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I. 

YcTo~qHBOe H30XpOHHOe yCKOpeHHe HOHOB B CeKTOpHO- ~OKyCHpyiDmeM 

UHKnOTpOHe o6ecneqHaaeTCSI npH BbinOnHeHHH onpeaeneHHbiX Tpe60B8HH~ K 

~OpMe M8I'HHTHOI'O nonS!, ez>opMHpOBaHHe n_?nH llBYXMeTpOBOI'O H30XpOHHOI'O 

UHKnOTpOH8 /1,2/ ocymeCTBnHnOCb C nOMOWbiD )Kene3Hb!X WHMM H noTpe6o

Bano 3HaqHTenbHOI'O o6'beMa M8I'HHTHbiX H3MepeHH~o .0nH C03ll8HHSI MBI'HHT

HOI'O nonS!, OTnHqaiDWei'OCSI OT H30XpOHHOI'O B npeaenax ± 30 a B OCHOBHOM 

llHanaaoHe pallHYCOB, noTpe6oaanOCb BeCTH H3MepeHHSI B 400,000 ToqeK, .0nH 

aTOI'O He06XOllliMO 6binO 6biCTpO H TOqHo H3MepS!Tb none B ll8HHO~ 

ToqKe H HMeTb llOCT8TOqHO a~~KTHBHYID nporpaMMY M8TeM8THqecKO~ o6pa-

60TKH peaynbT8TOB H3MepeHHSI, 

B HacToHme~ pa6oTe npHBOllHTCH peaynbTBTbi pacqeTOB llBH)KeHl!H l!OHOB 

B llBYXMeTpOBOM H30XpOHHOM Ul!KnOTpOHe, 

06pa60TK8 ll8HHhlX M8I'HHTHhlX H3MepeHH~ 

Paapa6oTaHHaH B fla6opaTOpl!H MeTOlll!Ka l!3MepeHl!H MarHl!THoro rronH/3/ 

noaaonHna l!3MepHTb Tonorpa~l!ID rronH c BbiCOKO~ ToqaocTbiD ( ± 1 a); apeMH 

li3MepeHl!SI OllHO~ TOqKl! COCTBBnS!nO B cpellHeM 2,5 CeK, .0a,EJ:Hble li3MepeHl!~ 

aaaqeHll~ s.a.c. Xonna BbiBOllHnHcb aa nep~oneHTY c noMOWbiD Tenerpa~Horo 

anrrapaTa CTA-2M • 

.0aTqliK Xonna, HCITOnbayeMbl~ AnSI H3MepeHHH nonS!, KanH6poaanCSI HB 

CTeHlle C noMOWbiD ll8TqHK8 S!llepHOI'O M8I'HHTHOI'O pe30H8HC8, 3KcrrepHMeH

TanbH8SI aaBl!CliMOCTb H =f( Ex ) rrpencTaBnHnacb B Bl!lle nonHHOMa cTe

neaH n 
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n I 
H =la Ex j 1=0 I l (l) 

K09$tPHUHeHTbl KOTOporo a OIIpenenSinHCb MeTOAOM HaHMeHblUHX KBaApa-
I 

TOB H3 ycnosuti: 
m n I ) 2 l(H -I a E 

2 j=l j 1=0 i Xj 
a = =min, 

m (2) 

a m n I 2 

·-- I (H - I a E ) = 0. 
£7-a I i=l i i=O I xi (3) 

0IITHManbHaSI CTeiieHb IIOnHHoMa n 1 IIpH KOTopoti CpeAHSISI KBaApa

TH'IHaSI OlUHOKa a
2 

MHHHManbHa If CoCTaBnSieT 2,7~0-6 K92, "paBHa 6 (eM, 

TaonKuy 1, rrpencTaBnSitolUyto pe3ynbTaT 'IKcneHHoro perueHKSI ClfCTeMbi ( 3)), 

Ta6nKua 1 

n 2 3 4 5 6 7 8 

2 -5 
a .to 8,588 3,352 3,032 3,001 2,722 2,751 2,766 

3a~".leHHSI a.n.c. Xonna c rrep<fJoneHTbi BBOAHnKCb B 3BM "MHHcx-22 ", 

rne rro <PopMyne ( 1) Bbi'IKCnSinocb 3Ha'IeHHe MarHKTHoro rronSI H(r, () ) If orr-

penenSinocb cpenaee MarHHTHoe none H(r) 

77 /2 
1 

H ( r) = 
77

/
2 

j H (r , () ) d (), 

1 77/2 [H(r,e)-H(r)]2 

F(r)=-f d(). 
77/2 o H 2 (r) 

H <PnaTTep F(r) : 

(4) 

(5) 

J1 H$OpM8UHSI C rrep<lJoneHTbl HaKaiinHBaTiaCb Ha M8PHHTHO:Il: TieHTe 

"MKHcx-22" H rrepenasanacb nnSI rrocnenytometi o6pa6oTKif Ha 38M "BSCM-4", 

rne oaa TaK:>Ke 3aiiKCbiBanacb Ha Mn. 
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.QanbHetl:rulfe paC'IeTbl ITO AaHHbiM H3MepeHHH IIpOBOAifnKCb Ha MaillHHe 

