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1. $H3H~eCK8H llOCT8HOBK8 aa~a~H 

B paanH~HbiX BapHaHTax KonneKTHBHoro MeTo~a ycKopeHHH B.H.BeKc

/1,2/ 
nepa HeKOTopaH ycKopHIOIIIaH CHna F z ~eii:CTByeT Ha 9neKTpOHHOe 

KO~bUO, KOTOpoe yBneKaeT aa co6oil: KOnhUO HOHOB ( CMo pHC. 1) • Mbl He 

oy~eM paCCM8TpHB8Tb 3~eCb Te CllOC06bi KOnneKTHBHOPO yCKOpeHHH, KOP~a 

yCKOpH101118H CHna CyiiieCTBeHHO 38BHCHT OT napaMeTpOB YCKOpHeMOPO KOnb~ 

ua, HanpHMep, yane~eHHe crycTKa cpe~oii:. 

0cHOBHOe BHHM8HHe B 9TOH pa6oTe y~enHeTCH cny~a!O, KOP~a HOHhl 

CHnbHO BnHHIOT Ha ~BH~eHHe 9neKTpOHOB. EcnH KOnDUO K8K uenoe He yCK0-

/3 4/ 
pHeTCH1 TO, K8K ll0K838HO B pa60T8X 

1 
, B03MO~Ha C8MO<fJOKyCHpOBKa, 

ecnH ~aCTHUbl Ka~~oro COpTa HaXO~HTCH B llOTeHUHanbHOil: HMe B COOCTBeH

HOH CHCTeMe KOOp~HHaT. 

To~Ho TaK ~e npH abmonHeHHH nocne~Hero TpeooaaHHH MO~Ho nony

~HTh caMo<f!oKycHpyiOIIIeecH ycKopeHHOe 9neKTpOHHo-HoHHoe Koncuo. Bbiopaa 

llpH 9TOM ~HCnO 9neK.TpOHOB ropaa~O 60nDIIIHM ~HCna HOHOB, MO~HO POBO-

pHTb, ·~TO KOnhUO YCKOpHeTCH llpHMepHO T8K ~e, K8K ~HCTO 9neKTpbHHOe. 

C ~pyroi!: CTOpOHbi, llOCKOnhKY HOHbl ~BH~yTCH BMeCTe C 9neKTpOHa

MH, OHH npHOopeTaiOT 9HeprHIO, OOnDIIIYIO 9HeprHH 9neKTpOHOB B OTHOIIIeHHH 

HX nonHbiX Mace. H M8HHO B 9TOM H 38Kn!O~aeTCH OCHOBH8H ocooeHHOCTb 

KOnneKTHBHbiX M8TO~OB yCKOpeHHHo 

3 



I I. 

r, 

PHc, 1. 

2, CTaUHOHapHasr B M~nnepoBoil: CHCTeMe KOOpllHHaT 

MOlle Jib 

~cHo, ~To aaii:TH peweHHe nocTaBneHHoil: anecb caMocornacoBaHHOH 

38Jl8~H B oomeM BHlle BeCbMa aaTpyllHHTeJihHO, Bonee Toro, KaK aTo 6yneT 

BH.tlHO H3 ll8JlbHeil:wel"'O, ll8)1{e TOI'll8, KOI'll8 38ll8~8 CBOllHTCSI K HeJIHHeii:HhiM 

HHTel"'p8JibHhiM ypaBHeHHSIM llJISI C8MOCOI'Jl8COB8HHOI'O nOJISI 0 peweHHe HX COn-

PSI*eHo c cepbe3HhiMH TPYllHOCTSIMH, 

B psrne cny~aeB ycnexa MO)I{HO nooHTbCSI nocTpoeaHeM MonenH o6~eK

Ta, non KOTOpoil: nOHHM8eTCSI ~aCTHOe peweHHe KHHeTH~eCKOI'O ypaBHeHHSI 

C C8MOCOI'Jl8COB8HHhlM noJieM 6e3 y~eTa CTOJIKHOBeHHil:, f1pH TaKOM nonxo-

4 

..--

ne ll0CT8TO~HO 3H8Tb HeKOTOphie HHTel"'paJihl llBH)I{eHHSI ~8CTHUh 

nacoBaHHOM none ( oohi~Ho ~Reno HX He npeBOCXOllHT llByx, B 

cny~ae., Tpex) llJIR nocTpoeHHSI MonenH c onpeneneHHhiMH aanaH 

/5/ 
CTB8MH • B nepBylO o~epenh npH aToM Tpe6yeTcsr HHTel"'pHp 

cPyHKUHH pacnpelleJieHHSI B npocTpaHCTBe HMnyJibCOB, T,K0 nJIOTi 

B xoopnHHSTHOM npocTpaHCTBe llOJI)I{Ha 6hiTb KOHe~aoil:, HaHool 

H B TO )1{9 BpeMSI Jl0CT8TO~HO a¢¢eKTHBHhiM0 SIBJISieTCSI HCnOJib3 

Tel"'p8JIOB .t1BH)I{9HHSI, CBsi38HHhiX C OAHOpOllHOCTblO 38Jl8~ no 01 

KOOpAHH8Te, .nnsr CT8UHOH8pHhiX 38ll8~ BOnpOC 0 KOHe~HOil: nn01 

HO peWHTb, K8K npaBHJ10 0 HCnOJib3YSI B K8~9CTBe OllHOI'O H3 HH' 

/5/ 
ABH)I{9HHSI 1"'8MHJlbTOHH8H ~8CTHUhl 

f10CT8BJieHH8SI B 9TOil: paooTe 38ll8~a npHHUHnH8JlbHO HeC1 

B JllOOOil: HHepUH8JlbHOH CHCTeMe KOOpAHHaT, OAH8KO, B HeKOTOp 

Tax oaa MO*eT OhiTb cTaUHOHapHoil: B M~nnepoaoil: paBHCiycxopE 

/6/ 
Me, 3Ta CHCTeMa 6hma aaeneaa M~nnepoM , HcnoJlbaoaaHHI 

171 
ycxopHTeneil: paccMaTpHBaeTCSI B pa6oTe • EcnH BHewaee n 

nOCTOSIHHhie H OllHOpOllHhie B Jia6opaTOpHOil: CHCTeMe KOOpAHHaT 

TH 9JieKTpH~eCKOI'O H M8I'HHTHOI'O noneil:, TO 9JleKTpOHHO-HOHHO 

neT ycxop:srTbcsr paBHOMepHo, B cooTBeTCTBYlOilleA M~nneposoil: 

peHHOil: CHCTeMe BCe BH9lliHHe nonsr, BKJl!O~asr H l"'p8BHT8UHOHHOI 

c HeHHepuHanbHOCTblO CHCTeMhi, He aaBHCSIT oT BpeMeHH. DoaT 

CHCTeMe KOOpAHHaT MO)I{HO ~CK8Tb CT8UHOHapHOe peweHHe nOC1 

anecb aana~H. PaaMephi KOJibUa MoryT nonnep*HB8TbCSI nocTos 

C~eT CHJI C8MO~OKYCHpOBKH, 

171 
Mo*HO noKa3aTb , ~To B aToM cny~ae coxpaHsreTcsr KO 

BpeMeHH8SI COCT8BJISI10Ill8SI ~eThipeX-HMnyJibCa, COBnall8lOill8SI C 

AO 3H8K8 C 1"'8MHJlbTOHH8HOM, 

PaccMaTpHBasr apameHHe ~acTHU a xonhue, noTpe6yeM aa 

/5/ 
OAHOpOAHOCTH KOJlbU8, K8K H B paOOTe , H BOCnOJlb3yeMCSI I 

5 
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r. 

PHc. 1. 

• CTauHoHapHaSI B M~nnepoBoil: CHCTeMe KOOPllHHaT 

Moaenb 

o Haii:TH perneHHe nocTaBneHHOil: aaecb caMoco~nacoBaHHoil: 

eM BHae BeCbMa aaTpyaHHTenbHo. Eonee Toro, KaK aTo 5yaeT 

Heil:wero, aa:>Ke Toraa, Koraa aaaaqa CBOllHTCSI K HenHHeii:HbiM 

ypaBHeHHSIM anSI C8MOCOrnaCOB8HHOro nonS!, pellieHHe HX COn

be3HbiMH rpyaHoCTSIMH, 

cnyqaeB ycnexa MO:>KHO ao6HTbCSI nocTpoeHHeM MoaenH o6~eK

oil: nOHHMaeTCSI '18CTHOe perneHHe KHHeTH'IeCKOrO ypaBHeHHH 

OBBHHbiM noneM 6e3 yqeTa CTOnKHOBeHHil:, DpH TaKOM noaxo-

4 

~· 

ae llOCTaTO'IHO 3H8Tb HeKoTOpbie HHTerpanbi JlBH:>KeHHSI '18CTHUbl B C8MOCOr

naCOB8HHOM none ( 06bl'IHO 'IHCnO HX He npeBOCXOJlHT JlByX, B KpaAHeM 

cnyqae, Tpex.) an.H nOCTpOeHHH MOJlenH C onpe.r::teneHHblMH 38Jl8HHbiMH CBOA-

/5/ 
CTB8MH • B nepByiO O'lepeJlb npH aToM Tpe6yeTCR HHTerpHpyeMOCTb 

~HKUHH pacnpe.r::teneHH.H B npOCTpaHCTBe HMnynbCoB, TeKo nnoTHOCTb 'l8CTHU 

B KOOPJlHHBTHOM npocTpaHCTBe aon:>KHa 5biTb KOHe'lHOil:. HaH6onee npocTbiM, 

H B To :>Ke BpeMH JlOCT8TO'lHO a¢¢eKTHBHbiM, .HBnS!eTC.H HCnonb30B8HHe HH

TerpanOB .QBH:>KeHHSI, CBsi:38HHbiX C OJlHOpo.r::tHOCTblO 38Jl8'l no onpe.r::teneHHOA 

KoOpllHH8Te, .nn.s~ CT8UHOH8pHblX 38Jl8'1 Bonpoc 0 KOHe'lHOA nnOTHOCTH MO:>K-

HO pelliHTb, K8K npaBHnO, HCnOnb3YSI B K8'leCTBe OllHOrO H3 HHTerpanOB 

/5/ 
JlBH:>KeHHSI raMHnbTOHH8H 'l8CTHUhl 

TIOCT8BneHH8SI B 9ToA pa60Te 38Jl8'18 npHHUHnHanbHO H8CT8UHOH8pH8 

B n106oA HHepuHanhHOA CHCTeMe KoopJlHHaT, oaHaKo, B HeKoTopbiX BapHaH

Tax OH8 MO:>KeT 5biTb CT8UHOH8pHOA B M~nnepOBOA p8BHOyCKOpeHHOil: CHCTe

/6/ 
Me, 3Ta CHCT9M8 6bin8 BB8tleHa M~nnepOM , HCnOnb30B8HHe ee B TeOpHH 

171 
ycKopHTeneA paccMaTpHBaeTCR B pa6oTe • EcnH BHelliHee none HMeeT 

nOCTOSIHHbie H O}lHOpOJlHble B na6opaTopHOA CHCTeMe KoOpJlHHBT HanpS!:>KeHHOC

TH aneKTpH'leCKOrO H M8rHHTHOrO nonei!:, TO aneKTpOHHO-HOHHOe KOnbUO 6y

.r::teT ycKOpS!TbCR paBHOMepHo. B cooTBeTCTBYIOUleil: M~nnepoBoil: paBHoycKo

peHHoA CHCTeMe BCe BHelliHHe nonS!, BKniO'IaSI H rpaBHT8UHOHHOe, CBSI38HHOe 

C HeHHepUH8nbHOCTblO CHCTeMbi, He 38BHCHT OT BpeMeHH, TI09TOMY B T8Koil: 

CHCTeMe KOOpJlHH8T MO:>KHO ~CK8Tb CT8UHOH8pHOe pellieHHe noCT8BneHHOil: 

