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KBanToBaHMe 3HEPrum 3JIeKTPOHOB Quantization of energy of
B MArHUTHOM 0eTa-cnieKTpoMeTpe electrons in a magnetic beta-
spectrometer
A. II. Tpynes (Toronto, Canada) Alexander P. Trunev

The motion of electrons in a magnetic beta-spectrometer
has been analyzed on the basis of quantum mechanics. It is
shown that this movement is characterized by an additional
quantum number, and a large mechanical moment, which
significantly affects the spectra of beta-electrons.

Ha ocHOBe KBaHTOBOW MEXaHHKH CHeJaH aHAIW3 JBUKCHHS
3JIEKTPOHOB B MarHUTHOM OeTa-criektpomerpe. [TokasaHo, 4To 310
JABHXXCHHEC XapaKTEPU3yeTCA HaJIMYUEM JOIIOJIHUTCIIBHOT O
KBaHTOBOTO 4YHCJIAa W OONBIIMM 3HAYCHHEM MEXaHHYECKOro
MOMEHTa, YTO CYIIECTBEHHO BIHMAET Ha CIEKTphl OerTa-
9JICKTPOHOB.

KitoueBsie cnoBa: bera-pacnaj, kBaHTOBasi MEXaHUKA, Keywords: Beta decay, quantum mechanics,
MarHUTHBIH OeTa-CIeKTPOMETP, MArHUTHOE TI0JIE, magnetic beta-spectrometer, magnetic field, electron
HEUTPUHO, IEKTPOH

Beenenue

OCHOBBI KJIACCUYECKON TEOPUHU ABUKEHUS 3aPSIKEHHBIX YaCTHUI[ B AJIEKTPUUECKUX
M MarHUTHBIX TOJSAX ObUTM 3ayiokeHbl B Tpyaax Jlopenma /1-2/. B 1897 rony,
ucclenysi KarofaHble Jiydd, TOMCOH /3/ OTKpBUI dJ€MEHTapHbIE HOCHUTEIH
HETaTUBHOT'O AJIEKTPUYECTBA, KOTOPHIE MO3KE MOJYUYUIN HA3BAHHUE DIIEKTPOHBI.
ToMcoH u3Mepun OTHOIIEHHE 3apsijia K Macce d3JEKTPOHa, Mpeirojiaras, 4To
JMHAMHKA STUX YacCTHUIl OMHUCHIBACTCS KIIACCUUYECKUMH ypaBHeHUsMH. Ho yxe B
1901 r, uccnenys Oera-myuu, Kaypman /4-5/ oOHapykuj1, 4TO 3aKOH OTKJIOHEHUS
0€Ta-2JICKTPOHOB B DJEKTPUUYECKOM K B MArHUTHOM TMOJie¢ OTJIMYaeTCs OT
KJIACCUYECKUX 3aKOHOB. Mcrmonb3ys pe3ysbTaThl paHHUX onbiToB Kaydmana /4/,
AlGparam /6/, byxepep /7/ wm DOuHmTeldH /8-9/ pa3BwiM TEOpUH JIBUKCHHS
AJIEKTPOHOB, JABMKYIIUXCS CO CKOPOCTBIO, OJM3KOM K CKOpocTH cBeta. OaHaKo,
TOYHOCTh paHHUX OmNbITOB Kaydmana /4/ He Obljia 10CTATOYHOM, YTO OBl PEIIUTH,

Kakasi U3 MOJIeJiel MPaBUILHO OMHUCHIBAET NMHAMMKY 3ieKTpoHa. B 1905-1906 r
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Kaypman noBTopusi CBOM SKCIEPUMEHTHI /5/, a TakKe cJenan aHajau3 JABUKECHUS
AJIEKTPOHA Ha OCHOBEe Teopuit AOparama /6/, Jlopenua /2/ m HOBOUW Teopuu
OliHmTeHa /8/, n0Ka3aB HWIAEHTUYHOCTh MOCIAEAHUX JIBYX, HO JaHHBIE €ro
AKCIEPUMEHTOB COBNAIIU ¢ Teopuen AOparama /6/.

OvinmTediH B 1906 T B cBoeil pabore "OrmpeneneHUs COOTHOIICHHUS MEXKIY
nornepeyHo W mpoAoiapHON Maccamu" /9/, mokazan uro Teopuu JlopeHua u
OUHINTENHA NeWCTBUTENBHO NAa0T OAMHAKOBBIN pe3yibTaT, a Teopuu Abparama u
byxepepa maroT Oosiee HU3KOE 3HAYEHHE OTHOIIEHHUS TOMEPEYHOM Macchl K
po10JibHOM. OH MPEUIOKUIT CBOKO CXEMY SKCIEPUMEHTA MO ONPENEIEHUIO 3TOrO
COOTHONICHHsSI B dJeKTpoctarmueckoM monie. [lmank /10/ BwImomHWI aHAIW3
JTAHHBIX /4/ 1 TOKa3ajd uX OJIM3KOE COOTBETCTBHE Teopuu JlopeHla-DiHITelHa.
Heiiman BbimoaHun psij sxkcrepuMeHnToB /11/ ¢ 6eta-myyamu, B KOTOPBIX CKOPOCTh
0eTa-3JIeKTPOHOB ONpeleNsijiach C BBICOKOW TOYHOCTBIO, a TaKKe CpaBHUII
teopuu /2, 6-8/. OH noaTBepaAUa Teopuro JlopeHa-DUHIITEHa, OJTHAKO COMHEHUS
B MPaBUIBLHOCTH 3TON TEOPHUS BCE €I€ OCTaBAIKCh, TIOITOMY OBLIO BBHITIOJHEHO
MHOKECTBO DJKCIEPUMEHTOB C KaTOJIHBIMHU Jydamu /12/, KOTOpbIe, Ka3ajaocCh,
OKOHYATENbHO MNOATBep)kaanu Teoputo JlopeHma-OuHmrerHna. Ho peansHO
AKCTIICPUMEHT ¢ HEOOXOMMOM TOYHOCTBIO OBLT MOcTaBiIeH TONBKO B 1940 r, korma
Pomxepc u npyrue wu3Mepuiau MapaMeTpbl JBHXKEHUA O€Ta-3JEeKTPOHOB B
aneKTpocTaTudeckoM ananuzarope /13/. I Tonpko nocne storo teopus JlopeHua
Oblla TpU3HaHA BepHOW, a Teopuss AOparama Oblla OTBEpPrHyTa Kak
HECOCTOSATEIbHAS.

Pa3ButHe penaTUBUCTCKON TEOPUU JBHKEHUS AJIEKTPOHOB U COBEPIIEHCTBOBAHUE
METOJ0B U3MEPEHUSI TPAEKTOPUN B MATHUTHBIX U IJIEKTPUUYECKHUX IMOJISAX MPHUBEIU
K OTKPBITHIO O€Ta-CIEeKTPOB, aHAJIU3 KOTOPBIX, Ka3ajioCh, CBUAETEIbCTBOBAN O
HapyIIEHWH 3aKOHOB COXpaHEHUs JHepruu B Oera-pacmamax /14/. Tlaymm /15/
MPEANOJIOXKUI, YTO B OeTa-pacmaje, KpoMme siipa U 3JEKTPOHA, Y4YaCTBYET TPEThs
yactuia, kotopyto ®@epmu /16/ Ha3Ban HedTpuHo. OOmwumMu ycunusmu [upaka /
17/ n ®epMu OBUTM 3aJI0KEHBI OCHOBBI TEOPUHU CJIA0BIX B3aUMOJEUCTBHM, YTO
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MO3BOJIMJIO OOBSICHUTh MHOTHE OCOOCHHOCTH OeTa-CIEKTPOB AJIEKTpOHOB /18-19/.
[lonckn THUIOTETUYECKOW YACTULBI, OTBEYAIOUIECH 3a BBIIOJIHEHHE 3aKOHOB
COXpAaHECHMSI DSHEpPruu, UMITyJbca M MOMEHTa HUMIyJibca B OeTa-pacnaje,
3aTsHyuCh Ha 25 et /20/. bbulo yCTaHOBJIEHO, YTO HEUTPUHO JEHCTBUTEIHHO
SIBJISIETCS. HEUTPAJIbHOM YaCTUIIEH C MaJoW BETMYMHOM Macchl /21/.

