing the reaction of living cells to drugs
Inorganic material crystallography and microanalysis
Fluorescence studies
Semiconductor material analysis and structural studies
Geological material analysis
Medical imaging
Proton therapy to treat some forms of cancer

See also

List of synchrotron radiation facilities
Synchrotron X-ray tomographic microscopy
Energy amplifier
Superconducting Radio Frequency
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Properties of the Gyrotron beam

Gyrotron
From Wikipedia, the free encyclopedia

Gyrotrons are high powered vacuum tubes which emit
millimeter-wave beams by bunching electrons with
cyclotron motion in a strong magnetic field. Output
frequencies range from about 20 to 250 GHz, covering
wavelengths from microwave to the edge of the terahertz
gap. Typical output powers range from tens of kilowatts
to 1-2 megawatts. Gyrotrons can be designed for pulsed
or continuous operation.
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Principle of operation

The gyrotron is a type of free electron maser (microwave amplification by stimulated
emission of radiation). It has high power at millimeter wavelengths because its dimensions
can be much larger than the wavelength, unlike conventional vacuum tubes, and it is not
dependent on material properties, as are conventional masers. The bunching depends on a
relativistic effect called the Cyclotron Resonance Maser instability. The electron speed in a
gyrotron is slightly relativistic (comparable to but not close to the speed of light). This
contrasts to the free electron laser (and xaser) that work on different principles and which
electrons are highly relativistic.

Applications

Gyrotrons are used for many industrial and high technology heating applications. For
example, gyrotrons are used in nuclear fusion research experiments to heat plasmas, and also
in manufacturing industry as a rapid heating tool in processing glass, composites, and
ceramics, as well as for annealing (solar and semiconductors). Military applications include
the Active Denial System.
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Manufacturers

The gyrotron was invented in the Soviet Union.[1] Present makers include Communications
& Power Industries (USA), Gycom (Russia), Thales Group (EU), Toshiba (Japan) and
Bridge12 Technologies, Inc. (http://www.bridge12.com) . System developers include
Gyrotron Technology, Inc (http://gyrotrontech.com)

See also

Electron cyclotron resonance
Magnetron
Klystron
Cyclotron
Fusion power

Tokamak
Terahertz radiation
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