3JleCb aa.r::ta'IH. PaaMepbi KOnhua MoryT noaaep:>KHB8TbCSI nocTOSIHHbiMH aa 

C'leT CHn C8MO~OKyCHpOBKH, 

171 
Mo:>KHo noKa38Tb , 'ITo B aToM cnyqae coxpaHHeTCSI KOBapHaHTHaSI 

BpeMeHH8SI COCTaBnSIIOUl8SI 'leTbipeX-HMnynbca, CoBn8Jl810Ul8SI C TO'IHOCTblO 

JlO 3H8K8 C raMHnbTOHH8HOM, 

PaccMaTpHBa.H BpameHHe 'laCTHU B Konbue, noTpe6yeM a3HMyTanhHOil: 

/5/ 
O}lHopOJlHOCTH KOnbU8, K8K H B pa5oTe , H BoCnOnh3yeMCSI COOTBeTCT-

~ 5 
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syiOlliHM HHTerpanoM .llBH)KeHHSI. KHHeTH'lecKoe ypasHeHHe HcrronhayeM B 
• 181 

KOB8pH8HTHOH ~OpMe, rrpe,llnO)K9HHOH B pa6oTe , H 11pHB9.1l9HHOH T8K)K9 

171 
B o6aope • 

flyCTb rrpOCTp8HCTB9HHhl9 KOOp.llHH8Tbl TO'lKH B YCKOp9HHOH CHCTeMe 

38.1l8Hhl B UHnHH.IlPH'l9CKOH CHCTeMe KOOp.llHH8T 1 TOI'.Il8 MeTpH'l9CKHfi T9H30p 

M~nnepOBOH paBH<?YCKOpeHHOH CHCT9Mbl KOOp.llHH8T ( t , r, (} , Z ) HMeeT 

BH.Il: 

glk= 

h 2 0 

0 -1 

0 

0 

0 

0 

0 

0 

0 -1 0 

0 0 -1 

h=1+WZ 

(1) 

3.1leCb W-yCKOpeHHe sneKTpOHHO-HOHHOI'O cryCTK8 K8K uenoro B corryTCT-

BYIOIUeH CHCTeMe KOOp.llHH8T 1 CKOpOCTb CB9T8 B BaKyyMe rronO)KeHa paBHOti: 

eL(HHHUe. 

BpeMeHHSSI 'KOBapHaHTHaSI KOMilOHeHTa 'l~Thipex-HMilYnbca qacTHUhi B 

T8KOH CHCTeMe KOOp.llHH8T 3811HCb!B89TCSI KBK 

P =h2po=-hvm2 +P'2+r2pe2+pz2 
0 e, f 

(2) 

l1H.Il9KChl "e" H " j 11 3,1l9Cb H B ,ll8nbH9ti:liieM yK83biB8IOT H8 TO, 'iTO COOT

B9TCTBYIOIUH9 BenH'lRHhl OTHOCSITCSI K sneKTpOHaM: nR60 K HOH8M1 p a 

06hi't[HhlH penSITHBHCTCKRH HMilynbC 'l8CTHUhl B MennepOBOH CRCTeMe. 

. l1HTerpanhi .llBH)K9HHSI1 CBSI38HHhie C O.llHOpO.IlHOCTbiO 38.1l8'lH 110 BpeMe

HH H 83HMyTanbHOMY yrny (} 1 cyTb o6o6IUeHHhl9 HMrrynbChi: 

P =P +e A =const 
Oc,i 0 e,i 0 

P =P +e A =const 
ee,l e o,l e 

(3) 

6 

3TH Bblp8)K9HH Sl COOTB9TCTBYIOT narp8H)KH8Hy 1 11pHB9.1l9HHOMy 

rrpH'leM BenH'lHHa A 0 paBHa cKanSipHoMy rroTeauuany sneKTpoMarH 

rronSI, B3SITOMY c o6paTHhiM aaaKOM1 A 0 -cooTBeTCTBYIOIUaSI KOMn 

BeKTOpHOI'O noTeHUHana; ,llanee Mhl 6y.lleM C'lHT8Tb 38pSIJlbl sneKTJ 

HOH8 COOTB9TCTB9HHO paBHhlMH e 
8 

= -e , e I = e • 

l1cnonb3YSI Bhipa)KeHHSI ( 3), MO)KHO nocTpOHTb WHKUHIO pacn 

/5/ 
no aaanOI'HH C 1 '<[TO n03BOnHT HCnonb30B8Tb cneUH~HKy Henna 

ypaBHeHHH ,llnSI C8MOCOrnaeOB8HHOI'O nonS!, CBOHCTB9HHYIO 9TOH MO 

l1T8K1 Mbl Bhi6HpaeM ~yHKUHIO pacnpe,lleneHHSI 

K 

f . I = e I 8 ( p 0 I + H I) 8 ( p 0 I - M I ) ' 
e' 8 " 2 e 2 e' e' e, e, 

KOTOpOH OTBe'l~eT OTCYTCTBHe paa6poca no 83HMyTanbHOMy o6o6m 

HMrrynbcy H no nonaofl s~;tepruu qacTHU. Bhi'lHCnHM nnoTHOCTb qe'I 

Ka B M~nnepOBOH CHCTeMe KOOp.llHH8T 1 HCnOnb3YSI 9TY ~YHKUHIO pa 

/8 7 I 
HHSI1 no ~OpMynaM, .ll8HHhiM B 

1 
• 

B peaynbTaTe Bhi'lHcneHHH 1 npoBO.IlSIIUHXCSI TO'lHO TaK )1{91 Ka 

/5/ 
Te , HMeeM 

I'.lle 

0 0 0 
J = J + J 

e I 

J 0 -
e,i-

K e,l m e,i 
y a 

4 7T e h 2 e ,I e 1 
e,i r ' 

H e,l + ee,i A o 
y . = 

e,l 

a 

h m e,l 

e,l 

1 

0 

J e = Je + J e 
e I 

J''z=O, 

J e -K m 
= 

e,l e,l 

e,l 
u a 

4" e h r 2 
e,l e,l 

e,l 

M e,l- ee,i Ao 
U= 

e,,l 
rm 

e,l 

2 -u. 2 -1 > 0 Y e,i e,l 
2 - u 2 y -1 < 0. 

e,l e,l 

7 
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anoM nsa*eHMH. KaHeTa~ecKoe ypasHeHMe acrronh3yeM a 

u 6 /8/ 
opMe, rrpenno*eHHOM B pa oTe , M rrpaseneHHO:lt TaK*e 

CTpaHCTBeHHbie KOOpAMHSTbl TO~KM B ycKopeHHOH CMCTeMe 

npa~eCKOH CMCTeMe KOOpAMHST, Torna MeTpH~9CKHH T9H30p 

Hc;>YCKOpeHHOH CMCT9Mbl KOOpAMHST ( t , r, 0 , Z ) MM99T 

h 2 0 0 0 

0 -1 0 0 

g I k = 0 0 -1 0 ( 1 ) 

0 0 0 -1 

h=1+WZ 

opeHM9 9neKTpOHHO-MOHHOrO cryCTKS KSK uenoro B corryTCT

e K00pAMHST
1 

CKOpOCTh CB9Ta B BaKyyMe rronO*eHa paBHOH 

H 'KOBapMaHTHSH KOMITOH9HT8 ~~Tb!pe~HMITynhCS ~aCTMUbl B 

KOOpAMHST 38ITHChlB89TCH KSK 

2 0 _/ 2 2 02 2 = h p = - h v m + p r + r 2p + p z 
0 e, t 

(2) 

H " j " 3A9Ch M B nanhH9Hill9M YK83biB810T Ha TO, ~TO COOT

senM~MHbl OTHOCHTCSI K 9neKTpOHSM 1 na6o K MOHSM1 p
1
a -

TMBMCTCKMH MMrrynhC ~aCTMUbl B MennepOBOH CMCTeMe, 

hi ABM*9HMH
1 

CBH38HHb19 C OAHOpOAHOCThlO 38A8~H ITO BpeMe

hHOMY yrny e I cyTh o6o6meHHble MMrrynhCbi: 

p A =roost ~ p + e 
0 e,l 0 Oc, i 

(3) 
P = p + e A = const 

ee,l e o,l e 

6 

~ 

171 
3TH Bbipa*eHHH COOTBeTCTBYIOT narpaH*M8HY 1 rrpMB9A9HHOMY B 1 

rrpa~eM senH~HHa A 
0 

pasHa cKanHpHOMY rroTeHUHany 9neKTpoMarHHTHoro 

rronH, B3SITOMY c o6paTHblM 3H8KOM, A e -cOOTBeTCTByiOIUSSI KOMITOHeHTa 

seKToiJHoro rroTeHuHana; nanee Mhi 6yneM c~HTSTh aapS!Abi 9neKTpoHa H 

HOH8 COOTBeTCTBeHHO paBHbiMH e 8 = -e , e I = e • 

J1crronb3YSI Bb!pa>KeHHSI (3) 1 MO>KHO nocTpOHTb 4Jy"HKUHIO pacnpeneneHHSI 

/5/ 
no aHanorHH C 

1 
~TO n03BOnHT HCnOnh30B8Tb cneUB$HKY HenBHefiHOCTH 

ypaBH9Hidl: AnSI CaMOCOrnaeosaHHOrO nonS!, CBOHCTB9HHYIO 9TOH MOAenB, 

!1TaK, Mbl Bh16Hp8eM $yHKUHIO pacnpeneneHHSI 

f e·,l 

K 

~i>(Poe,l + 8 e)i3(Pee,t-Me,t), 

8 " e 
(4) 

KOTOpOfi OTBe~aeT OTCYTCTBH9 paa6poca no 83HMyTanhHOMY o6o6IUeHHOMY 

&Mnynhcy ll: no nonHoA 9ijeprHH 'ISCTHU. Bbi~BcnBM nnoTHOCTh 'leTbipex-To

Ka B MenneposoA CHCTeMe KOOpAHHST, BCnOnh3YSI 9TY $YHKUHIO pacnpenene-

/8 7 I 
HHSI1 no $opMynaM, ASHHbiM B 

1 
, 

B peaynhTSTe Bbl~HCneHHA, npOBOASIIUHXCSI TO~HO TSK >Ke, KSK B pa6o

/5/ 
Te , BMeeM 

0 J 0 J 0 J = + J e = Je + J o 
e I 

Jr,z=O, 

rne 

e I 

J 0 = 
e,l 

K e,i m e,i 
y a 

4TTe h2 e,l e,l 
e,l r 

H e,t + ee,t A o 
y _= 

e,l 

a 

~ 

h m e,i 

e,l 

1 

0 

J e 
e,l 

U= 
e,,t 

2 
Y e,l 

2 
y 

e,l 

7 

-K m 
= 

e,l e,l 
u 

4TT e h r 2 
e,l 

M e,l- ee,i Ae 
-

rm 
e,i 

-u. 2 -1 > 0 
e,l 

- u 2 -1<0. 
e,l 

(5) 

a 
e,l e,l 

(6) 

-I 

_..., 



I 
l 

Mbl nony'IHnH, TaKHM o6pa30M 1 nnoTHOCTb TOKa, OTnH'IHYIO OT HynH ' 

nHlllb s TOft o6naCTH npOCTpaHCTSa, I"Jle nonHaSI SHepi"HSI 'laCTHUbi 0 

o6o6meHHhiA a3HMyTanDHblA HMnynbC p (} , He npesOCXOJlHT 3a)laHHOA non-

itoA sHeprHH H e,l . 

J1cnonb3YSI Sbipa)!{eHHSI )lnSI 'leTbipeX-TOKa (5-6), C UOMOUlbiO o6IUHX 

<tJopMyn, shtpa)!{aiOIUHX 'leThtpex-noTeHUHan 'lepea TOK s M~nneposoA CHCTe-

17/ 
Me KOOpJlHHaT , nony'IHM 

ehA
0 

= f 
K m o 

G yY e dr'dz'- --1 _.!.. f Gyy I dr'dz' +eh A 
4rr S I SH, 4rr s 

e 

erA(}=-
K m 

!.__!_ f Guula _r_dr'dz'+~ f GUiJI _r_dr'dz'+ erA e , 
r' 4rr s ' r' sH. 4rr s 

(7) 

e 

I")le, S COOTSeTCTSHH C (6), 
2 . 2 

Se ( S I) 

Ao 

- o6nacTb, I"Jle SbmOnHHeTCSI HepaseH-

8 
H A - KoMnoHeHThi 'leThtpex-no-

CTSO y e, I- U~,l - 1 > 0 SH. sH. 