CrnenyeT 3aMeTUTh, YTO HUJES HU3MEPEHHUs pachupelesieHus OeTa-3JIEKTPOHOB IO
DHEPTUAM BOCXOAUT K TomcoHy /3/, co3maBIIeMy MarHUTHBIA CHEKTPOMETD,
OPUHLUIT JIEUCTBUS KOTOPOrO OCHOBAaH Ha aHAIN3€ KIACCUYECKUX TPACKTOPHUIA
AJIEKTPOHOB B MAarHUTHOM TMoJjie. B mocrienyronme aecsaTuieTus Obulia co3jaHa
KBaHTOBAs MEXaHMKa /22/, ONMCHIBAIOIAS, B TOM YHUCJIE, IBUKCHUE SJICKTPOHOB B
MarHuTHoM mnoje /23/. OnHako ABM)KEHHE YacTUI] B MAarHUTHOM aHalM3aTope BCE
€Ie ONHUCHIBACTCS KJIACCUYECKUMHU YpaBHEHHUSIMHU, 0€3 KakoW-Tu0O0 OICHKU
BJIMSIHHSI KBAHTOBOTO MTOBEICHUS JIIEKTPOHOB Ha PE3YIbTAaThl U3MEPEHUI.

B nacrosieit padote, Ha ocHoBe ypaBHenus lllpenunrepa /22-23/, caenan ananus
JIBUKEHUS DJIEKTPOHOB B AKCIIEPUMEHTAIbHBIX ycTaHoBKax /4-5,11, 13/. TlokazaHo,
YTO B OKCIEPUMEHTaX C DJJEKTPOHAMH B TIOCTOSIHHBIX JJEKTPUYECKUX H
MAarHUTHBIX TIOJISIX KJIACCUYECKasl TPACKTOPHS KBAHTYETCS, MOATOMY TOYHOCTh
M3MEPECHHUI BCETJla OrpaHWyeHa MmMUpuHOW (yHKIMU pacnpeneneHus. Otcrona
ciaeayer, uto (opMysbl KIACCHYECKOM 3yeKTpoauHamMuku JlopeHma Henb3s
MOATBEPAUTh TOUHEE, YeM IO3BOJIIET KBAHTOBAsI MPUPOJIa ABUKEHUS AJIEKTPOHA.
Cnenana oOlleHKa BIMSHUS KOHEYHOM IMUPHUHBI (DYHKIMM pacrpeesieHus
AJIEKTPOHOB Ha O€Ta-CHEeKTPhl 3JIEKTPOHOB, HW3MEPEHHbIE B MAarHUTHOM
ananm3atope. Ha ocHoBe mpsimoro ananmusa maHHbIx /5, 11/ mokaszaHo, uyto Oeta-
CIEKTPbl MOKHO OIMCAaTh HA OCHOBE KBAHTOBOM MEXaHHMKH, HE NPUBJIEKas

runoresy [laynau o TpexyacTU4HOM pacnaje.
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J{BMKEeHHEe 2JIEKTPOHA B MATHUTHOM I10J1€
PaccMOTpUM  OJIHOPOJHOE MAarHMTHOE II0JI€, HalpaBieHHOEe BAOJAbL ocu Oz
CUCTEMBI. B HIWIMHAPUYECKON CUCTEME KOOPAMHAT OAHOPOJHOMY MAarHUTHOMY

MIOJIF0 COOTBETCTBYET BEKTOPHBIN NMOTeHIIMAN Bujia /23/

rB

A= (0.4,.0), 4 === (1)

OtmernM, uto yrkuus (1) ynosnersopser yciosuto kamuopopkn d1v A = Qu

SABJISICTCS pELICHHEM ypaBHeHus Jlanaca
B n0oCTOSSHHOM MarHMTHOM I10JI€ B KJJACCUYECKOM CIIy4ae JIEKTPOHBI JIBUXKYTCS 10

KPYTrOBbIM OpOUTaM, pajlyC KOTOPBIX OINPENENsieTCs] U3 YCJIOBHUS PaBHOBECHUS B

dbopme ypaBHEHUS

2
mv
——=z=evH 2

p

Cornacno teopuu Jlopenua /2/ n DiiHmTeitHa /8-9/, Mpy NOBBILIEHUH CKOPOCTH

MoTIEpeYHast Macca AJIEKTPOHA U3MEHSIETCS Ha PEIATUBUCTCKUHN (HaKTOP:

m, A%

m:—ﬁ, ,8-; 3)

[Ipeanonoxxum, uro BbimosHsEeTcs: runore3a Jlopenna B popme ypaBHenus (3),
toraa noactasiss (3) B (4) u pa3pemniast ypaBHeHHE (2) OTHOCUTEIBLHO CKOPOCTH,

Haxoaum
_ eHp /' m,
\/1+ (eHp / myc)’

v(H)

(4)

CJ'ICI[OBEITGJ'IBHO, MOXHO OIIPCACINTL CKOPOCTL 3J3JICKTPOHOB, HCIIOJIB3YA TOJIBKO

JaHHBIC IO MArHMTHOMY  IIOJIXO. 3Has CKOpOCTb, MOJXKHO OINpCACIUTb
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KUHETHUYECKYI0 SHEPTHIO JJIEKTPOHOB, a 3aT€M, MU3MEPHUB UKCIO JJIEKTPOHOB C
MOMOIIBI0 cueTynka [elrepa, MOCTpPOUTh O€Ta-CIEeKTp MaHHOTO wu3oroma. Ha
MPaKTUKE TPUMEHSIIOTCS 0OoJiee CIokKHble MeToauku /18/, omHako BO Bcex
CYHIECTBYIOIIMX METOJMKAX TPACKTOPUHU DJIEKTPOHOB  OMNPEICIAIOTCS IO
YPAaBHEHUSIM  KIIACCUYECKOM JTUHAMUKH C yderoM cwibl JlopeHnma wu
PEISATUBUCTCKUX TMOIMPABOK, YTO MPUBOAUT K BbIpakeHUto tumna (4) . PaccmoTpum
BOIIPOC O MPABOMEPHOCTHM TaKOro IMOAXOJAa C YYETOM BOJIHOBOW MPHUPOIbI
AIEKTPOHA.

VYpaBuenue Illpenunrepa, omMChHIBAIOIIEE ABUKEHUE DJIEKTPOHA B MarHUTHOM

rmosie umeetT By /23/:
1 .
2—(p- eA)’Y =EV )
m

3necs P, A - onepatop uMITyIIbCa U BEKTOPHBIH ITOTEHIHAI COOTBETCTBEHHO.

[ToxcraBum BoipakeHue (1) B ypaBHenue (5), B pe3yJbTaTe, C YYETOM BBIPAKECHHUS

oreparopa UMITyJbCca B LIMIMHAPHYECKON CHCTEME KOOPAMHAT, HAXOUM
2 2p2. 2
Al 1 1 H e B I3
4 z

- HLIJW+—L|JF+—2LPM+L|JZZ y 4 2B
2m]] r r 1 8m 4m

L|J¢ = EV (6

Bynem uckatp penienue ypaBHeHus (6) B Bue QyHKIIUU

Y = X (r) exp(iMy + ik _z) (7)

1/2
r

[ToncraBnss BeipaxkeHue (7) B ypaBHeHHE (6) U pa3ziensis nepeMeHHbIe, HaX0IUM

AI2 " M ? eZBZI"Z +MeB
Skt s T T B ®

2m 7 8m 4m

3neecs Mo = M*-1/4.
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Buemne ypaBHenue (8) Mano OTIMYAETCS OT UCCIEAOBAHHOIO paHEE B 3ajJaue o
KBAaHTOBBIX OCHMJUISILMSX AJIEKTPOHA B MarHUTHOM rmoiie /23/. Hac uHTEpecyioT
pelieHus, I KOTOPBIX CIpPaBEMJIMBO Kiaccuyeckoe ypaBHeHue (2). Merton
MOJIyYEHHS! 3TUX PEIICHHI OblI pacCMOTpEH B padore /24/.

BBGIIGM HOBYIO IICPCMCHHYIO, OIIMCBIBAIOIIYIO OTKIOHCHHUC JJICKTPOHA OT

KJIACCUYECKOM TPAEKTOPUU  COTJIAcHO r= R+ g( . bBynem cuurtath, 4TO B

CBOCM JIBUJKCHHHU OBJICKTPOH ci1a00 OTKJIOHSETCS OT KJIACCUYECKOM TPAaCKTOPHUH,

T.e. cmpasemso coornomenne ¢ / R << 1. Pasnoxnm kosdduument

ypaBHeHUs1 (25) MO CTEemeHsM MaJioro mapamerpa QZ /R . YepxuBas TOJBKO

JIMHEUHBIC U KBaApaTU4YHBIC CJIaracMbIC, HAXOAUM YCJIIOBUC CUMMCTPHUU BOJIHOBOM

(GYHKIIUHA OTHOCUTENIBHO KJIACCUYECKOM TPaeKTOPUHU

2 2 2 p2
Al M03 25 _ e BZ 2R5 -0 9)
2mR 8m

[ToncraBnsast kiaccuueckoe ycioBUEe paBHOBecust cuil (2) B ypaBHeHue (9),

HaXO0JUM

» _ (mVR)
4

CJIGI[OB&TGJII)HO, IIpU IBUKCHUHU B MAaIrHUTHOM IIOJIC KJIaCCMYECKHUl MOMEHT B JABa

M, (10)

pa3a 0oJibllie KBAHTOBOI'O MEXAaHWYECKOro MOMEHTa. [Ipu BBIMOIHEHUH YCIOBUS
(10), ypaBHeHue (8) mpuHUMAET BUJ, KaK B MOJIEJIM KBAHTOBOTO FapMOHUYECKOIO

octmusitopa /23/
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/II2 " maw 2 2. N 2 _ eszz 3AI2M§
- W= 2 f 2 p4
2m 2 4m m° R
(11)
Fip. oM 2 (eB.R)" , nMeB,
2mH R* ¢ 8m 4m