TeHUHana sHemHero nonH, 
2 

Gy 
2rr w2R 
f G(l+ )dO 

0 2h h 

217 
G =fGrosOdO 

u' o 

G= R=v r 2 + r' 2 -2rr'ros0+(z-z') 2 

Ryh h(l + 
2 R 2 

w "" ) 
4 h h = 

h = h ( z ') = 1 + w z , . 
0 

Bbtpa*eHHSI JlnH 'leThipex-noTeHuHanos A c 
e 

H A c, onpeJlenHIOIUHX 

C06CTSeHHhle nOnSI, COOTSeTCTSYIOT S HHepUHanbHOA CHCTeMe KOOpJlHHaT 

aana3JlbtsaiOIUHM noTeHuHanaM. CneJlyeT aaMeTHTb, 'ITO TaKoe cooTseTcT

BHe )lnSI. OJlHHO'IHOA 'laCTHUbl 03Ha'laeT cosna)leHHe Sb!pa)!{eHHA )lnSI 'leTbi

pex-noTeHUHana c <iJopMynaMH BopHa, KOTOphte JlaiOT npasHnhHbie Sbtpa*e-

/9/ 
HHSI JlnH noneA s o6nacTH a6coniOTHoro 6yJlymero • LlnH HamHX ueneA, 

8 

--

0)lHaK0
0 

STOI"O OK83b!SaeTCSI snonHe JlOCTaTO'IHO H HHK8KHX MOJll 

'leThipex-noTeHUHana, cornacHo o6cy*JleHHIO s;oro sonpoca s p 

He Tpe6yeTCSI. KoMnoHeHTa Arc pasHa Hyni01 STO cneJlyeT npH! 

SeHCTSa HyniO KOMnOHeHTbl TOKa S r -HanpasneHHH. JlerKO UOK~ 

)!{e, 'ITO C nOMOIUbiO rpa)lHeHTHOI"O lipeo6pa30B8HHSI0 He 3aTpai"I! 

0 (} 
KOMnOHeHT A 

0 
H A 

0
, MO)!{HO o6paTHTb S Hynb H KOMnoHeHTY 

TeMa ypasHeHHA (7) nocne noJlCTaHOSl{H senH'IHH y H U. H3 

HCKOMOA CHCTeMOA ypasHeHHA JlnSI CaMOCornacosaHHOI"O nonSI, E 

)laeT s peayn~:>TaTe pemeHHe nocTasneHHOA aa)la'IH. 

0TMeTHM, 'ITO S CHCTeMy (7) SXOJlHT napaMeTp W- yCKO 

JlenSIIOIUee npHpOCT SHepi"HH KOnbU8 K8K uenOI"O S HHepUHanbHOi 

KOOpJlHHaT, 3TOT napaMeTp He 6htn JlO CHX nop onpe)leneH S Cf 

KopHIOIUHM noneM H sonpoc o ero onpeJleneHHR HeTpRBHaneH. I 

KHX C006pa)!{eHHil: SICHO, 'ITO npH 38Jl8HHb!X pa3Mepax KOnbUa, 'l 

R HX SHeprHH, a TaK)!{e npR 38)laHHOH senH'IHHe yCKOpSIIOIUei"O I 

MeTp W orpaHR'IeH csepxy, C Jlpyrofi CTOpOHhi, npH )lOn)!{HOM 

ce'leHR51 Koncua1 'ITO scerJla soaMO)!{HO Jln51 caMo<iJoKycHpyiOIUer 

cHcTeMa cnoco6Ha ShiJlep*aTb CKOnb yroJlHO 6on~:>moe ycKopeH~ 

npH aaJlaHHOM ycKopSIIOIUeM none ycKopeHRe w see *e orpaHJ 

npR yMeHbiUeHRH ce'leHH51 KOn~:>ua soapacTaeT ero nonesag Mac 

• 
3. YnpomeHHhie ypasHeHH51 caMocornacosaHHOA a~ 

YpasHeHR51 (7) o'leHb cno)!{Hhi, TaK 'ITO He npeJlcTasnHeT 

nony'IHTb HX pemeHRe, no-Kpail:Heft Mepe S o6o3pHMOM SH)le. n 
CTapaeMC51 HX ynpOCTRTb, 38MeTHB, 'ITO ecnH senH'IHHbl y H 

H51IOTC51 no Ce'leHRIO KOnbU8, TO nnoTHOCTb 'laCTHU R CKOpOCTb 

MO)!{HO C'IHT8Tb npR6nH)!{eHHO UOCT051HHbiMHo J1TaK, npHMeM 

9 



T8KHM o6pa30M 1 nnoTHOCTb TOK8 1 oTnH'IHYIO OT Hyng ' 

npoCTp8HCTB8 1 I'Jle nonHaSI SH9pi'HSI '18CTHUbl 1 HM910IUeA: 

HMnynbC p 0 , He npesoCXOJlHT 38Jl8HHoA: non-

)lnSI '19Tbipex-ToKa (5-6), C nOMOIUb!O 06IUHX 

!OIUHX '19Tbipex-noTeHUHan 'lepea TOK B M~nnepOBOA CHCTe

/7/ 
, nony'IHM 

K m 
e f 

K ~ I 0 
Gyyedr'dz'---'- f Gyy.dr'dz'+ehA 

417 8 I BH, 
I 

417 s 
e 

_r_dr'dz'+~ f GU\}1 _r_dr'dz'+ erA e , 
r' 417 s ' r' BH, 

Gu u!e 
(7) 

I 

se ( s i ) 

Ao 
- o6nacTb, I'Jle BhmonHSieTcSI HepaseH-

BH, 

e 
H A - KOMIIOHeHTbl 'leTbipex-no-

BH, 
-1>0 

nonH, 
2 217 

w2R 
Gy =/ G ( 1 + ) de 

2h h 
217 

G =fGoosede 
u' o 

2 R 2 _w __ ) 
R=vr 2 +r' 2 -2rr'oos0+(z-z') 2 

"' 4 h h 
"' h = h ( z ') = 1 + w z '. 

0 
'leTbipex-noTeHuHanos A c 

e 
H A o, onpe.llenHJOIUHX 

Sl1 COOTBeTCTBYIOT B HHepUHanbHOH CHCTeMe KOOp.llHH8T 

noTeHUHanaM, Cne)lyeT 38MeTHTb 1 'ITO T8Koe COOTBeTCT

'18CTHUbl 03H8'18eT COBna)leHHe Bbipa)KeHHil: JlnSI '!eThi-

C !}JopMynaMH BopHa, KoTopbie JlaJOT npasHnbHbie Bbipa)Ke

B o6naCTH a6conJOTHoro 6y.llyiUero 
191• llnH HalliHX ueneii:, 

8 

..... 

0JlH8K01 STOI'O OKa3biB8eTCSI BnOnHe .llOCTaTO'IHO H HHKaKHX MOJlHtPHKaUHJl: 

. /9/ 'leTbipex-noTeHUHana, cornacHo o6cy)I{JleHHJO aToro sorrpoca B pa6oTe , 

He Tpe6y.eTCSI, KoMnoHeHTa Arc pasHa nyn10, STO cne.llyeT npHMO H3 pa

BeHCTBa HynJO KOMIIOHeHTbl TOKa S r -HanpasneHHH. nerKO IIOKa3aTb TaK

)Ke, 'ITO C IIOMOIUb!O rpa)lHeHTHOI'O li[leo6pa30SaHHSI
0 

He 38Tp8I'HSaJOIUei'O 

KOMnoHeHT A: H A~, MO)KHO o6paTHTb s Hynb H xoMnoHeHTY A~ • CHc

TeMa ypaBHeHHA (7) nocne nO.llCTaHOSl{H senH'IHH y H U. H3 (6) SISnSieTCSI 

HCKOMOil: CHCTeMotl: ypasHeHHil: JlnSI CaMoCoi'naCoSaHHOI'O nonH, Ee pellleHHe 

JlaeT B peaynbTaTe pellleHHe IIOCTasneHHOli: 3a)la'IH, 

0TMeTHM 0 'ITO S CHCTeMy (7) SXOJlHT napaMeTp W- YCKopeHHe, onpe

.llenSIJOIUee npHpOCT SHepi'HH KOnbUa KaK Uenoi'O S HHepuHanbHotl: CHCTeMe 

KOOPJlHH8T, 3TOT napaMeTp He 6bin JlO CHX nop onpe)leneH S CSSI3H C yc

KOpSI!OIUHM noneM H sonpoc o ero onpe.lleneHHH HeTpHsaaneH, Ha !}JH3H'Iec

KHX COo6pa)KeHHil: SICH0 0 'ITO npH 3a)laHHbiX pa3Mepax KOnbUa, 'IHCne 'laCTHU 

H Hx aHepi'HH 1 a T8K)Ke npH aa.llaHHoii: senH'IHHe ycxopHJOIUero nonSI napa

MeTp W OI'paHH'IeH Csepxy, C Jlpyroii: CTOpOHbi, npH )lOn)KHOM yMeHbllleHHH 

110/ Ce'leHHSI KOnbUa 1 'ITO SCei')la B03MO)KHO )lnSI CaMo!}JoKyCHpyJOIUei'OCSI ny'IKa 

CHCTeMa cnoco6Ha Sbi.llep)KaTb CKOnb YI'O.llHO 6onbllloe ycxopeHHe, 0Jl.HaKo 

npH 38.llaHHOM ycxopSIJOIUeM none YCKopeHHe W see )Ke OI'paHH'IeHo, T,K, 

npH yMeHbllleHHH Ce'leHHSI KOnbUa S03paCTaeT ero nonesaSI Macca, 

• 
3. YnpomeHHhie ypasHeHHSI caMocornacosaHHotl: aa.lla'IH 

YpasHeHHSI (7) O'leHb cno)I{Hhi, Tax 'ITo He rrpe.llCTasnSieTcSI so3MO)I{HbiM 

nony'IHTb HX pellleHHe 1 no-Kpati:Heil: Mepe B o6o3pHMOM SH)le, fl OSToMy no

CTapaeMCSI HX ynpOCTHTb 1 38MeTHS 0 'ITO ecnH BenH'IHHbl y H U Mano Me-

HSIIOTCSI no Ce'leHHIO KonbUa, TO nnoTHOCTb '18CTHU H CKOpOCTb HX BpaiUeHHSI 

MO)KHO C'IHTaTb npH6nH)KeHHO noCTOSIHHbiMH, HTaK, npHMeM 

~ 
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~«1 
y 

~«1 
u 

(8) 

DpH :3TOM He3aBHCHMOCTb OT KOOp.llHHaT y H U B HHTer-panbHbiX orre-

paTopax cne.nyeT yt~HTbiBaTb nHlllb B rrpe.nenax HHTer-pHpoBaHHSI. Ll.anee, He 

Ol:'p8HH'IHB8SI Cyll!eCTBeHHO o6naCTH !IpHMeHHMOCTH peaynbTBTOB, MO~HO !IpH-

HS!Tb 

se,i 1 
------ << ----- ' 2 2 

7Tfo Ye 

2 2 
w ro 

8 
« 1. (9) 

3.necb ro-pa.nHyc ueHTpanhHO~ oKpy~HOCTH Kon~:>ua. B :3THX npe.nnono~eHH

SIX CHCTeMy ypaBHeHH~ (7) MO~HO rrpe.nCTBBHTb B yrrpOIUeHHOM BH.Ile, OC

TaBnSISI nHlllb t~neHhi, cymecTBeHHhie .nnSI onpe.neneHHSI r-paHHUbi, BBe.neM HO-

BYIO CHCTeMy KOOPllHHBT X 1=r-r 
0

, X 2= Z , B KOTOpO~ , cor-naCHO nepBOMy 
x2 

H3 HepaBeHCTB (9), Ha 6nH3KHX paC.CTOSIHHSIX MO~HO C'IHT8Tb -...,f << ----\-• 
r 0 y e 

Bocnonh30BaBlliHCb HepaBeHCTBaMH (9), paano~HM cj:JyHKUHH fpHHa 

G y H G u B pMbi .no t~neHOB rrepBor-o rropSI.nKa no ManoMy napaMeTpy 

X I 

ro 
G = 2_ [ G w( x 2 + x ' ) 

Y o- 2 G 
r o 2 o-

X 1+ X~ 
(G 0-1)] 

2r
0 .. 

2 X +X 
G = G - - [ 2- w( x + x' ) - 1 1 

], 
u y r 2 2 2 o r o 

( 10) 

r-.ne 

G o =In 
8 

r o 

V(X 
1
-x'

1
)

2 
+(X 2-x; )2 

10 

~ 

Tor-):Ia noTeHUHanhl ( 7) c TO'IHOCTbiO AO t~neHOB, rrponopuHoHanbE 

S e, i 8r
0 

se ,i 
L e ,i ' --In = ----- 2 2 

" r o "ro V S e, i 

3aiiHlliYTCSI B BH.Ile 

ehA 
0 

m 
e 

erAe 

me 

3AeCb · BBe.lleHbl 

v e r 0 v r eh 
J G dx'

1 
dx; --1

--
0 JG dx;dx'2 + --

y S s Y n 
S e i I 

s 
e 

v f3'or 
e 

v r x' 
f Gy dx'

1 
dx'2 + __ e_o JG y--1 dx'1 dx; +-

s S s r 0 e e e se 

v H BenH'IHHbl e 
V. - COOTBeTCTBeHHO "IIOJ:'OH 

I 

TpOH H HOH , cne.nyiOIUHe H3 HOpMHpOBKH cj:JyHKUli:H pacrrpeAeneHll:l 

paBHbie 

K S e e 
v v Yu e 

4 "r o 

KpoMe TOJ:'O Mbi rrpaHSina BenH'IHHbl 

K S m 
i i 

4 11 r m 
0 e 

Y e, i II: 

K IS i 

47Tr
0

1L 

ul 
e, i 

B COOTBeTCTI 

paBeHCTB8Mll: (8) paBHhlMH HX 3HatieHli:SIM Ha p8J:Ill:yCe f=fo r 

.nnSI aneKTpOHOB ye =Yu' ue =f3o Yu ' !IpH :3TOM 83HMY1 

JlBH~eHll:e aneKTpOHOB C'IHTBeTCSI CyiUeCTBeHHO penSITli:Bli:CTCKH .. 
HOHOB y i = 1 U = 0 

1 
T,e, HOHbl B KOnbUe BpaiUa!OTCSI OtieHb 

OcTaHOBli:MCSI Tenepb 6onee rro.npo6Ho Ha HepaBeHCTBaX (8), 

By.neM paccMaTpaBaTb cnyt~a~, KOJ:'.Ila•6onbWOH paAHYC KOn 

uep>i<aBaeTCSI IIOCTOSIHHbiM 38 CtieT BHeWHeJ:'O OJ:lHOpOUHOJ:'O MBJ:'H: 
r 2 H 

nSI, KOTOpOMY COOTBeTCTByeT tieTb!peX-IIOTeHUHan A i = ~ 8 

YpaBHeHHe UBa~eHHSI aneKTpOHa B r -HarrpaBneH~H HMeeT BHA: 

11 



~«1 
y 

~«1 
u 

(8) 

CHMOCTb OT KOOpaHH8T Y H U B HHTerpanbHbiX orre-

HHT9I"pHpOB8HHSI, nanee, He 

HHO o6nacTH 1IpHM9HHMOCTH pe3ynbT8TOB, MO*HO IIpH-

2 
r o 

1 
« --2 , 

Ye 

2 2 w r 0 

8 
« 1. 

(9) 

HTpanbaoft OKPY*HOCTH Konbua. B STHX rrpearrono*eHH

(7) MO*HO IIpeaCT8BHTb B yrrpOIU9HHOM BHae, OC

CyiUeCTBeHHhle anSI orrpeaeneHHSI rpaHHUhi, BBeaeM ao-

x 1=r-r 0, x 2= z , B KoTopoft , cornacao rrepBoMy 
x2 

6nH3KHX paCCTOSIHHSIX MO*HO C'IHT8Tb --.j- << --\--. 
r 0 Y e 

b HepaBeHCTB8MH ( 9), pa3nO*HM <jlyHKUHH fpHH8 

ao 'lneHOB IIepBOI"O IIOpSiaKa ITO ManoMy IIapaMeTpy 

w( X +X' ) X I+ X ; 
2 2 G -----

2 ° 2 ro 
(G

0
-1)] 

2 X +X ,I 
G - -[2-w(x + x' )- 1 ], y 2 2 

r 0 2r 
0 

( 10) 

=In 
8 r 

0 

V ( x 1- x') 2 + ( x 
2
-x; ) 2 

10 

... 

Toraa rroTeHuHanhi (7) c TO'IHOCTbto ao qneaoa, rrporropuHoHanbHhiX 

S e, i 8r
0 

s e ,i 
~In = L e ,i ' 
" r 2 " r 2 0 V S e, i 0 

38IIHlliyTCSI B BHae 

ehA 
0 

v e r 0 v r 
f G d x '1 d x; - - 1

--
0 f G d x ;d x '

2 
+ 

y s s y 
S e i I 

m s 
e e 

0 
eh A BH. 

m 
e 

erAe v (3 or e v r x' 
fGydx'1 dx;+--e-

0 
fGy--1 dx'1 dx; + 

erA e ( 11 ) 
BH. 

s S s r 0 e e e me me s 
e 

3aecb · BBeaeHhi BenH'IHHbl v 
e H V, - COOTB9TCTB9HHO "IIOI"OHHhlH" aneK-

1 

TpOH H HOH , cneaytoiUHe H3 HOpMHpOBKH <jlyHKUHH pacrrpeaeneHHSI ( 4) H 

paBHbie 

KeSe 
v v Ytx e 

4 "r 0 

K S m 
i i 

4 TT r m 
0 e 

K i 8 i 

( 12) 
4TTr 0 p 

KpoMe Toro Mhi rrpHHSinH BenH'IHHhi Y e, i H ur 
e, i B COOTBeTCTBHH C He-

p8B8HCTB8MH (8) paBHhlMH HX 3H8'18HHSIM Ha paaHyCe r=ro IIpH Z = 0 

anSI aneKTpOHOB ye ~yu' ue =f3o Yu ' IIpH 9TOM 83HMyTanbH08 

aBH*8HH8 aneKTpOHOB C'IHT88TCSI CyiUeCTB9HHO penSITHBHCTCKHMj H anSI •. 
HOHOB y I~ 1 U i ~ 0 , T,e, HOHbl B KOnbUe Bp8lli810TCSI 0'18Hb MeaneHHO, 

0CT8HOBHMCSI Teiiepb 6onee rroapo6HO H8 HepaBeHCTB8X (8), 

ByaeM paccMaTpHBaTb cnyqaft, Koraa•6onbwoft paaHyc KOnbua rroa-

aep*lfB88TCSI IIOCTOSIHHhiM 38 C'leT BH9lliH8I"O oaHopoaHOI"O M8I"HHTHOI"O IIO
r2H 

nSI, KOTOpOMY COOTB8TCTByeT '19Tb!peX-IIOT8HUif8n A i = ~ 0 i, 0 

YpaBHeHHe aBH*eHHSI aneKTpOHa B r -aarrpaBneH~H HMeeT BHa: 

i 
11 
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Me+eAe ) 2 Me+eAe a Ae 
-e 

dp anp r 3 r 2 ar aA 0 
__ r =- --- =h -e--

dt ar (Me-<-eA e)2 ar ( 13) 
V m 2_ + +P2+P2 

r 2 r z 

Bhit:~emiM B" rrpaBoil: "18CTH rrocllet:~Hero Bbipa)l(eHHSI "'lleHhi HylleBoro 

__2_! 
IIOpS!AK8 IIO IIapaMeTpy M8llOCTH H IIpHp8BHSieM HX CYMMY K Hymo, 

ro 
"'TO o5ecrre"'HT ynep)l(8fllie IIOCTOSIHHOI'O 3H8"1eHHSI 50llblliOI'O panHyCa KOllb-

ua; OCT8BlliHeCSI "'lleHbl BOHAYT B ypaBHeHHSI AllSI OTKllOHeHHSI "18CTHUbl OT 

UeHTp8llbHOH OKpy)I(HOCTH. DpH 9TOM, OAH8KO, He05XOAHMO y"'eCTb, K8K 9TO 

Mbl y)l(e CAellallH Bblllle, "'TO M8CC8 cpHKTHBHOH "18CTHUbi, Bp8IU8IOIUeHCSI IIO 

UeHTp8llbHOi1: OKpy)I(HOCTH C pellSITHBHCTCKOH CKOpOCTblO {3 o , B IIpHHSITOH 

3AeCb MOAellH OTllH"'aeTCSI OT MaCChi OAHHO"'HOH "18CTHUbi, Bp8IU8IOIUeHCSI C 

TOH )l(e CKOpOCTblO H8 TOM )l(e panHyCe, 3TO p83n!i"1He CBSI38HO C IIOIIe-

5 " " I 41 
pe"'HbiMH KOlle 8HHSIMH 9lleKTpOH8 B acpcpeKTHBHOH IIOTeHUH8llbHOH S!Me 

p 2 
D09TOMy, eCllH BBeCTH pellSITHBHCTCKHH cpaKTOp y l = V 1 + __ .L_ , I'Ae 

m2 
p 

p J.. U - IIOIIepe"'HbiH penSITHBHCTCKHH HMIIyllbC "18CTHUbi, IIpOXOASIIIleH qepe3 

UeHTp81lbHYIO OKpy)I(HOCTb, TO IIOllHbiH penSITHBHCTCKHH cpaKTOp cpHKTHBHOH 

UeHTp8llbHOH "18CTHUbl 5yneT paBeH y = y 
0 

y I , rne y 
0 

= ( 1- f3 ~ )- 1
/

2 
H 

M A . u -t 
,+ e e u = f3 0 y . 
m r u 

" 0 

COOTBeTCTBeHHO U 
PU 

I 
~CIIOllb3YSI 9TH o503H8"1eHHSI H rrpeHe5peraSI C05CTBeHHbiMH IIOllHMH 

KOllbU8 IIO Cp8BHeHHIO C BHelliHHM M8I'HHTHbiM IIOlleM, "'TO B03MO)I(H0 13 Clly-

"18e BhliiOllHeHHSI HepaBeHCTB 
V e,i 

, IIOlly"'aeM BellH"'HHy BHelliHe-L . «1 
e,1 

Yo 
I'O M8I'HHTHOI'O IIOllSI, Heo5XOAHMOI'O AllSI ynep)I(8HHSI 50llblliOI'O panHyca 

KOllbU8 IIOC TOSIHHbiM 

H =Y 0 Y1 f3o z 

e 
( 14) 

() 

) 
-~' 

~ 
·l'f· 
~·.:·. 

I L 
12 

.,. 