NuTepecHo, 4To ¢ yd4eToM YycioBusi paBHOBecus (9) wyacTora KBAaHTOBBIX

OCLIJUISIUI COBIAAAET C €€ 3HaueHueM B 3aaaue Jlannay /23/

, _ e°B’
w- = > (12)
m
CoOctBenHsbie GpyHKIMU ypaBHeHus (11) umero cranaapTHeii Buja /23/
maw mwé* ma
1) ﬁH H exp(- “ ) H, L
2AI Al
(13)
2 d " 2
H (x)=(-1)"e —e
dx"
VYcnoBue KBaHTOBAaHUS YPOBHEHM SHEPTHH MOXKHO MPECTaBUTh B popme
10, o 0M) eB.R) .MeB
Eza0lnt ~0+ SN = y (BR) = (14)
0 20 2mp R 8m 4m

N3 Beipaxkenus (14) cienyer, 4To 3JIEKTPOH MOYKET U3MEHATHh CBOKO SHEPTUIO MPHU
JBWKEHUM B MAarHUTHOM TIOJi€, IyTeM BO30YyXIECHHsS AUCKPETHBIX YpPOBHEU
sHepruu ¢ yactorou (12). OTu mepexopl, U3BECTHBIC KaKk yYpoBHU JlaHnay, ObLIN
OoOHapy» eHbI B JIBYMEPHOM 3JIEKTPOHHOM Ta3ze /24/. CrnenoBareibHO, OHU MOTYT
ObITh OOHAPYKEHBI M MPU ABUKEHUHU DJIEKTPOHOB B OKPECTHOCTH KJIACCHYECKHUX

OpOwuT.
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I[BI/I)KeHl/Ie JIEKTPOHOB B MAIrHUTHOM 6eTa-c11eKTp0MeTpe

OneKTpoHBI, BO3HHKAIOIMME Tpu  OeTa-pacmange, o00JagaloT  HadaIbHOU

KUHETHYECKOW JHEpPrueu E=F i » BEIHMYMHA KOTOPOW aHaIU3UPyeTCs B

MarHUTHOM TIOJIE COTJIACHO KJIACCHYECKUM YypaBHEHUsIM (2-4). OueBHIHO, 4YTO
ypaBHeHHe (14) Takke MOXET OBITh MCIOJB30BAHO I ONpPEACICHUS
KUHETUYECKOW HSHEPruM dJEKTpoHA. PaccMOTpUM MPOTOTUN MAarHUTHOrO Oera-
cnexktpomeTpa u3 padoter /11/. B metone Helimana wmcmonb3yercs KoOMOWHAIHS
AIEKTPUYECKOTO W MAarHUTHOTO TOJs I OTKJIOHEHHS OeTa-3JeKTPOHOB, C
nanbHeuen gukcanueld Ux TpekoB Ha (oTomiacTuHke — puc. 1. MaruutHoe u
AIEKTPUUECKOE T0JIe B KOHACHCATOPE OPTOTOHAIBHBI M MOA0OPaHbI TaK, YTO CHUJIa
Jlopenua, neictByromas Ha OeTa->JIEKTPOHBI, paBHA HYIIIO, CJEI0BaTEIbHO (B

o0o3HaueHusx padoTsi /11/)
vic=f = E/Hc (15)

KoopnnHara snexkTpoHa Ha (DOTOIUIACTUHKE, paanyc OpOUTHI W JIMHAMHYECKHE

mapamMCTphl CBA3aHbl COOTHOIICHUAMMU

E 2+ 2
R:mcﬁ:mzza Y 6
eH eH 2y

OTCIOI[a MOXXHO  BBIYHUCJIHUTb TIIOIICPCUHYIO MACCY OJICKTPOHA, a TaKXe

KMHETUYECKYIO DHEPTUIO, UCTIONB3Ys persmugucmckyto popmymy /8-9/:
- _ 2
E, =(m-m,)c (17)

Anamu3 ypaBHenus (14), ¢ yuetom (9) u (12), nokasblBaeT, 4TO KUHETUYECKAS

SHEPIHs AJIEKTPOHOB 3aBUCUT OT IapameTrpa
- 2p2p2

E,=eB.R" /m (18)

B tabmume 1 m Ha puc. 2 mnpencraBiieHsl gaHHble /11/, oOpaboraHHBIE IO

ypaBHeHusM (15-18). CoryacHO JaHHBIM, TPUBEICHHBIM Ha PUC. 2, KHHETHYECKasI

SHEPrus JICKTPOHOB JIMHEHHO 3aBUCUT OT napameTpa (18).
http//chaosandcorrelation.org/Chaos/CR7_2010.pdf
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Aufu. 40
o =432 em

g=0s

Aafn, 54
a = 4.3 em
2 =01

Puc. 1. Cxema ycmanosku u3z pabomwvr /l11/: 21ekmponvl ocmasnaiom Ha
Gomonnacmunke y3Kue 8epmuKaIbible NOJI0CHl, COOMBEMCMEYIOUjUe NPIMOU Ul
NPOMUBONONIONCHOU OPUESHMAYUU MASHUMHO20 NOJA, 2aMMad JYyuU U anvga

yacmuysbl OCMAGIAIOM HCUPHYIO CpeOHIol0 noaocy. Pasmepwi konOencamopa -

5x3x0,5 cm, 3az30p — 0,2511 mm.

Puc. 2. 3aBUCMMOCTb KMHETUYECKOMN 3HEeprun 6eTa-anekTPoHOB OT NapameTpa
Eg no paHHbIm /11/

4,00E+05
3,50E+05
3,00E+05 -
2,50E+05 -
2,00E+05 -
1,50E+05 -
1,00E+05 -
5,00E+04 -
0,00E+00 \ ‘ ‘ ‘ ‘

0,0E+00 1,0E+05 2,0E+05 3,0E+05 4,0E+05 5,0E+05 6,0E+05

Eg, eV

y = 0,6362x - 6539,4
R = 0,9976

s Ek/11/
— Linear (Ek /11/)

Ex, eV
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OtMmetum, yto napametp (18) ¢ yuerom ypaBHeHuit (16), MOKHO MPEACTABUTH B
dhopme
E,= PR/d, eV (19)

3ILGCI> P, d — HAIIPSKCHUE HAa KOHACHCATOPE WM PACCTOAHUC MCKAY INIACTHHAMHU

COOTBCTCTBCHHO.

Tabnuya 1. Kunemuueckas 3Hepeus Oema-31eKmpoHo8 no Oauuvimu /11/:
napamempsi MAaccvl U IHEPISUU BbIYUCIEHbI C UCNONb308AHUEM COBPEMEHHLIX