3neCb r e- KJ18CCH"'eCKHH p8AHYC 9lleKTpOH8, 3TO Bblp8)1(eHHe CO 

/4/ 
rrony"'eHHbiM B pa5oTe • 

0TMeTHM, "'TO M8JIOCTb C05CTBeHHbiX IIOllei1: He05XOAHMO TJ 

T8K)I(e AJISI TOI'O, "'T05bi COXp8HHTb CKOpOCTH HOHOB HepellSITHBHC 

,ileHCTBHTeJibHO, eCllH AOIIyCTHTb, "'TO C06CTBeHHble IIOllSI Cp8BHH 

llH"'HHe C BHelliHHM M8I'HHTHbiM IIOJieM, TO HOHbl H8"1HYT npei1:cpOB 

llleHHbiX p8AH8JlbHOM 9llElKTpH"'eCKOM H BHelliHeM M8I'HHTHb!X IIOlll 

1/e L e 1 
poCTbiO rropHJlKa --- <;__ • T aK KaK TaKoil: npeil:cp He)l(eJia 

Yo -
KOJIJieKTHBHbiX MeTOAOB yCKOpeHHH, Mbl He 6yneM paCCM8TpHB8Tl 

aToT cnyqai1:, Pa3JIO)I(eHHe Ue B5JIH3H ueHTpallbHoi1: OKPY)I(HOCTI 

BHA: 

c 
e !\A e 

u 
e 

[ 1 -
f3 o Y o y l m f3 o Y o Y +r 

0 e 

1'\Ac =Ac-Ac 
e e e u 

B 9TOM IIpH6llH)I(9HHOM paBeHCTBe Mbl OT6pOCHllH "'lleHhi, OTBeTC' 

Clla6yiO p8AH8llbHyiO cpoKyCHpOBKY B IIOCTOSIHHOM M8I'HHTHOM DOllE 

caMocpoKyCHpOBKY rrpeByallHpyromeil:, KaK BHAHO H3 rroclleAHeil: cpoJ 

llH"'HHbl u 
e H, COOTBeTCTBeHHO, y MO)I(HO C"'HT8Tb M8ll0 ~ 

e 1/ I 
CSI DO Ce"'9HHIO KOllbU8 llHlllb DpH BbiiiOllHeHHH HepaBeHCTB8 

y 
OIIS!Tb-T8KH KOI'A8 C05CTBeHHbie DOllS! M8llbl, 8 T8K)I(e KOI'A8 9He 

pe"'HbiX KOll958HHH MHOI'O MeHbllle 9H9pi'HH Bp81Il8TellbHOI'O ABH)I(• 

KHM o6pa30M, DpH6llH)I(eHHbl9 Bblp8)1(eHHSI ( 11) BepHbl AllSI AOCT8' 

llbiX co6cTBeHHhiX nolleil:. Y"'eT cnenyroruHx "'lleHOB B pa3llO)I(eHHF. 

B IIOAHHTerpallbHbiX Bbip8)1(eHHSIX cpopMyll ( 7) OTHOCHTCSI K ClleAy 

DpH6llH)I(eHHIO IIO IIapaMeTpy M8llOCTH 
vL 

Yo 
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M +e Ae 2 M + e A e 
e ___ ) -e e a Ae 

r 3 r 2 ar 
-

a A -e __ o 
ar 

V m ". + 
(M~·eA 8) 2 

+p2 +p2 
r 2 

(13) 

r z 

npaBoii qacTI1 nocneaHero Bbipa)l{eHHSI 'lneHhi HyneBoro 

xi 

ro 
11 npl1p8BHSieM 11X CYMMY K Hymo, 

)1{81!11e noCTOSIHHOI'O 3H8'1eHI1SI 6onbll!OI'O paa11yca KOnb-

BOiiayT B ypaBHeHI1SI anSI OTKnoHeH11SJ '18CTI1Ubl OT 

• Dp11 aToM, oaHaKo, Heo6xoai1Mo y'leCTb, KaK 9TO 

'ITO Macca tPI1KT11BHOH '18CT11Uhi, Bpall!aJOil!eiicSI no 

C penSITI1B11CTCKOH CKOpOCTb!O {3 o , B npi1HSJTOH 

aeTCSJ OT MaCChi Oai1HO'IHOH '18CTI1Ubl 0 Bp81l!810llleHCSI C 

TOM )l{e paa11yce, 8 TO pa3nl1'111e CBSI38HO C none-

'*''*' u u /4/ aneKTpOHa B 9't''t'eKT11BH011 noTeHU118nbHOI1 HMe 

penSITI1BI1CTCKI1H tP8KTOp 
p 2 

Yi =Vi+ _.L_ 

m~ 
, rae 

penSITI1BI1CTCKI1H 11MnynhC '18CT11Uhl, npOXOJ.ISillleH 'lepe3 

)I{HOCTb, TO nonHbiH penHT11BI1CTCKI1H !flaKTOp tPI1KT11BHOH 

6yneT paBeH y =Yo Y.j. , rne y 0 =(1-f3~)- 1 /2 11 
M "+ e A e ~ u 

-=f3oYu · 
0 

o6o3Ha'leH11SI 11 npeHe6peraSI co6CTBeHHhiM11 nonHMI1 

HIO C BHell!H11M M8I'HI1THbiM noneM, 'ITO B03MO)I{HO 13 cny-, .. 
--!:.!! L .«1 

e,1 , nonyqaeM Beni1'111HY BHell!He-
Yo 

, Heo6xoai1Moro J.InSI ynep.~KaH11H 6onbll!oro paa11yca 

H e 
YoYlf3o ( 14) r 

() 

12 

,. 

·'I·. ~' ~~ 
i1 .. ,'~, 

''* ·;{(~. 
:~' 

,i,.l 

., 

.~~. '' . 
:;, 

lj 

IJ 

3aecb r e - KnaCCI1'1ecK11H pan11yc aneKTpoHa. 8 To Bhipa)l{eH11e coBnanaeT c 

14/ 
nony'leHHhiM B pa6oTe • 

0TMeTI1M, 'ITO MBnOCTb C06CTBeHHbiX nonelf He06XOLIHMO Tpe60B8Tb 

T8K)I{e L{nSI TOI'O, 'IT06bi COXp8H11Tb CKOpOCTI1 110HOB HepenSJTI1B11CTCK11MI1, 

neHCTBI1TenbH0 0 ecn11 LIOnyCTI1Tb, 'ITO C06CTB8HHhle nonSI Cp8BH11Mhl no Be

ni1'111He C BHell!HI1M M8I'H11THbiM noneM, TO 110Hbl H8'1HyT apeii!flOB8Tb B CKpe-

llleHHh!X P8LII18nbHOM aneKTpl1'leCKOM 1:1 BHell!HeM M8I'HI1THbiX nOnSIX CO CKO-

V e L e 1 
pocTbJO nopHaKa --- <_ • TaK KaK TaKolf apelf<P He)l{enaTeneH anSI 

Yo -
KonneKT11BHbiX MeTOLIOB YCKOpeHI1S1 0 Mbl He 6yaeM paCCMaTpi1B8Tb 3L{eCb 

9TOT cnyqaii, Pa3nO)I{eHI:Ie uA B6nl:l31:1 ueHTpanbHolf OKpy)I{HOCTI:I !:!MeeT 

BI:ILI: 

u 
e 

c 
e il A 0 [ 1 -

f3
0 

Yo Yl m f3
0

Y
0

Yto 
e 

(15) 

!lAc =Ac-Ac 
e e e u 

B 9TOM npl16nl:l)l{eHHOM paBeHCTBe Mhi OT6poc11n11 'lneHhi, OTBeTCTBeHHhie 3a 

cna6y10 P8LII:I8llbHY!O tPOKYCI1pOBKy B nOCTOSIHHOM M8I'HI:ITHOM none, C'II1T3SJ 

caMo<PoKyCHpOBKy npeByan~:~pyJOmelf, KaK BI1LIHO 1:13 nocnenHelf <lJopMynhi, Be-

ni1'111Hbl U e 11, COOTBeTCTBeHHO, y e MO)I{HO C'II1T8Tb M8ll0 MeHSJIOlll11MI1-

VL CSI no Ce'leHI:IIO KOllbU8 nl11l!b lip!:! BblliOl!HeH111:1 HepaBeHCTBa --- << 1, T,e, 

Yo 
onSITb-TBK11 Korna co6CTBeHHhie nong Manbi, a T8K)I{e Korna 9Hepri1SJ none-

pe'IHhiX Kone6aHI1H MHoro MeHbll!e 9Hepi'HI1 BpamaTenhHoro LIB11)1{eHI1SJ, Ta

K11M o6pa30M 0 npl16l!l:l)l{eHHhle Bblp8)1{eH11SI ( 11) BepHbl L{nSI LIOCT8TO'IHO Ma

llb!X co6cTBeHHhiX nonelf. Y'leT cnenyJOllli:IX 'lneHOB B pa3nO)I{eHI111 y 11 u 

B nOL{I1HTei'panbHbiX Bbip8)1{eHI:I SIX !flopMyn ( 7) OTHOCI1TCSI K CnenyJOllleMy 

npl16l!l1)1{eHI110 no napaMeTpy ManOCTI1 vL 

Yo 

~ 
13 



Cne.nyeT HMeTb B BH.Qy, O.QHBKO, 'ITO 9TH 'lneHhl He06XO.QHMO Y'IHThi-

BBTb IIpH HBXOM.QeHHH rpaHHU aneKTpOHHO-HOHHOrO cryCTKa, IIOCKOnbKY IIpH 

9TOM CpaBHHBaeTCH rny6HH8 9~~eKTHBHO~ IIOTeHUHanhHOH HMhl .nnH KaM.QOrO 

COpTa '18CTHU H pa3HOCTh IIOIIepe'IHO~ KHHeTH'IeCKOH 9HeprHH B UeHTpe H 

Ha rpaHHUe cryCTKa, 

fpaHHUhl aneKTpOHHO-HOHHOrO cryCTKa HaXO.QHTCH, K8K 9TO BH.QHO H3 

~OpMyn (6), K8K peweHHe ypaBHeHHH 

2 

Y e, i 

2 
-1 =0. - v 

e, i 

3THM ypaBHeHHHM COOTBeTCTBYIOT npH6nHMeHHbie 

(h-1)Yu. +-e-(L'lAo
m 

f3o1'1A'(; 2 
) , =h ~J. -1 

2 Yt u "' 
e ro 

1 -(h-1)--e-L'lA' _ 2T 1 
11 m o---

e m e 

( 16) 

2T 
(17) 

Yo m e 

( 18) 

KOTOpbie nonyqaJOTCH H3 ( 16) B rrpe.nnonOMeHHH ManOCTH C06CTBeHHbiX 

noneft H ManocTH aaeprHH nonepe'IHhiX Kone6aHHH, KaK aro 6hmo oroeope-

ao Bhlrne. KpoMe roro B ypaBHeHHHX (17) n (18) cnpaea eenn'IHHa h 

nonOMBHa paBHOH B.QHHHUB, T,K. 3.QBCh ManaH .Q068BK8 K B.QHHHUB HBCYWBCT-

BeHHa, 

B ~opMynax ( 17) n ( 18) BBe.neHhi o6oaHa'leHnH: T; -norrepe'IH851 

TBMnepaTypa aneKTpOHOB B C06CTBBHHOH CHCTBMB KOOpAHH8T ll T 1 -HOHH8H 

norrepB'IHBH TBMneparypa B na6opaTOpHOH CHCTBMe; i'1A 0 =A 0 -A 0 u; 

illTpHXH B npHBB.QBHHhiX ~OpMynaX 03H8'1810T1 'ITO B COOTBBTCTBYIOIII.IHX Bbipa

MeHHHX .QOnMHbi 6hiTh OT6poweHhl qneHbi, nHHeHHhiB no X I , nOC!K\OnbKY 

OHH Y'IHThiBa!OTCH npH Bhi6ope BHeillHBrO MarHHTHOrO nonH, 0TMeTJrM 0 'ITO 

ycnOBH51 (17)-(18) npe.nCTaBnHIOT C060H o6o6weHHB Ha cnyqaft yCKOpeHHH 

" E . E /3,4,10/ 
ycnOBHH eHHeTa- ;YAKBpa .nnH C8MOqJOKYCHpy!OWHX ny'IKOB , a 

14 

,.,. 