3HAYeHUl d)ué’MLieCKM)C KOHcmaHrm

B, P, a, z,
Gauss | Volt | cm cm R, cm vic m/my Lorentz | M Es, eV | Ex, eV

133,19 593,1 | 4,1035 | 0,9173 9,6371 | 0,591546 | 1,272999 | 1,240278 | 9,40E+10 | 2,28E+05 1,40E+05

110,97 | 423,14 | 4,1028 | 0,9603 9,2446 | 0,506537 1,18818 | 1,159799 | 7,20E+10 | 1,56E+05 9,62E+04

133,19 | 656,04 | 4,1026 | 0,7672 11,3529 | 0,654322 | 1,355778 | 1,322373 | 1,30E+11 | 2,97E+05 1,82E+05

133,19 | 655,69 | 4,8078 | 1,0734 11,3039 | 0,653973 1,35064 | 1,321845 | 1,29E+11 | 2,95E+05 1,79E+05

110,97 | 592,28 | 5,1785 | 0,8726 15,8024 | 0,709013 | 1,451023 | 1,418046 | 2,11E+11 | 3,73E+05 2,30E+05

133,19 | 654,84 | 4,1682 0,8 11,2587 | 0,653125 | 1,346988 | 1,320567 | 1,28E+11 | 2,94E+05 1,77E+05

110,97 | 506,47 | 5,1496 1,172 11,8993 0,60629 | 1,277753 | 1,257477 | 1,19E+11 | 2,40E+05 1,42E+05

133,19 | 654,85 | 4,6183 | 0,9854 11,3151 | 0,653135 | 1,353711 1,320582 | 1,30E+11 | 2,95E+05 1,81E+05

133,9 | 654,84 | 4,1689 0,8 11,2623 | 0,649662 | 1,361828 | 1,315403 | 1,29E+11 | 2,94E+05 1,85E+05

128,19 | 772,85 | 4,1905 | 0,5004 17,7965 | 0,800891 | 1,671147 1,66998 | 3,08E+11 | 548E+05 3,43E+05

128,19 | 665,87 | 4,1905 | 0,6966 | 12,95259 0,69003 | 1,411703 | 1,381634 | 1,63E+11 | 3,43E+05 2,10E+05

128,19 | 580,75 | 4,1905 | 0,8961 | 10,24623 | 0,601821 | 1,280416 | 1,252143 | 1,02E+11 | 2,37E+05 1,43E+05

106,8 407,9 | 4,1905 | 0,9714 | 9,524351 | 0,507359 1,17623 1,16045 | 7,36E+10 | 1,55E+05 9,01E+04

128,19 | 766,64 | 4,6453 | 0,6165 | 17,80931 | 0,794456 | 1,685901 1,646574 | 3,09E+11 | 5,44E+05 3,50E+05

128,19 | 678,87 | 4,6453 | 0,8451 | 13,18957 | 0,703502 | 1,410004 | 1,407076 | 1,69E+11 | 3,57E+05 2,10E+05

128,19 | 591,59 | 4,6453 | 1,0852 | 10,48492 | 0,613055 | 1,286236 | 1,265758 | 1,07E+11 | 2,47E+05 1,46E+05

106,8 | 393,28 | 4,6453 | 1,2723 | 9,116387 | 0,489174 1,1677 | 1,146544 | 6,74E+10 | 1,43E+05 8,57E+04

96,328 | 284,11 | 4,6453 | 1,5657 | 7,673957 | 0,391802 | 1,106894 | 1,086898 | 4,31E+10 | 8,68E+04 5,46E+04

96,328 | 283,92 | 4,2013 | 1,2523 | 7,673551 0,39154 | 1,107576 | 1,086766 | 4,31E+10 | 8,68E+04 5,50E+04

128,19 | 762,96 | 5,1567 | 0,7939 | 17,14437 | 0,790643 | 1,630783 | 1,633245 | 2,86E+11 | 521E+05 3,22E+05

128,19 | 676,15 | 5,1567 | 1,0409 13,2938 | 0,700683 | 1,426863 | 1,401595 | 1,72E+11 | 3,58E+05 2,18E+05

128,19 | 589,05 | 5,1567 | 1,3635 | 10,43296 | 0,610423 | 1,285381 1,262505 | 1,06E+11 | 2,45E+05 1,46E+05

106,8 | 391,66 | 4,2013 | 1,0319 | 9,068582 | 0,487159 | 1,166382 | 1,145064 | 6,67E+10 | 1,41E+05 8,50E+04

128,19 | 588,48 | 4,2013 | 0,8825 | 10,44177 | 0,609832 | 1,287712 | 1,261781 | 1,06E+11 | 2,45E+05 1,47E+05

128,19 693,2 | 4,2013 | 0,6427 14,0532 | 0,718351 | 1,471272 | 1,437442 | 1,92E+11 | 3,88E+05 2,41E+05

128,19 | 779,08 | 4,2013 | 0,4892 18,2852 | 0,807347 | 1,703311 1,694696 | 3,26E+11 | 5,67E+05 3,59E+05
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VYpaBuenue (14) MOXHO UCHONB30BATH I OIEHKM KBAHTOBOTO 4YHUCTA
BO30YKJICHUSI OCITWJUTALIMNA AJIEKTPOHOB /1 mpu 3aJaHHON Ha4yalbHOW DHEPTUU
0eTa-31eKTpOHOB. YcioBue paBHOBecHs B Gopme (9) cnyXUT ISl ONpeesieHUs

KBAHTOBOT'O YIJIOBOTO MOMEHTa, BEJIIMUYMHA KOTOPOTO, COTJacHO JdaHHbIM /11/,

~ 11
IMPUBCACHHBIM B Ta6J'II/IIIC 1, JOCTHUI'aCT 3HAYCHMU MO ~ M D 10 . HpI/I 9TOM

IPOEKIHSI KBAHTOBOI'O MEXAaHUYECKOr0 MOMEHTAa Ha HAIpPaBJICHHME MAarHUTHOTO
MOJII MOXET MPUHUMATh KaK IMOJIOKHUTENbHOE, TaK M OTPUIATEIBHOE 3HAYCHHE,
YTO OMNMUCHIBAETCS IMOCJIEAHUM CcCllaraéMbiM B NpaBOM yactu ypaBHeHus (14).
KiaccuueckoMy IBUKEHUIO COOTBETCTBYET IMOJIOKHUTEIBHOE 3HAYEHUE MPOEKIUU
MOMEHTa (JICKTPOH BpalllaeTcsl MPOTUB YAaCOBOM CTPEIKH B IJIOCKOCTH,
MEPICHIUKYJIIPHOW BEKTOPY HHIYKIIMM MArHUTHOTO MOJIfA), CJIE€A0BAaTENbHO, U3

ypaBHeHus (9), umeem
eB_R’
2

[ToacraBisist 3TO BhIpakeHue B ypaBHeHuUe (14) u yunThIBas 3aBUCUMOCTh MOMEHTA

AIM: AIMO = - ) e< O (20)

OT UHIYKIIMA MarHUTHOTO MOJisi B (hopme ypaBHEeHUs paBHOBecHs (9), HAXOAUM

_ 3(eB.R)° , Mme lH+ 'k’

E _z
¢ 8m 1 20 2m

1)

C npyroil cTOpOHBI, COTJIACHO JAaHHBIM, NMPUBEACHHBIM Ha PUC. 2, KUHETHYECKas
SHEPrusl 3JEKTPOHOB B MAarHUTHOM TI0JI€ JIMHEHHO 3aBUCUT OT mapametpa (18),

CJICOOBATCIIBHO

10 .2k2
ont L 2k 0,2612E, - 6539,4 (22)
i 20 2m

Ortcrona, ucnomnb3ys Beipakenus (12) u (20), HaX0auM OLIEHKY KBAaHTOBOT'O YHCIA

OCL[I/IJ'IJIHL[I/Iﬁ B MarouTHOM IIOJIC
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AIM

n=02612eB R* = - (23)

Takum o0OpaszoM, ABuKEHHE O€Ta-dJIEKTPOHOB B MAarHUTHOM IIOJI€ aHalM3aTropa

Oeta-cnektpoB THma /11/ XapakTepuszyercss OOJBIIUM CPEIHUM  YHCJIOM

kBaHTOBOro Mexaumdeckoro mMomenta A/ [J 10''u takum ke mo Benmunze

CPEIHUM KBAaHTOBBIM YMCJIOM OCUWIIALMN 77 = 10+ 10".

JxcnepumenTbl Kaypmana

3aBHUCUMOCTbh TIONEPEYHOM Macchl OT CKOPOCTH DJIEKTpOHA BIIEpPBbIE Oblia
oOHapy’keHa B OMbITax /4-5/, KOTOpbIe HanbOJEee TPYAHBI JJIs AaHAIIN3A, TTOCKOJIbKY
JBMO)KEHHE AJIEKTpoHA B ycTaHoBKe Kaypmana e obnagaer cummerpueid. Ha puc.2
npejacTaBlieHa cxema skcnepuMmenta Kaydmana mo ompeneneHuio 3aBUCMMOCTH
Macchbl OT CKOPOCTH D3JEKTPOHA, B OOO3HAUEHMSX, B3ATHIX M3 OPUTHMHAIBHBIX
pabot /3-4/. DnexTpoHbI, BO3HHMKAIOIIME B pe3yibTaTe OeTa-pacraga OpoMuia
paausi, TOKUIAIOT HUCTOYHHMK, PACHOJIOKEHHBIH B IEHTPE OJHOM M3 OTKPBITHIX
rpaHeil BBICOKOBOJBTHOTO IUIOCKOTO KOHJEHcaTtopa BbicoTod h. KoopamHaThi
uctounnka o6o3Hauum (0,0,0). HampaBum ocu npsSIMOYTOIBHOM CHUCTEMBI
koopauHat Ox, Oy napajienbHO IIOCKOCTSIM 00KIaI0K KOHAEeHcaTopa, ocb Oz —
NEPHEHANKYJIIPHO IUIOCKOCTAM. Ha NpOTHBOMOJOXHONM HWCTOYHUKY T'paHU
KOHJIEHCATOpa, B LIEHTPE yCTaHOBJIeHa uadparma ¢ maiasiM otBepctueM (0,2 MM B
MaMeTpe), KOOpAWHAThl KoToporo o6o3HauuMm (x;,0,0). Beime no ocu Ok,
napajuyieibHO TpPaHAM C HCTOYHUKOM U OTBEPCTHEM, pacroJyiaraeTcs
¢doTorpaduyeckas IUIACTUHKA, MJIOCKOCTh KOTOPOM mepecekaercss ¢ ocbio OX B

TOYKE C KoopAauHatamHu (X»,0,0). VYcraHoBka HaxoAWTCsS B MOCTOSSHHOM

OJHOPOAHOM MAI'HUTHOM IIOJIC B - (0,0, BZ) .