~~ .,; 
'"' ;i 
:~·':''',: 

.. i 
.~.~'.1! 
''wJ,~ 

. ~:/. 
·~~J 

>·~;i;~· .. L!ll. '~ r 

;~' 
!I~ 
·;-~~ .. ~ .lli· 
.i ''j 

'til ,, 

) 

I\, r . 

liMBHHO: OHM .((BlOT CBH3h MBMAY IIOIIepe'IHbiM paa6pOCOM 1i rny6I 

THBHO~ nOTeHUHanbHOH HMhl AnH K8M.QOro COpTa '18CTHU, 

3aHMBMCH TBnBpb BOnpOCOM 0 Bbi6ope M~nnepoBCKOli p8BHO~ 

CllCTeMbl KOOp.QHHaT, B KOTOpOH noBe.QeHHe KOnhU8 He MBHHeTCH CO 

cqnTaH aa.naHHhiM BHewHee ycKopHJOWee none, Ha KMHeTM'IecKoro y 

171 
aanMC8HHOro B KOBapHaHTHOM Bli.Qe 1 MOMHO rrony'IHTh ypaBHE 

k' 
Teaaopa aaeprnn-MMnynbca qacTHU M co6cTBeHHoro rronH T l=1 

B Bll:Ae: 

3.necb 

Fe 
mn 

a 
v-g axk 

(yf~Tki)+ri Tlk 
I k 

g -onpe.nenMTenb MeTpli'leCKOrO TeH30pa ( 1) 1 

T
kj v-gpk 

. = f p f dp I dp 2 d p 3 

q 
Po 

BH 
gi; F J. 

- Ik 

U l k = __ 1_ F im F kn + 
c 

4 17 
g mn c c 

ik g F c F mn 
mn c 

16 TT 

-TBH30p C06CTBeHHOrO 3nBKTpOM8rHMTHOrO nonH, 
BH 

F !k . 

BHeWHero aneKTpOMarHMTHOrO non~, ri ~ -CiiMBOnhi Kp!iCTO~~e. 

paCCM8Tp!iB8eM ypaBHeHHe (19) B o6naCTH, r.ne HeT CTOpOHHiiX 

aneKTpOMarHMTHOrO nonH, n03TOMy B 3THX ypaBHeHHHX BHeillHiie 

TOKii Y'IHThiB810TCH nll:illh TeH30pOM 
FBH 

i k • 

PaCCMOTpHM TpeTh!O KOMnOHeHTy ypaBHBHii51 (19). TionOMii~ 

BHeWHee YC,KOpH!OWee 3nBKTpli'IBCKOe none nOCTOHHHO B na6opaT< 

TeMe KOOp.QiiH8T 1i HanpHMBHHOCTh ero -E . ,ilOMHOMiiB nony'IBf 
z 

.HeaMe a a V- g , npoMHTerpMpyeM ero 110 rrpocTpaHCTBeHHhiM · M~ 

KOOpA!iH8T8M no o6naCTH, ll.OCT8TO'IHO 6onhillOH ITO cpaBHBHiiiO C 

38HHM8eMOH CryCTKOM, HO TaK, 'IT06hi BHeillHiie 38pH.Qbl OCT8B8l 

o6nacTH HHTerpHpoeaHMH, Tor.na, Bhi'IMCnHH T ik c noMOWh!O ~YHF 
q 

npe):leneHiiH ( 4), B3HB Bb!paMeHiiB .nnH ]0 
!i3 (5) li 3aMe'laH 6hiCTpl 

15 



Tb B BHl:tY, Ol:tH8KO, 'ITO 9TH qneHhl He06XOl:tHMO Y'IHThi-

HHH rpaHHU ::~neKTPOHHO-HOHHOI'O cryCTKa, nOCKOnhKY npH 

rny6HH8 9~~eKTHBHOH noTeHUHanbHOH HMhl t:tnH K8~t:toro 

nonepe'IHOH KHH8TH'I8CKOH 9HeprHH B U8HTpe H 

TpOHHO-HOHHOI'O cryCTKa HaXOl:tHTCH, K8K 9TO BHl:tHO H3 

elli8HH8 ypaBH8HHH 

2 

Y e, i 

2 
-1=0. - v 

l:",i 
( 16) 

COOTB8TCTBYIOT rrpH6nH~8HHhl8 

e f3ot'!A{J 
( 17) 

2 

) '=h ~J. -1 
2 Ytu = 

2T 
(t'!Ao-

m r o Yom e 

- 1 (h-1)--e-t'!A' 
f.1 m o 

2T 1 ( 18) 
me 

H H3 ( 16) B npet:tnono~eHHH ManOCTH C06CTB8HHhiX 

HeprHH nonepe'IHhiX Kone6aHHH, KBK 9To 6hmo oroBope

ro B ypaBH8HHHX (17) H (18) crrpaBa BenH'IHH8 h 

HHHUe, T.K. 3l:t8Cb ManaH t:t06aBK8 K 8l:tHHHU8 HeCyllieCT-

17) H (18) BBet:teHbl 0603H8'18HHH: T: -nonepe'IHaH 

OHOB B C06CTB8HHOH CHCTeMe KOOpt:tHH8T H Ti -HOHH8H 

Typa B na6opa TOpHo:ll: CHCTeMe; I'! A0 =A 0 - A 
0 

u ; 

h!X ~OpMynax 03H8'I8IOT, 'ITO B COOTB8TCTBY!Olll!HX Bbipa

OT6poweHhl 'In8Hh1 0 nHH8HHhl8 no X 
1 

, nOCII{IOnbKy 

H Bhi6ope BH8WHero M8I'HHTHOI'O ITOnH, 0TM8THM, 'ITO 

npencTaBnHIOT co6ofi o6o6weHHe Ha cnyqafi ycKopeHHH 

13,4,101 
AKepa AnH C8MO$OKYCHPYIOlliHX ny'IKOB , a 
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HM8HHO: OHH l:t8IOT CBH3b M8~l:tY nonepe'IHhiM pa36poCOM H rny6HHOH 9~~K

THBHOH IIOT8HUH8nbHOH HMhl ,[{nH K8~l:tOI'O COpTa '18CTHU, 

3afiMeMcH Tenepb aonpocoM o Bbi6ope M~nnepoBCKOH paBHoycKopeHHofi 

CHCT8Mbi Ko'OpAHHaT, B KOTOpOH noBet:teHHe KOnbUa He MeHH8TCH CO BpeMeHeM, 

C'IHT8H 38A8HHb!M BH8lliH88 YCKOpHIOIUee none, Ha KHHeTH'IeCKOI'O ypaBHeHHH 

171 
3anHC8HHOrO B KOB8pH8HTHOM BHt:te , MO~HO nony'IHTb ypaBHeHHe AnH 

k' k. k. 
TeHaopa 9HeprHH-HMnynbca '18CTHU H co6cTBefiHoro rronH T J = T J + U J 

B BHt:te: 

3necb 

a 
v-g axk 

(\/~Tki)+f'i Tik 
i k 

g -onpenenHTenh MeTpHtiecKoro TeHaopa ( 1), 

Tkj=J v-gpkp 
q 

f dp I dp 2 d p 3 

Po 

- gi i F BH. k 
i k J 

i k 1 F im F kn 1 ik F c F mn u =- -- g + -- g 
4 mn c c mn 

c TT 16rr 

(' 

(19) 

c BH 
F mn - TeH3op co6CTBeHHOro ::~neKTpoMai'HHTHoro nonH, F ik -TeHaop 

BHelliHero ::~neKTpOM8I'HHTHoro nonH, ri ~ -CHMBOnhi KpHCTO~~enSI, Mbl 

paCCM8TpHB8eM ypaBHeHHe (19) B o6naCTH, I't:te HeT CTOpOHHHX HCTO'IHHKOB 

9neKTpOM8I'HHTHOro ITOnSI, II09TOMY B 9THX ypaBHeHHSIX BHelliHHe 38pSIAhl H 

TOKH Y'IHThiB8IOTCSI nHWh TeH30pOM FBH 
i k . 

PaCCMOTPHM TpeTb!O KOMnOH8HTy YP8BH8HHSI (19). nono~HM, 'ITO 

BH8WHee YC.KOpSIIOIUee ::~neK TPH'IeCKOe none noCTOSIHHO B na6opaTOpHOH CHC-

TeMe KOOpt:tHH8T H HanpH~eHHOCTb era -E . .llOMHO~HB nony'IeHHOe ypaB-
z 

HeHHe Ha y- g , rrpOHHTerpHpyeM era 110 rrpocTpaHCTBeHHhiM MennepOBhiM 

KOOpAHH8T8M ITO o6naCTH, AOCT8TO'IHO 60nhWOH no cpaBHeHHIO C o6naCTblO 

38HHM8eMOH cryCTKOM, HO TBK, 'IT06bi BH8lliHHe 38pSIAhl OCT8B8nHCb BHe 

o6naCTH HHTerpHpoaaHHH, TorJla, Bhi'IHCnHSI T ik c noMOIUbiO ~YHKUHH pac-
q 

npe)leneHHH ( 4), B3HB Bbipa~eHHe t:tnH J0 
H3 (5) H 38Me'IaSI 6hiCTpbi CTI8Jl co6-

i 15 

...... 



' 

CTBeHHhlX rroneft Ha aaneKHX paCCTOSHHSX OT cryCTKa, rronyqaeM ycnOBHe, 

cneayromee H3 CTaUHOHapHOCTH 3aaa'IH B MennepOBOfi CHCTeMe 

BH. 
eEz ('l- a) \20) w 

me Y,u + mla 

rae a "' 
Nt 

Ne 
- OTHOilleHHe rronHOf'O 'IHCna HOHOB K 'IHCny sneKTpOHOB 

B crycTKe. 

TioTeHuHan BHeUIHero (oaHopoaHoro B na6opaTopHoft cucTeMe) aneKTPH-
- BH, 

qecKoro nons B MennepoBOH cucTeMe KoopaHHaT uMeeT BHa A ,-z(J+ wz )E 0 2 z. 

Tiocne rroacTaHOBKH aToro rroTeHuuana B ~opMynhi (17) H (18) c yqeToM 

CB5I3H (20) C TO'IHOCTb!O ao Manb!X 'lnef!OB rropHaKa W 
2 

Z 
2 HMeeM 

-~-- ( !'!A e 
0 

m 
e 

, 

f3 o !'! A e , yl u + 1 I p. 
---------fl ) - a w X --~------

£ 
2 1- a 

0 

_e_ !'!A co + w x 2 

me 

}/u+l/p. 

1- a 

2TI :--. 
me 

2T' 
-----..&..~-

m Y 
e 0 

4. Bo3MOMHaH Moaenb ycKopeHHH aneKTpOHHO-HOHHoro 

crycTKa 

(21) 

\22) 

KaK BHaHO H3 ypaBHeHHH (21), (22) H (11)·, B 06llleM BRae H8HTH 

rpaHHUY aneKTpOHHO-HOHHOro crycTKa aaMe npu caenaHHhiX HaMH yrrpomaro

lllHX 3aaaqy aorrymeHHHX Bee Me TpyaHo, TioaToMy BBeaeM aononHHTenbHOe 

rrpe~nonoMeHHe o ~opMe crycTKa, a 3aTeM, ucrronb3YH aTo rrpo6Hoe peUie

HHe, uccnenyeM cnyqau, Koraa OHO Mano oTnuqaeTcs OT HCTHHHoro, 

EyaeM nonaraTb, 'ITO H aneKTpOHhi H HOHhi 3aHHM8JOT o6nacTH, orpa

HH'IeHHhie annHITC8MH
1 

UeHTpbl KOTOpb!X pacnonoMeHhl CHMMeTpH'IHO OTHOCH-

16 

..-
I'·'~ -=-· 

TenbHO Ha'lana KOOpaHH8T OCH Z H neMaT Ha :3TOH OCH, KpoMe 1 

neM ucKaTb TaKoe peUieHne, Koraa 6onbUias H Manas rronyocu an 

HOf'O H HOHHOrO annHITCOB COBITaaaJOT ITO BenH'IHHe H paBHhl COOT! 