3J’ICKTpOH, IMOKHAass MCTOYHUK, YCKOPACTCA B IIOJIC KOHACHCATOpAa W HPOXOJUT
CKBO3b OTBCPCTHC ,III/Ia(l)paI“MI)I CO CKOpPOCTBIO, KOTOpasd OIPCACIIACTCA
HAIPsA>KCHHOCTLIO QJICKTPUYICCKOT'O IT1OJIsA )51 BpEMCHEM HpC6BIBaHI/I$I B
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KoHsieHcaTtope. [Ipu 3TOM 37€KTpOH JBUKETCS B MAarHUTHOM I0OJIE€ 10 HEKOTOPOH
KPYroBOl TpaeKTOpUH, B COOTBETCTBMM C YypaBHeHueM (2). IlomaBas Ha
KOHJICHCATOp TIOCTOSIHHOE HamNpsDKEHUE, MOXKHO HU3MEHSATh TPAaeKTOPHUIO MpHU
3a/IaHHBIX HaYyaldbHBIX JaHHBIX. [IOCKOJIbBKY 3JIEKTPOHBI B HAYaJIbHOM COCTOSIHUU
UMEIOT CHEKTP HHEpruu, Ha Qororpaduueckoil IUIACTUHKE 00pasyercs TpeEK,

AHAJIIM3UPYA KOTOpBIﬁ, MOXHO BOCCTAaHOBHUTb JUHAMHWYCCKHC IIapaMCTPhI

AIEKTPOHA.

TpaekTOpHA |

B MACHITTHOM g
IoJIe

RY i
1'I
§
x1,0,0 '
= 1( IS /// /' 3
radyparnsia R
P L (a0 :
B < 4,// ’ :,,- ( ) :
s ¥
ILnacTHHBI

“~

\'!U
-

KOHIOeHCATOpA

dl"

(0.0.0) /

HeTouHim

Puc. 3. Cxema oeudxxcenus snekmpona 6 skcnepumenmax Kaygmana /4-5/.

Kpacuvimu xeaopamamu obo3nauen mpex 31eKmpoHo8.
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JUJ1s 3TOr0 KOOpAMHATHI TOYEK, OCTABIEHHBIX 3JIEKTPOHAMU Ha (POTOrpauuecKoit
IUIACTUHKE, ONPENEIISIOTCS SKCHEPUMEHTAIBHO — Ta0auua 2, U BBIYUCISAIOTCS U3

YpaBHEHHH KJIACCUUYECKOW TMHAMUKH, COTjacHo /4-5/, umeem

—_ X

v :
* z,RH  m RH

_ E.sys, e v

_ 2
R = EXI 2x—0 +x, - xngr (\/RZ‘ (X, = X)" /4= ,] @4

VG = %)+ 3
2R

OTMeTHM, 4TO XOTSI BTOPOE U3 ATUX YPABHEHHUI JIETKO Pa3peliaeTcsi OTHOCUTENBHO

s, = Rarcsin%, s, = 2R arcsin

R, Kaypman ympocTun BbIpaK€HHE pajauyca OpOUTHI 3JEKTPOHA B MArHUTHOM
none. B pe3yaprare A3TOro  yHOpOUIEHHUS €ro  pe3yiabTaTbl  MOJIYYWIIA
CUCTEMATHUYECKYI0 OIMOKY BenuuuHoM B 3,7%. be3 atux ynporenuit nanueie /4/
XOpOIIIO corjiacyroTcsi ¢ Teopueit JlopeHma, Ha yto Brepsbie ykazan Ilmank /10/,
OJIHAKO JTaHHBIC /5/ cornacyrorcs ¢ Teopuei JlopeHla auib npu Majloii CKOPOCTH
AIIEKTPOHOB — CM. Ta0OuILy 2.

B Tabnauue 2 mnpeacTtaBieHbl OpUTHMHAIbHBIE JaHHble /4-5/, TOJy4yeHHbIE B
¢bukcupoBaHHOM MarHuTHOM mone Bz=299 Taycc /4/ u 144 Taycc /5/
COOTBETCTBEHHO, MPH PA3JIMYHOM HAIpSHXKEHWHU Ha KOHAeHcaTtope. OTMETHUM, 4to
pacuetnbie  Qopmynsl  Kaydmana BecbmMa dYyBCTBUTENBHBI K  TOYHOCTH
ONpENENICHUs] BEJIWYUHBl OTKJIOHEHUS TPACKTOPUM DJIEKTPOHA B  IIOJIE
ANEKTPUUYECKOr0 KOHJeHcaTtopa. [loaToMy mpu manoil BeIMYMHE OTKJIOHEHUS, YTO
COOTBETCTBYET OOJBIIION BEIMYMHE CKOPOCTH, PACCESHHUE AHHBIX BEChbMa BEJIMKO

— puc. 3, a otkiioHeHue oT Teopuu Jlopenua nocturaer 100% .
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Tabnuya 2. Kunemuueckas sHepeusi 0Oema-31eKmMpoHO8 NO OAHHbIMU /4-5/:
napamempsi MAaccvl U IHEPSUU BbIYUCIEHbI C UCHNONb308AHUEM COBPEMEHHbIX

3HAYeHUl @MSM%@CKMX KOHCmaHm

Ek,

B, P zb, yb, m/m,
R.em | vie eV /4-5/

Gauss | Volt | cm cm Lorentz | ™mo | EB, eV

M(v)

144 | 2605 | 0,0357 | 0,1771 22,2066 0,89946 2,28835 2,08575 | 8,62E+05 | 5,55E+05 5,39E+11

144 | 2605 | 0,0486 | 0,2271 | 17,37322 0,84699 1,88111 1,73286 | 6,35E+05 [ 3,74E+05 3,30E+11

144 | 2605 | 0,0639 | 0,2771 | 14,29535 0,78572 1,6166 1,53706 | 4,85E+05 [ 2,74E+05 2,24E+11
144 | 2605 | 0,0797 | 0,3271 [ 12,16791 0,74328 1,49482 1,38301 | 3,90E+05 [ 1,96E+05 1,62E+11
144 | 2603 0,042 0,2 | 19,69102 0,86263 1,97691 1,92845 | 7,33E+05 | 4,74E+05 4,24E+11
144 | 2603 | 0,0546 0,25 15,8092 0,82916 1,7889 1,61076 | 5,66E+05 [ 3,12E+05 2,73E+11
144 | 2603 | 0,0695 0,3 | 13,23168 0,78135 1,60233 1,43064 | 4,46E+05 [ 2,20E+05 1,92E+11
144 | 2603 | 0,0866 0,35 [ 11,39944 0,73121 1,46596 1,31705 | 3,60E+05 [ 1,62E+05 1,42E+11
144 | 2603 | 0,1083 0,4 | 10,03294 0,66784 1,34354 1,26916 | 2,89E+05 [ 1,38E+05 1,10E+11
144 | 2603 0,13 0,45 8,97691 0,6255 1,28168 1,21245 | 2,42E+05 [ 1,09E+05 8,81E+10
144 | 2603 0,154 0,5 8,13817 0,58625 1,23437 1,17275 | 2,06E+05 [ 8,83E+04 7,24E+10
144 | 2603 | 0,0384 | 0,1903 | 20,68224 0,89779 2,27055 1,94619 | 8,02E+05 [ 4,84E+05 4,68E+11
144 | 2603 | 0,0512 | 0,2403 | 16,43497 0,84998 1,8982 1,63351 | 6,03E+05 | 3,24E+05 2,95E+11