HO a H b • Toraa COCTOSHHe CHCTeMhl orrpeaenSieTCS aeBSTb!O 

paMH: penSTHBHCTCKHM ~aKTOpOM aneKTpOHOB y U' ITOnHhiM 'IHCn 

THU KaMaoro copTa N I H N e • 6onbUIOH H Man oft nonyocbJO 9 

H paCCTOSIHHeM MeMay HX UeHTpaMH d 1 rrorrepe'IHhiMH TeMrrepaT 

T' T 
e H I 

TOpHOH 

r
0 

, . c 

H ycKOpeHHeM M~nnepOBOH CHCTeMhl OTHOCHTenbHO 

w • 3HaSI 9TH rrapaMeTphi H 3aaaBas 6onbUIOH paauyc 

rrOMOlllb!O ~OpMyn (14) H (20) MOMHO HaHTH BHelllHHe IT 

o6xoaHMhie anH cymecTBOBaHHH TaKoro KOnbua. · 

TieperrHllleM ~OpMynhi (21) II (22) 1 ITOaCTaBnS!SI B HHX Bb!pa 

'leTbipeX-rrOTeHUHana, COOTBeTCTBY!OlllHe HaUIHM rrpeanonoMeHHHM, 

paMeHHSI HaXO/lSITCH H3 ~opMyn ( 11 ) , B KOTOpb!X nonepe'IHOe Ce'l 

ua C'IHTaeTcs annurrTH'IeCKHM, B pe3ynbTaTe Bbl'IHCneHHH, allano 

Ill/ 
rrpOBeaeHHhiM B 1 HMeeM: 

rne 

<I> oe( I) 

,2vi<l>i -2v <I> 
e oe 

me 

A~, <I> ' e!'i<>t' :-2{3
0 

rOve oe 

x2 
1 

(a+b)b 

me 

+ 

2 
Xz 

(a+ b) a 

2( _JI 
-Pn a+ b) e !2 

r H +V(r H )2 -4(li-b~) 
I 2 1 2 

X ~ S 
1,2 e(i) 

( r I - r o ) 2 - 2( a 2 - b2) 
+ -

[ r
1 
tf~ +\/(r 1 + r2 )

2 
-4(a ~-b2 

] i 



aaneKHX paCCTOHHHHX OT cryCTKa, rronyqaeM ycnOBHe, 

HOHapHOCTH 3aaaqH B MennepOBOH CHCTeMe 

BH. 
eEz (·1- a 

w {20) 
m., ~u+ m 1 a 

-OTHOllieHHe rronHoro qHcna HOHOB K qHcny aneKTpOHOB 

WHero (oaHopoaHoro B na6opaTopHOH cucTeMe) aneKTpu-
- BH, 

OBOH cucTeMe KoopaHHaT HMeeT BHa A :-z(J + wz )E 
0 2 z. 

3TOro ITOTeHUHana B ¢opMynhl (17) H (18) C yqeTOM 

ao ManhiX qneaoB rropHaKa w 2 z 2 HMeeM 

f3 o 11 A~ ) '- a w X --------- Y1 u + 11 11 2 T ' 
--~------ = ----~~-

r 

0 + W X 2 

0 

Yru+1/11 

1- a 

1-a m y 
e 0 

2T! =--. 
m 

e 

MO~HaH MOaenb YCKOpeHHH aneKTpOHHO-HOHHOro 

crycTKa 

(21) 

{22) 

ypaBHeHHH (21), (22) H ( 11) ~ B 06II!eM BHae HBHTH 

HOHHoro crycTKa aa~e rrpu caenaHHhiX HaMH yrrpomaiO

Bce ~e TpyaHo, IT oaToMy BBeaeM aorronHHTenbHOe 

crycTKa, a 3aTeM, Hcrronb3YH aTo rrpo6Hoe peme-

, Koraa OHO Mano OTnuqaeTCH OT HCTHHHOro, 

, qTO H aneKTpOHhl H HOHbl 38HHM810T o6naCTH, Orpa

' UeHTpb! KOTOpb!X pacrrono~eHbl CHMMeTpHqHo OTHOCH-

16 

~·-

TenbHO Haqana KOopauHaT OCH Z H ne~aT Ha 3TOH OCH, KpoMe TOro, 6y

aeM HCKaTb TaKoe peweaue, Koraa 6onbwaH u ManaH rronyocu aneKTpo'i

Horo H HOHHOro SnnHITCOB COBITaaaiOT ITO BenuquHe H paBHbl COOTBeTCTBeH

HO a H b • Toraa COCTOHHHe CHCTeMbl orrpeaenHeTCH aeBHTb!O rrapaMeT

paMH: penHTHBHCTCKHM !flaKTOpOM aneKTpOHOB y U' ITOnHhiM qucnOM qac-

THU Ka~aoro copTa N 1 H Ne , 6onbWOH H ManoH' rronyocb!O annurrcoB 

H paCCTOHHHeM Me~ay HX UeHTpBMH d , ITOITepeqHbiMH TeMITepaTypaMH 

T' T ~ H I H yCKOpeHHeM M~nnepOBOH CHCTeMbl OTHOCHTenbHO na6opa-

TOpHOH w • 3HaH 3TH rrapaMeTphi H 3aaaBaH 6onbwoH' paaHyc KOnbua 

r 0 , . c ITOMOII!b!O ljlOpMyn (14) H (20) MO~HO H8HTH BHeWHHe ITOnH, He-

o6xoaHMhie anH cymecTBOBaHHH TaKoro Konbua. 

ITeperruweM ljlopMynhi (21) H (22), rroacTaBnHH B HHX Bhipa~eHHH anH 

qeTbipeX-rrOTeHUHana, COOTBeTCTBYIOII!He H8lliHM ITpeanono~eHHHM, 3TH Bbi

pa~eHH.II HaxoaRTC.II H3 ¢opMyn ( 11 ) , B KOTopbiX nonepeqaoe ceqeaue KOnb-

ua cquTaeTC.II annunTuqecKHM, B pe3ynbTaTe BhiqHcneHHH, aaanoruqHhiX 
/11/ 

rrpOBeaeHHhiM B , HMeeM: 

A o, 
ehi1 c =2v.<I> 

I 
-2v <I> 

e oe (23) me 

e 11AO' =-2{3
0 

r
0 

11 e <Poe 

m 
e 

rae 

<P 
oe(i) 

x2 
l 

+ 
2 

x2 
(a+b)b (a+b)a 

-fn 
~,_ 2 C) 

r H +y(r H r-4(a -b") 
1 2 1 2 

~ 

X (:,; S 
1,2 e(i) 

( r - r o ) 
2 

- 2( a 2 
- b2 ) 

+ I - (XI ?r./ S, ) 
? 2 2 2 .- "'!) 

[r1 +r~ +v(r 1 +r2 )" -4(a -b )l 

I ~ 



r H r -paCCTOSIHHSI OT cpOKYCOB 8JIJ1HIIC8 /lO TO'IKH Ha6JIIO)leHHSI, X I If 
I 2 

x2 OTC'IHTbiB810TCSI OT UeHTpa COOTBeTCTBYIOlllHX 8Jlnli:IICOB. fJOCJie IIOACTa-

HOBKH (23) B (21) H (22) rronyqaeM 

2v Y U + 1/11 
__ e_<fJ -t2v <I> -awx 

Y 2 oe i of 2 1 _ a 

0 

Yu +1//1 2T 
-2v <I> +2v <I> + wx ------ = __ 1 

I of e oe 2 1 _a m 
e 

2T' __ e_ 

m y 
e 0 

(24) 

(25) 

3aMeTHM Terreph, 'ITO /lilSI CHMMeTpHH I'paHH'IHbiX KpHBbiX 8JleKTpOHHOI'O H 

HOHHOI'O CI'YCTKOB OTHOCHTeJlhHO IIJIOCKOCTH Z = 0. AOCTaTO'IHO, 'IT06bi ypaB-

HeHHSI ( 40) H ( 41) rrepeXOilHJlH APYI' B Apyi'a IIpH IIOACT8HOBK8X Xle =X II 

X
2 

=- X
2 

B rrepBOM H3 8THX ypaBHeHHH If X =X 1 X =-X 
e I li le 2 I 2e 

BO BTOpOM H3 HHX. 8TOI'O MO)!(HO llOOHThCSI, eCJlH IIOTpeOOB8Th BbiiiOJIHeHHSI 

yCJlOBHH: 

a 

v __ e~=y 

v 0 
i 

T' _e 1. 
Tt 

YpaBHeHHe I'paHHUbi aarrHChiBaeTCSI TOI'Aa B BHAe 

2 ve <I> 

y2 
0 

oe 

2 ve <I> 
+ --of 

Ya 

-wx 
2 

Yu +1/11 

y - 1 
0 

2T' 
e 

m ey o 

l26) 

('27) 

ECJlH KOJlhUO He yCKOpSieTCSI, TO B ll8HHOM IIpHMepe I'paHHUbl 8JleKTpOHHOI'O 

/10/ 
If HOHHOI'O KOJleU COBII81l810T If, KaK IIOK838HO B paooTe 1 COXp8H5151 IIO-

I'OHHYIO IIJlOTHOCTh H TeMrrepaTypy 'I8CTHU IIOCTOSIHHblMH, M8Jlb!H pa3Mep 

KOJlhUa MO)!(HO aallaTh rrpOH3BOJihHhiM o6pa3oM. B cnyqae ycKOpSiromerocSI 

KOJlhUa T8K)!(e B03M0)!(H0 I'OBOpHTh 0 IIOAOOHOM rrpeoopa30B8HHH M8Jl0I'O pa3-

Mepa KOJlhUa, eCJlH COXpaHSITh IIOCTOSIHHOH BeJlH'IHHY THII8 wa . 

18 

.- • 

llanee IIOTpeoyeM COBII8/leHH51 KPHBOA, KOTOpaSI orrpeaenSieTCS 

HHeM (27) 1 C rrp06HblM 8JlJlHIICOM B Tpex TO'!KaX, HarrpHMep, BbiOe 

d 
Kif (Ail 51 sneKTpOHHOii: I'paHHUbl): 1 ) X 

1 
= 0, 

2 
-a 2) X I= x2 

3)x 1 .. o, x 2 =f+a. 

ToPaa c yqeTOM ycnoaHA (26) HaM ocTaeTCSI aaaaTh TOJihKO 'leT 

MeTpa. ITycTh 8TO oyayT a ' 

( 27) B BH/le: 

d Yo H v • ITeperrHmeM ypa1 
e 

-<1> +y<l> -A~=B, 
oe 0 of a 

I'/l9 

A 
wayo2 Yu+ 1111 

2v y -1 
e 0 

Toi'aa, aaaaaaSI BeJIH'IHHbi t 

JlH'IHHbl S = ..!!..._ 
a 

A H B 

B 
T e, Yo 

m v 
e e 

.J!_ H y 
a o 

, H3 Tpex ypaBHeHHH HaX 

• PeayJ1hTaThi 'IHCJieHHOI'O pemeHHSI 

Hhi aa pRe. 2 13. Ha pHC. 4,5 If 6 IIOK838Hbl cjlopMbl IIOrrepe'IHOI'O C 

CI'YCTKOB llJISI pa3JIH'IHbiX 3H8'19HHA OTHOCHTeilhHOI'O paCCTOSIHHSI M< 

ueHTp8MH 8JleKTpOHHOI'O H HOHHOI'O KOJleU. f1yHKTHpHOH JlHHHH C001 

eT rrpOOH851 8JIJIHIITH'I9CK851 I'paHHUa, CIIJIOIIIHOH - cjlopMa I'paHHUbl, 

HaSI H3 ypaBHeHHSI (28) K8K rrepBOe rrpHOJIH)!(9HHe K rrpOOHOA. 

8TO IIpHOJI!f)!(9HHe rronyqaeTCSI IIOCJle IIOilCT8HOBKH B ypaBHeH 

napaMeTpOB s , A H B , H8Hil9HHbiX IIO TpeM TO'!KaM. 