144 | 2603 | 0,0655 | 0,2903 | 13,66147 0,80233 1,67539 1,43849 | 4,73E+05 | 2,24E+05 2,04E+11

144 | 2603 | 0,0831 | 0,3403 | 11,71209 0,74097 1,48911 1,33536 | 3,75E+05 [ 1,71E+05 1,50E+11

144 | 2603 | 0,1036 | 0,3903 | 10,27006 0,68129 1,3661 1,27351 | 3,02E+05 [ 1,40E+05 1,15E+11

144 | 2603 | 0,1302 | 0,4403 9,16249 0,61116 1,26341 1,26656 | 2,42E+05 [ 1,36E+05 9,18E+10

144 | 2601 | 0,0271 | 0,1353 [ 29,00661 0,90402 2,33929 2,71069 | 1,13E+06 | 8,74E+05 9,20E+11

144 | 2601 | 0,0395 | 0,1853 | 21,23396 0,84923 1,89385 2,11237 | 7,78E+05 | 5,68E+05 4,93E+11

144 | 2601 | 0,0529 | 0,2353 | 16,77787 0,80496 1,6854 1,76087 | 5,83E+05 [ 3,89E+05 3,08E+11

144 | 2601 | 0,0688 | 0,2853 | 13,89458 0,75015 1,51224 1,56481 | 4,50E+05 [ 2,89E+05 2,11E+11

144 | 2601 | 0,0863 | 0,3353 | 11,88045 0,70251 1,40513 1,42872 | 3,60E+05 [ 2,19E+05 1,54E+11

144 | 2601 | 0,1051 | 0,3853 | 10,39706 0,66249 1,33499 1,32584 | 2,97E+05 [ 1,67E+05 1,18E+11

144 | 2601 | 0,1263 | 0,4353 9,26148 0,62244 1,27768 1,25704 | 2,49E+05 [ 1,31E+05 9,38E+10

144 | 2601 | 0,1493 | 0,4853 8,36617 0,58661 1,23477 1,20487 | 2,12E+05 [ 1,05E+05 7,66E+10

144 | 3250 | 0,0288 | 0,1254 | 31,28369 0,98518 5,83065 2,68265 | 1,33E+06 | 8,60E+05 1,07E+12

144 | 3250 | 0,0511 | 0,2054 | 19,18002 0,90911 2,40065 1,78236 | 7,53E+05 [ 4,00E+05 4,02E+11

144 | 3250 | 0,0688 | 0,2554 | 15,48163 0,8393 1,83935 1,65834 | 5,61E+05 [ 2,85E+05 2,62E+11

144 | 3250 | 0,0894 | 0,3054 [ 13,00441 0,77202 1,57333 1,42306 | 4,33E+05 [ 2,16E+05 1,85E+11

144 | 3250 | 0,1123 | 0,3554 | 11,23292 0,71485 1,43005 1,32752 | 3,47E+05 [ 1,67E+05 1,38E+11

144 | 3250 | 0,1392 | 0,4054 9,90598 0,65746 1,32715 1,2729 | 2,81E+05 | 1,39E+05 1,07E+11

144 | 3250 | 0,1664 | 0,4554 8,87714 0,61741 1,27122 1,21469 | 2,37E+05 [ 1,10E+05 8,62E+10

144 | 3250 | 0,034 | 0,1456 | 26,96711 0,96885 4,03822 2,35147 | 1,13E+06 | 6,91E+05 7,95E+11

144 | 3250 0,049 | 0,1956 | 20,12839 0,90289 2,3263 1,88337 | 7,85E+05 [ 4,51E+05 4,43E+11

144 | 3250 | 0,0655 | 0,2456 | 16,08687 0,84782 1,88579 1,60299 | 5,89E+05 | 3,08E+05 2,83E+11

144 | 3250 | 0,0845 | 0,2956 | 13,42309 0,79065 1,63328 1,43427 | 4,58E+05 | 2,22E+05 1,97E+11

144 | 3250 | 0,1081 | 0,3456 | 11,53904 0,72222 1,4458 1,34977 | 3,60E+05 [ 1,79E+05 1,46E+11

144 | 3250 | 0,1341 | 0,3956 | 10,13902 0,66604 1,34064 1,28605 | 2,92E+05 [ 1,46E+05 1,12E+11

144 | 3250 | 0,1616 | 0,4456 9,06006 0,62215 1,27731 1,23027 | 2,43E+05 [ 1,18E+05 8,98E+10

144 | 1632 0,035 | 0,2487 | 15,89021 0,80653 1,69148 1,66446 | 5,53E+05 [ 3,40E+05 2,76E+11

144 | 1632 | 0,0568 | 0,3487 | 11,44031 0,69617 1,393 1,3883 | 3,44E+05 | 1,98E+05 1,43E+11

144 | 1632 | 0,0814 | 0,4487 9,0013 0,62432 1,28013 1,21804 | 2,43E+05 [ 1,11E+05 8,86E+10

144 | 1632 | 0,1119 | 0,5487 7,47346 0,5545 1,20166 1,13863 | 1,79E+05 | 7,08E+04 6,11E+10
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299 [ 6750 | 0,0621 0,271 | 15,18925 0,93892 2,90593 2,83777 | 1,28E+06 | 9,39E+05 5,24E+11

299 | 6750 | 0,0839 0,348 | 11,91444 0,89189 2,21114 2,34334 | 9,53E+05 | 6,86E+05 3,22E+11

299 | 6750 | 0,1175 0,461 9,11807 0,84266 1,85717 1,89812 | 6,89E+05 [ 4,59E+05 1,89E+11

299 | 6750 | 0,1565 0,576 7,42645 0,78926 1,6285 1,65057 | 5,25E+05 [ 3,32E+05 1,25E+11

299 | 6750 0,198 0,688 6,34469 0,74372 1,49591 1,49649 | 4,23E+05 | 2,54E+05 9,14E+10

Puc. 4. 3aBUCMMOCTb KUHETMYECKOWN 3HEeprum 6eTa-afnieKTPOHOB OT NapameTpa
Es no AaHHbIM /4-5/

1,00E+06
9,00E+05 -
8,00E+05 - y = 0,7395x - 77582
7,00E+05 R = 0,9688
6,00E+05 -
5,00E+05 -
4,00E+05 -
3,00E+05 -
2,00E+05 -
1,00E+05 -
0,00E+00 w \

0 500 000 1 000 000 1 500 000

EB, eV

& Ek/4-5/
Ek /4/
— Linear (Ek /4-5/)

Ex, eV

Tpaektopusi, 10 KOTOPOH ABUKETCS IIEKTPOH OT AuadparMbl A0 CTOJIKHOBEHHUS C
(OTOIIIACTUHKON, TMPEACTABISIET COOOM OTPE30K BUHTOBOUM JIMHHWH. YPaBHCHHE
BUHTOBOM JIMHUHU OMNPEAEIACTCA HAYAJIbHOM CKOPOCTBIO JJIEKTPOHA. B momspHOM

CUCTEME KOOPJMHAT, CB3AHHOM C LIEHTPOM BpAILCHUS, YPABHEHUE UMEET BUJT

r=R, ¢ =wt, z= VZ¢.
W

3nech yrioBasi 4yacTOTa BpaulleHHs omnpenensiercs coriacHo (12), a paauyc u
CKOPOCTh U3 YpaBHeHUH (24).

B kiaccrueckor MEXaHMKE JJIEKTPOH JABUKETCS IO KPYTOBOW TPACKTOPWH, IS
KOTOPOU BBIMOJHAIOTCA ypaBHeHus (9-10), a nuxenue BAojb ocu Oz gBisieTcs
CBOOOTHBIM. B KBaHTOBOII MexaHWKE B TOJSPHOM CHCTEME KOOPJAMHAT
BBITIOJTHSICTCS ypaBHEHHE (6), a JBIKEHHE BJIOJb KJIACCUYECKOM TPaeKTOPUHU

MOXXHO CMOJCIUPOBATH ITYTEM 3aMCHbBI IICPCMCHHBIX

http//chaosandcorrelation.org/Chaos/CR7_2010.pdf




Chaos and Correlation May 19. 2010

(=z-—=¢ (25)

[Ipy nBWXEHHMHM 1O BUHTOBOM TPAGKTOPUM TAaKXKE BBINOJIHACTCS YpaBHEHUE
paBHOBecus cuil B MarHuTHoM mosie (9) u ypaBHenue (11), B KOTOpBIX ciemyer
BBITIOJTHUTD 3aMEHY:

VZ
W

M - M - k (26)

z

BonHoBoe umcno k, ompeznensercs U3 yCIOBHUS MPOXOXKIACHUS 3JIEKTPOHA uepe3
oTBepcTHE Juadparmsl.

Pe3ynbpraThl 3KCHEpUMEHTOB /4-5/ Oka3zaqu OrpOMHOE BJIMSHUE Ha pPa3BUTHE
pENATUBUCTCKOMN Teopuu. VX nHTEepnpeTanus npuBsizaHa K aHAJIM3y KJIACCUYECKON
TpaekTopuu dJeKTpoHa B ¢Gopme ypaBHeHuil /24/. Jlanubie /4-5/ xopoio
MOATBEPXKIAIOT Teopuio AOparama /6/, OJHAKO MPU HEKOTOPOM WX KOPPEKIIUH,
ocyectBiaeHHoU [1nankom /10/, 3Tu AaHHBIE CTONb K€ XOPOIIO MOATBEPHKAAIOT
teoputo Jlopenma /1-2/ - cm. Tabmuiy 2.