3aMeTHM 1 "'TO IIpH Bb!Op8HHOM pa3Mepe a OTHOCHT9JihHblM 

HHSIM t COOTBeTCTBytOT BIIOJIHe orrpe/leJieHHhie BeJIH"lHHbl ycKOpel 

Ua K8K UeJIOI'O H I'JIYOHHbl IIOT9HUH8JlhHOi!: 51Mb! /lil51 8JieKTpOHOB H 

KOTOpbie MO)!(HO OIIpeaeJIHTh C IIOMO!llhiO I'pacjJHKOB (pHC. 3) H cjlop 
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paCCTOHHllH OT ¢oKyCOB 9JIJllliiCa AO TO~Kll Ha6JIIDA9HllH, x
1 

ll 

IB8IDTCH OT U9HTpa COOTBeTCTBYIDliillX 9JIJillnCOB, f1ocne nOACTa-

(21) u (22) nony~aeM 

Yu+l/p 
2Te' <I> +2v <I> -a w x 

= -- (24) of 2 
1 - a m Y 

e 0 

Yu+l/p 2T1 

(25) 
+ 2v <I> + wx --- =--. e oe 2 

1-a m 
e 

ph, 'ITO AJIH CHMMeTpllll I'paHH~HbiX KpHBbiX 9JI9KTpOHHOI'O H 

TKOB OTHOCHTeJibHO nJIOCKOCTH Z =0· 
tlOCTaTO~HO, 'IT06hi ypaB-

( 41) nepeXOtlHJIH llPYI' B tlpyra npH nOtlCT8HOBKaX X le =X lJ 

B nepBOM H3 9THX ypaBH9HHH H X = X , X =-X -
lJ I e 2 I 2e 

HllX. 3TOI'O MOMHO ll06HTbCH1 9CJIH noTpe60B8Tb BhiiiOJIH9HHSI 

a 

v 
~-e-=yo 
vi 

T' _e_ 1. 
Tt 

HHllbl 3anHChiB89TCSI TOI'tla B BH.lle 

2 ve <I> 
oi 

Yo 
-wx 

2 

y ll + 1/ fL 

y - 1 
0 

2T' 
e 

m y 
e 0 

l26) 

('27) 

e YCKOpSieTCSI, TO B tl8HHOM npHMepe I'paHHUbl 9J19KTpOHHOI'O 

/10/ 
ll COBnatlaiDT H 1 KaK noKa3aHO B pa6oTe 

1 
COXpaHHSI no-

CTb H TeMnepaTypy '!8CTHU nOCTOSIHHhiMH, M8JibiH pa3Mep 

satlaTb IIPOH3BOJihHhiM o6paaoM, B cny~ae ycKOpHromerocSI 

03MOMHO I'OBOpHTb 0 IIOtl05HOM npeo5pa30B8HHH M8JIOI'O pas-

CJIH COXpaHHTb nOCTOSIHHOH B9JIH~HHy THna Wa. 
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• 
...--

nanee IIOTpe5yeM COBnaAeHHSI KPHBOH 1 KOTOpaSI onpetleJISieTCSI ypaBHe-

HHeM (27), C npo6Hb!M 9JIJIHIICOM B Tpex TO~KaX, HarrpHMep, Bbi6epeM TO~

I'paHHUbi): 1 ) X = 0, X = .!_ - a 2) X = b X -..Jl. · 
I 2 2 I ' 2-

2
' 

KH (tlJISI 9JieKtpOHHOH 

) . d 
3 x 1 =0, X 2 =-+a. 

2 
Tortla c y~eToM ycnoBH.il: 

MeTpa. f1yCTb 9TO 6ytlyT a , 

(27) B BH.lle: 

-<I> + y <I> 
oe 0 of 

I'tle 

way 2 

A=____£__ Yu+ 1/ fL 

' 2v 
yo -1 e 

Tortla, 3atlaBaSI aenH~HHbi t 

JIH~HHbl S = ..!!._ 
a A H B 

(26) HaM OCTaeTCSI 3atlaTb TOJibKO ~eTbipe napa-

d Yo H v • ITeperrHIIIeM ypaaHeHHe 
e 

-A~ =B 
a (28) 

T e' Yo B = 
m v 

(29) 
e e 

.J!._ H ~ 
a o 1 113 Tpex ypaBH9HHH HaXOtlHM Be-

• PeayJ!bTaTbi ~Hcneaaoro pemeHHSI rrpHBetle-

Hhi aa pHc, 213, Ha 
pHC, 4,5 H 6 IIOKa3aHbi !flopMbl IIOITepe~HOI'O ce~eHHSI 

CI'yCTKOB tlJISI pa3JIH~HbiX 3Ha~eHHH OTHOCHTeJibHOI'O paCCTOSIHHSI MeMtly 

UeHTpaMH 9JieKTpOHHOI'O H HOHHOI'O KOJieU, flyHKTHpHOH JIHHHH COOTB9TCTBy

eT rrpo6HaSI 9JIJIHIITH'!eCKaSI I'paHHUa, CIIJIOIIIHOH - !flopMa I'paHHUbl, nony~eH
HaSI H3 ypaaaeHHSI (28) KaK nepaoe rrpH6nHMeHHe K npo6ao.il:, 

3To ITpH6JIHMeHHe rrony~aeTCSI IIOCne IIOtlCTaHOBKH B ypaBHeHHe (28) 
napaMeTpoa s , A H B , HaH):leHHbiX no TpeM TO~KaM, 

3aMeTHM 1 ~TO IIpH Bhi5paHHOM pa3Mepe a 
OTHOCHTeJibHhiM paCCTOH-

HHSIM t 
COOTBeTCTBYIOT BIIOJIHe orrpetleJieHHble B9JIH~HHbl YCKOpeHHSI KOJib-

Ua KaK U9JIOI'O H rny6HHbl nOT9HUHaJibHOif SIMbi tlJISI 9JI9KTpOHOB H HOHOB, 

KOTOpbie MO)I{HO OIIp9tl9JIHTb C IIOMOIIIbiO I'pa!fJHKOB (pHC, 3) H !flopMyn (29), 

~ 
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co 

0 
:s: a. 

3aKniO<IeHHe 

0CHOBhiB8SlCb Ha rrony'IeHHOM 'I8CTHOM pellleHHH, MO)KHO C/l 

BOll o B03MO)KHOCTH rrocTpoeHHSl MaTeMaTH'IeCKoit MOJJ.enH ycKop; 

cjJoKycHpyJOIUerocst sneKTpOHHO-ROHHoro crycTKa, B paccMOTpeHH 

pe, KOI'JJ.a rrapaMeTphi KOnbua Bhi6HpanHcb crreuHanbHhiM o6paam 

noCb, 'ITO IlpR He CnRlliKOM 60nblliHX 3H8qeHHSIX YCKOpSIJOIUei'O 11< 

pRC, 4,5,6) cjJopMa ManOI'O Ce'IeHHSl sneKTpOHHOI'O H HOHHOI'O KO 

CTOSIHHe Me)KJJ.Y HX UeHTpaMH H8XO/lSITCSl /lOCT8TO'IHO TO'IHO, DpH 

HHSI KOneU - annHilTH'IeCKHe, 

B JJ.pyrRx cny<Iastx Tpe6yJOTCSl 6onee cno)KHbie <IHcneHHhie 

B o6rneM cnyqae, OJJ.HaKo, MOlKHO yTaep)KJJ.aTb, 'ITO rrpH yc 
/3 4/ 

T8K )Ke K8K R B'OTCyTCTBHe ero 1 
, HMeeTCSl CT8UH01l8pHOe I 

HOfi CRCTeMe COCTOSIHHe C8MOcjJOKYCHpyJOlllei'OCSl aneKTpOHHO-HOHJ 

ecnH JJ.nSl K8)1(Jl0I'O BH/l8 'I8CTHU cyiUeCTByeT 110TeHUH8nbH8Sl SIMS 

HeHHepuHanbHbiX CHn, 

AaTopbi 6naroJJ.apHhi 11.A. 3onHaoH: H M.r. Hexaeaoi!: aa rr• 

pa6oTe, 

n H T e p a T y p a 

1. B.l1. BeKcnep. AToMHaSl aaeprHst. 5, 1957. 

2, B.l1. BeKcnep, B.n. Capaauea, A.r. EoH'I-0CMOnOBCKHii, r.E 

LA. 11aaaoa, 11.H. 11aaaoa, M.n. Y!oaaoaR'i, 11,B. Ko)Kyxoa, 

Heuoa, B.r. MaxaHbKOB, 3.A. nepenblliTeiiH, B.n. PallleBCKI:l 

llleTHHK<;>Ba, H.E. Py6HH, C.E. Py6RH, n.l1. PhinbUeB, 0.11. 

KonneKTRBHOe nRaeifaoe ycKopeHHe ROHOB, DperrpHHT 011.HI1 

ny6aa 1967 r; noKnaJJ. Ha IV -if Me)KJlyHapOJJ.HOii KOH¢lepe 

KOpRTenSIM, CiliA, KeM6pHJl)K 1967 r. 

25 



/ 
I 

I 
I I I 

I 
I 

I 
I 
I 
I 
I 

"- I 
<:::; 

" .... 

" 
i 

I 

...... ~ 

"'lll I 
I 
I 
I 
I 
I 
I 
I 
I 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

\ 
\ 

' ' 

24 

_,.; 

'IS 

t 
/ --

/ 

, .... 

I 

-

I':' 

' '-... -
t 
'IS 
I 

. 
co 

0 
= a.. 

3aKniO'IeHHe 

0CHOBhiB8SICb Ha nony'leHHOM '18CTHOM perneHHH 1 MO)I(HO c,uenaTb Bhi

BO.U 0 'B03MO)I(HOCTH llOCTpOeHHSI M8T9M8TH'IeCKOH MO.UenH yCKOpeHHSI C8MO

QJOKYCHpyiOlllerOCSI aneKTpOHHO-HOHHoro crycTKa, B paccMOTpeHHOM rrpHMe

pe, Kor.ua napaMeTphi Konbua Bhi6HpanHCb cneuHanbHhiM o6pa3oM, oKaaa

nocb, 'ITO I1pH He CnHlliKOM 60nblliHX 3H8"!9HHSIX yCKOpSIIOIUero llOnSI ( CM, 

pHC, 4,5,6) ¢opMa Manoro ce'leHHSI aneKTpoaaoro H HOHHoro Koneu H pac

CTOSIHHe M9)1(tlY HX U9HTp8MH H8XO.USITCSI .UOCT8TO'IHO TO'IHO, ITpH 9TOM Ce'le-

HHSI KOneu - annHI1TH'I9CKHe, 

B .upyrHx cny'laSix Tpe6yroTCSI 6onee cno)I(Hhie 'IHcneHHhie pac'leThi, 

B o6meM cnyqae, o.uHaKo, MOJKHo yTBep)I(.U8Tb, 'ITO npH ycKopeHHH , 
/3,4/ 

T8K )l(e K8K H B•OTCYTCTBHe ero , HMeeTCSI CT8UHOH8pHOe B C06CTBeH-

HOH CHCTeMe COCTOSIHHe C8MOQJOKYCHpyiOIUerOCSI aneKTpOHHO-HOHHOrO rry'IK8 1 

ecnH AnSI K8)1(.UOrO BH.U8''18CTHU CyiUeCTByeT llOTeHUH8nbH8SI SIM8 C y'leTOM 

HeHHepUHanbHh!X CHn, 

ABTOphi 6naro.uapHhi I1.A. 3onHaolt H M.r. HexaeBolt aa rroMOIUb B 

pa6oTe, 

n H T e p a T y p a 

1. B.I1. BeKcnep. ATOMHaSI aaeprHSI, 5, 1957, 

2, B.I1. BeKcnep, B.rr. CapaaueB, A.r. EoH'I-0CMOnOBCKHH, r.B. llon6HnoB, 

LA. I1BaHoB, I1.H. I1BaaoB, M.n. V!oBHOBH'I, I1.B. Ko)i(yxoB, A.E. Kya

aeuoB, B.r. MaxaHbKoB, 3.A. ITepenbrnrelta, B.IT. ParneBCKHH, K.A.Pe

rneTHHKoBa, H.E. Py6HH, C.E. Py6HH, IT.I1. PhinbUeB, O.I1. HpKoBoii, 

KonneKTHBHoe nHaeltaoe ycxopeHHe HOHOB, ITperrpHHT OI1HI1 P9-3440-2, 

lly6aa 1967 r; .LloKna.u aa IV -lt Me)l(.uyaapoaaolt KOH¢epeHUHH no yc-

KOpHTenSIM, CWA, KeM6pH.U)I( 1967 r. 

~ 
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