Kunernueckast sHeprus 3JIEKTPOHOB B MarHHUTHOM TIIOJie aHaju3aTopa Oera-
CHEeKTpoB /4-5/ nuHeWHO 3aBUCUT OT mapameTpa (18), cormacHoO MaHHBIM,

MIPUBEICHHBIM Ha pUC. 4, OTCIOJ]a HAXOAUM KBAaHTOBOE YHMCIJIO OCHUIUISIIUNA

10, k2
W0 0nt =0+ 2% 2 03645E, - 77582 @7)
0 20 2m
Ucnionb3ys Beipaxkenus (12) u (20), moy4yum OKOHYATEITHHO

= 0,3645¢B_R* = -0,73.M (28)

Takum 06pa30M, JABUXKCHHC 6€Ta-3JI€KTpOHOB B MAIrHUTHOM IIOJIC aHaJIM3aTOpa

Oera-crieKTpoB THMHa /4-5/ XapakTepusyercs OONBIIMM YHUCIOM  KBAHTOBOTO

MexaHudeckoro momenta M [] 1()“1/1 MPAKTHYECKH TaKUM JKE€ 0 BEJIUYHHE

KBaHTOBBIM unciom ocuwusimii 7 [] 10
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CrnenoBarenbHO, YCTAHOBJIEHO, YTO B KJIACCUYECKUX 3KcrepumeHTax /4-5, 11/ u
JPYTHUX, B KOTOPHIX aHATM3UPOBAIOCH ABUKEHUE OETa-3JIEKTPOHOB B MATHUTHBIX U

QJICKTPOCTAaTHYCCKUX IIOJIAX, BCIMYMHA KBAHTOBBIX YHCC]I YIJIOBOI0O MOMCHTA

cocraBisier He menee M [] 1()11. [IpumepHO TakOB K€ TMOPSAJIOK KBAHTOBOIO

yucia K B okcnepumentax Kaydmana /4-5/, Heitmana /11/ wu  ppyrux
HKCIIEPUMEHTaX ¢ OeTa-31eKTPOHAMH B MATHUTHOM TIOJIE.

bera-cnekTp

W3mepenne OeTa-crieKTpoB Hadaioch, Buaumo, eme B 1908 romy, xorma OtTo
["ann u JIuza Meiithep /26/ cnenanu dotorpaduu Oera-cnektpoB uzoromna Ra E B

MarHUTHOM CHEKTPOMETpEe M OOHApPYXWJIM CIUIOIIHOW CHEKTpP B JHMAMa30HE

1500< Hp < 5000 c naubonee narencusnoit mummeit mpu HP = 2100. B

pabore /14/ obcyxnaercs 6eta-ciekTp uzoromna Ra E — puc. 5, noiayueHHblil myreM
IPSAMOTO H3MEPEHMsI 4YMCJIAa YacTUI[ C IOMOLIBI 3JIEKTPUYECKOTO CUETUYHMKA
I'eiirepa. Kunernueckast sHeprusi 0OeTa-2JIEKTpOHOB B pabore /14/ m BOo Bcex
COBpEMEHHBIX METOJMKAaX BbIUHCIsAeTCS 1o (opmynam Tuna (16-17), t.e.
CUMTAETCSA, YTO YAaCTUIbl JABUXKYTCS B MArHUTHOM TIOJIE 1O 3aKOHAM
PENSTUBUCTCKOM MexaHukd. Hukakue KBaHTOBble HS(PQEKTbl B pacyeT He
MIPUHUMAIOTCSL.

Ornpenenum 4uciao 4acTull, NpOXOoAsIINX yepe3 okHO cueTurka [ elirepa-Mrosiepa
B €JIMHUIY BPEMEHU B MarHUTHOM OeTa-criekTpomeTpe tuna /4-5, 11/, ucnonn3ys
nonyueHHble Bbilie pemieHust (7). CormacHo /23/, 4uciao 4acTuil, NPOXOJSAIIUX

4epe3 3aIaHHYIO INIOIAAKY, OIIPCACIIACTCA KaK HHTCTPAJl OT IIOTOKA

S
N2l

By,):[ﬁM CUUTaTh, 4YTO PasMECpP OKHA CUHCTYMKA MHOI'O MCHBLIIC, YEM KJIACCUYECKUU

*®

paauyc IBUKEHUS 3JIEKTPOHOB B MarHuTHOM noJie (16). IlpuBenem nuiib riaBHbIe
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YJIEHBI Pa3JIOKEHUs BbIpakeHUs (29) nmo mapaMeTpy OTHOLIEHUS AHMAMETPA OKHA K

paanycy opOUTHI
. Al 2 .
N = Cu z H—nzMsml? 1 n—)(,f(O)cosf/’ H, cosd = = (30)
m M,nD R D R

3nech Cy — HOpPMHPOBOYHBIN MHOKHUTEb, 3aBUCAIIANA OT UCTOYHUKA O€Ta-4aCTHII.

i :

N

/ N

0 15 3.0 4.5 6.0 7.5 9.0 105
E_-10° eV

Puc. 5. Kpusas pacnpedenenus uucia bema-uacmuy 6 3ABUCUMOCIIU OM

KuHemuueckou dHepaeuu npu pacnaoe uzomona Ra E no oannvim /14/

[Ipennosioxkum, 4TO JIEKTPOHBI 3aMOJHIIOT BCE YPOBHU YHEPTUU, B COOTBETCTBUHU
c ypaBHeHueM (14) B mpenenax, 3aJaBaeMbIX ypaBHEHUEM paBHoBecus (9).
3ameHsis B mpaBoit yactu ypaBHeHus (30) onepaidio CyMMUPOBaHMS Ha OTIEPAIUIO
WHTETPUPOBAHUS, YTO CIPABEIJIMBO JJIA OOJBIIUX 3HAUYEHUW KBAHTOBBIX YHUCEN,

HaxoJIuM

Cn
m

N = 2 RZIT ma M+/n cosd (31)

m 3
—2M2n sind +
R Ta
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Bripaxenue (31) MOXHO ympocTuth, UCHonb3ys ypaBHeHus (9), (10) u (12).
Hcnonp3yem Takke BbIpakeHne »dHepruu (21), kxoTopoe mpeoOpasyeM K

cricnuajJJbHOMY BUAY, TOrAa IOJYy4YHUM

N = C%VH%Mnsim‘) ¥ i\/Mn cosd H
[

Jn ]

R2 MZ 2
m ¢ HE- EEB 'k
Al 8 2m

(32)

DM (n+ 1/2)=

Cucrema ypaBHeHUH (32) MOKa3bIBaCT, YTO MEXIY UYWCIOM OETa-4acTHIl U WX
HAYJIbHOW SHEPTUEW HET OJIHO3HAYHOW CBS3U, A PACIPEACIIEHUE THUIIA KPUBOM,
MPUBEJACHHON Ha pHUC. S5, SBISETCA PE3yJIbTaTOM H3MEPEHHUS BCEX BO3MOKHBIX
COCTOSIHUM  JJIEKTPOHA B  MAarHUTHOM moJie. JIeWCTBUTENBHO, BBIPa3UM
NPOU3BEACHUE KBAHTOBBIX YMCEN W3 BTOPOTO ypaBHEHHsS (32) W MOJCTAaBUM B
nepBoe ypaBHeHue. [Ipu 3ToM 0TOpOCHUM Maiyro BETMYUHY Y4 110 CPAaBHEHUIO C 71 B
KpPYTJI0i1 CKOOKE B JICBOM YaCTH BTOPOTo ypaBHeHUs (32), B pe3ybTaTe HaXOIuM

1/2
(33)

\ . 3/2
N:Mnsmz9 HE'EEBHJfZ M cos?d HE'EEBH
CN 2AI D 8 D R\/mIT D 8 D

N3 Beipaxkenus (33) criemyer, 4TO TpPH U3MEPEHWH B MArHUTHOM OeTa-

27172
~ Alk

CIICKTPOMETpPE YHClIa YacTHI[ C 3aJaHHOW sHeprueit F = [ - Z , Oyxer

2m

H3.6J'IIOI[&TBC$I ABa MHHHMYMA, OAWH H3 KOTOPLIX COOTBETCTBYCT HHU3KHUM

3HaueHussM Mexanuueckoro momenta, M - (0, a mpyroil - npemenbHOMy

3HAYEHUIO Iapamerpa JSHepruum [ ' 8FE /3. Ha puc. 6 mnpencrasieHa

3aBUCUMOCTb MCXaHHUYCCKOTO MOMCHTA JJICKTPOHA OT KUHETUYECKOMN 9HCPIruu 110

naHHbiM /5, 11/. VauTeiBasgs JWHEWHYIO CBSI3b KWHETUYECKOW DHEPTUH H C
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napamerpom £ p» YCTAaHOBICHHYIO BBINIE — CM. puC. 2, 4, MpenCcTaBUM

TEOPETHUECKYI0 3aBUCHUMOCTh (33) B Bume (OpMysbl, JIETKO MPOBEPSEMOM

OKCIICPUMCHTAJIbHO

C, cos?

=

3ILGCI> C() ) Cl - KOHCTAHTbI PacCIpPCACIICHUA, EO ) El - MakCuMaJbHasd H

Nz C(E, - E)E,- E,)sind 4 JE - EXE,- E,) (34)

MHWHHUMAJIbHAasA KMHCTHUYCCKAs SHCPIrus, KOTOPYIO MOXHO OIPCACIUTh IO JaHHBIM

Ha puc. 2, 4, 6.

Puc. 6. 3aBUCMMOCTb MOMEHTaA OT KNHETUYECKOW 3HEeprum no AaHHbim /5, 11/

6,00E+11

5,00E+11 7 y = 967775x - 3E+10

4,00E+11 - R =0,9797

s /5
= /11

Linear (/5/)
y = 932752x - 2E+10 — - — Linear (/11/)

R =0,9774

= 3,00E+11 -

2,00E+11 A

1,00E+11 A

0,00E+00 T ‘
0,00E+00 2,00E+05 4,00E+05 6,00E+05

Ek, eV

Bripaxxenne (34) mo3BossIeT onmucaTh BCe OCOOCHHOCTH KPHBOW paclpenecHus,
MPE/ICTABICHHON Ha puc. 5, He Mpuoderas K TUIOTe3€ O CYIECTBOBAHUU HEUTPUHO.
3amerum, uto BbipakeHue (31) (u cnepyromiee u3 Hero BoipaxeHue (34)) ObuIO
MOJIYYEHO B MPENANOJI0KEHUU, YTO MCXOJHBINA CIEKTP D3JICKTPOHOB SIBISETCS
PaBHOMEpPHBIM MO KBAaHTOBBIM uuciiaM. [Ipu Oeta-pacmage CHEKTp SJIEKTPOHOB

nmeet Bux /16, 18-19/:

AN /dE, = C(Z)(E, + myc*\E, - E,) (E} + 2m,c*E,) (39
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3necs C (Z ) - (¢yHKUMS, 3aBUCANIAs OT aTOMHOTO HOMEpa JJIEMEHTa U OT
mapaMeTpoB ¢1aboro BzammomelcTeus, | = 2 ecnau B Gera-pacmane ydacTBYET

HEHTPMHO — YacTuna ¢ HysneBod Maccod, V = () ecnu HEHTPMHO He PUHUMAET

ydactue B OeTa-pacmna/e.

CpaBHuBast Bbipaxkenust (34) u (35), HaxoguM, UYTO KBAHTOBAHUE HHEPIUU
AJIEKTPOHOB B MAarHUTHOM O€Ta-CHEKTPOMETPE UIPAEeT POjb YACTHUIIBI C HYJIEBOU
MacCOU B MOJIHOM COOTBETCTBUH ¢ runore3oi [laynu u teopueit depmu.

[Tpu ananuze BeipakeHus (34), ¢ yueToM MPUBEIECHHBIX Bl B Tabmumax 1-2 u
Ha puc. 2, 4, 6-7 naHubix, U oueHok (20), (23) u (28), BOZHUKAIOT CJICAYIOIIHE
BOITPOCHI:

1) MoxHo nu 1o BUAYy O€Ta-CIIEKTPOB, M3MEPEHHBIX B MArHUTHBIX OeTa-
CHEKTPOMETPAX, ONPENENIuTh, YTO B aKTax OeTa-pacrnajioB HE COXpPaHAETCS
MMITYJIbC, MOMEHT UMITYJIbCA U SHEPTHUSI?

2) K kakomy ciy4aro OTHocuTcs rumnote3a Ilaynm o cyliecTBOBaHUU
HEHUTPUHO, KOTOpas 3aTEM MEPepociia B TEOPUIO CIIa0bIX B3aUMOAECUCTBUM /
25/7

3) MoxHo nu npuMeHUTh runoresy llaynu k omnucanuio JBUXKeHUs Oera-
AJIIEKTPOHOB B MAarHUTHOM O€Ta-CreKTpoMeTpe?

1. YtoObl OTBETUTH Ha MEPBBIM BOMPOC, JIOCTATOYHO OOpPATUTHh BHUMAHHE Ha
JaHHble Ha puc. 2, 4 u 6, KOTOpble CBUIETEILCTBYIOT, YTO JIMANa30H U3MEHEHHUS

KHHETHYECKOW IHEpruu OeTa-3JIeKTPOHOB B MAarHMTHOM aHanmu3arope tuma /11/

WM /4-5/, CBSI3aH ¢ N3MEHEHHMEM MapaMeTpa MarHUTHOTo Tons [ ,, | T.e. sBsercs

B ”
byHKIMEH Kiaccuyeckoro npubopa. IOta GyHKUIUS HE HMEET OTHOIICHUS K
cnexkmpy 6eTa-dIeKTPOHOB, KOTOPBIH OIMCHIBACTCS KBaHTOBbIME unciamu M, 1 |

Hu B kakux OKCIICPUMCHTAJIbHBIX HCCIICAOBAHUAX KBAHTOBLIC YHCJIA M ,I’Z

HUKOraa HCE HU3MCPAIMCHb, 4YTO BHIHO YIKC XOTiA Obl W3 TOro, 49410 MOMCHTY

http//chaosandcorrelation.org/Chaos/CR7_2010.pdf



Chaos and Correlation May 19. 2010

AJIEKTpOHA B OeTa-pacmnajie MPUIUCHIBACTCS 3HAUEHUE Y4, KoTopoe Ha 11 mopsakoB
MEHBIIIE pPEATbHBIX CpPEIHUX 3HAYCHWH, TNPUBEACHHBIX B Tabmumax [-2.
CnepoBarenbHO, 1O BHAY O€Ta-CIEKTPOB HENb3S YCTAHOBUTh TOYHOCTD
BBINIOJIHEHUSI 3aKOHOB COXpaHEHUs B OeTa-pacra/ie.

2. T'unote3a [laynu o cymiecTBOBaHUM HEUTPUHO OTHOCUTCS K THMIOTETUYECKOMY
ciyyatro Oera-pacnaza CBOOOJHBIX SJI€p, NMPU KOTOPOM BHEPIHsi U HMITYJIbC
AJIEKTPOHA IIETMKOM OINpEIeNsioTcs yciaoBusMu pacnaga. Ciydail cBOOOIHOTO
Oera-pacnaja HUKaK HE COOTHOCHUTCSI C JIBJKEHHUEM JJIEKTPOHOB B MarHUTHOM
aHanuzatope. CHOEKTpbl 3JIEKTPOHOB, H3MEPEHHbIE B MarHUTHOM Oera-
CHEKTPOMETPE, XapAKTEPU3YIOT KBAHTOBOMEXaHUYECKOE JBUKEHUE 3JIEKTPOHOB B
KJIACCUYECKOM MpuOope, a TakKe YCJIOBHUS, BO3HHUKAIOIIME NpH OeTa-pacrnaje.
EavHCTBEHHash BeJlMYMHA, KOTOpas JOCTOBEPHO OIpeensercs U3 Buaa Oera-
CHEKTPOB — 3TO MaKCHUMaJlbHasi KWHETUYECKasi YHEPTHUsl SJIEKTPOHOB, KOTOpasi Tak
e OIpeeseTcsl U3 HE3aBUCUMBIX U3MEPEHUN METOAOM IMOTJIOIICHHUS.

3. I'umoresy Ilaynu, kak u Teoputo cnabbix B3aumoaeicTBuii @epmu /16/, Hemb3s
OPUMEHUTh K ONUCAHUIO JIBUKEHHUS DJIEKTPOHOB B MarHUTHOM OeTa-
CHEKTPOMETpPE, IOCKOJIBKY B 3TOM TEOpUH MPEANOojaraercs, 4To 3JIEKTPOH
U3IIy4aeTcss C MEXaHMYECKUM MOMEHTOM ‘2 M JIBHXKETCS IO KJIACCHYECKOM
TPAEKTOPHUH C 33JJaHHBIM UMITYJILCOM, KOTOPBIN ONpPEAEIIIeTCs] TONbKO YCIOBUSIMU
pacnajia, TOrja Kak B peajbHOM CIy4yae MEXaHMYECKUH MOMEHT OeTa-3J€KTPOHOB
U3MEHSIETCS B IIMPOKUX MpeJienax, KOTOpble ONPENESIOTCS YCIOBUSIMHU JIBUKECHUS
B MarHUTHOM T10JI€ B COOTBETCTBUU C YPABHEHUSIMUA KBAHTOBOM MEXaHUKH.
Pa3Burtas Bblllle TEOpHs] KBAHTOBBIX OCHWIISALMN B OKPECTHOCTU KIIACCHUYECKUX
OpOUT M TOJyYEHHBIE COOTHOIIEHUS MO3BOJISIOT UCIOIH30BATh MHOTOUYMCIICHHBIC
AKCIIEPUMEHTAJIbHBIE JAHHBIE ISl YTOYHEHHUs KBAHTOBBIX MapaMeTpPOB JABMKEHUS
3apsHKEHHBIX YaCTHUIl B AKCIEPUMEHTAIbHBIX YCTAHOBKAX, BKJIIOYAs COBPEMEHHBIE

YCKOPUTEIIH.
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