"B3CM-4" ITO IIporpaMMe, onoK-CXeMa KOTOpoi!: IIPJ:fBeAeHa Ha pHC. 1. 3Ta 

rrporpaMMa rrepeiiHCbiBaeT HH$OpMaUHto c Mn B orrepaTHBHyto rraMSITb MamH

Hhi, Bbi'IHCnSieT H ( r , () ) , H ( r ) H F (r ) H onpenenSieT rapMoHHKH A N n( r) 

H HX <Paabt 'P Nn ( r) <fJypbe-paano:>KeHHSI MarHHTHoro rronSI H ( r , () ) no 

a3KMYTY () : 

00 

H(r,(;I)=H(r)l1 +Ila (rJcosNnO+b (r)sinNnO]l, 
n=l Nn Nn 

(6) 

rne 2 2 
=va +h 

Nn Nn tg (Nn'PNn ) =hNn /aNn; A 
Nn 

a =A cosNn 1!' ; b =A sin Nn 'P 
Nn Nn Nn Nn Nn Nn 

N - •mcno sneMeHTOB rrepKOAH'IHOCTH MarHHTHOH cTpyKTypbt UHKnoTpoaa. 

~aaosoe ABH*eHHe 

3aTeM AnSI HoHa C aanaHHbiM OTHOllleHifeM A /Z Bbi'IHCnSinoCb H30XpoH-

Hoe none: 

1 +a trJ 
H H3 ( r ) = H o w -

y1-{ __JJ_ r[ 1 +a ( r )]I 

(7) 

c 

3necb H 0 - MarHHTHoe none B ueaTpe UKKnoTpoaa, (Uo - yrnosaSI 'lac-

TOTa o6pameHHSI HOH8 1 

w 

rne 

0 

Ze H 0 

Am o 

C - CKopoCTb CB8T8, a 

a (r ) ';, 1 ( F (r ) + !__ ..i.!:.._ ) , 
{1- K)(N2 ...:1) 2 d r 

K(r) =-r- dH(r) 
H(r) ·--;--

5 

(8) 

(9) 



!;~, 

1'~, 

j 

.QaJibHeil:niHe paC'IeTbl no ,[l8HHbiM H3MepeHHJi npOBO,[lHJIHCb H8 M81llHHe 

"63CM-4" no nporpaMMe, 6noK-CXeMa KOTOpOH np~BetleHa Ha pHC. 1, 3Ta 

nporpaMMa nepenHChiBaeT HH!jlOpMaUHIO c Mil B onepaTHBHyiO naMSITb MalllH

Hhi, Bbi'IHCJISieT H(r, e) 'H(r) H F(r) H onpeaenSieT rapMOHHKH A Nn(r) 

H HX cpa3bl IJINn (r) 

a3HMYTY 0: 

$ypbe-pa3JIO)KeHHSI Mai"HHTHOI"O nonSI H ( r, fJ) no 

00 

H(r,e)=H(r)ll +Ila (rJcosNnO+b (r)sinNnO]!, 
n=l Nn Nn 

(6) 

rAe A 
Nn 

2 2 
=va +b 

Nn Nn tg (Nn'I'Nn ) =bNn j aNn; 

a = A cos Nn 1!' ; b = A sin Nn 'I' 
Nn Nn Nn Nn Nn _.. Nn 

N - 'IHcno aneMeHTOB nepHOtlH'IHOCTH Mai"HHTHOi1 cTpyKTyphi UHKJIOTpoHa. 

~a30BOe tlBH)K9HHe 

3aTeM tlJISI HOH8 C 38tl8HHbiM OTHOilleHHeM A /Z Bbi'IHCJISIJIOCb H30XpOH-

Hoe none: 

1 +U trl 
H H3 ( r ) = H o --w-------....,. 

yl-{-0 r[l+a( r )]l 
c 

3aecb H 0 - M8I"HHTHOe none B UeHTpe UHKJIOTpOHa, W 0 

TOTa 06palll9HHSI HOHa, 

w 
0 

ZeH 0 

Am o 

I",[le C - CKOpOCTb CBeTa, a 

a (r ) ~ 1 ( F (r ) + !_ _!L ) , 
0-K)(N2-ll 2 dr 

K ( r) =-r- ,_!H(rL 

H(r) dr 
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ne1.1amb 

Pa.c4em 
i2, ~l 

KoppeKU,l.IR 
nonR 
J-44 (~) 

Peaynbrarb1 
USMepeHUR 

nOJIR 
Ex ('t,S) 

H &•lwcneuue 
U(z,9), U(l.) . 

ne11amh 

An(t), 'Pn(t), F' 

.Dnpege.ntHUQ H 
Hts lt), Al-l ('Z) 

Pa.ct~er onmu· 
MctlfbHbl X mo- I • I 
ko6 1<0ppe1em. 
Kamyw&l( IL 

ne1.1amb 

ne&~amb 

~~en 
A St.nlfo 

8b/C1ucneuug 

t:JSi.n!p~ 

ne(latnb 

PHc.l, EnoK-cxeMa nporpaMMbi o6pa6oTKH ABHHbiX MarHHTHbiX H3MepeaHll, 
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0TKnOHeHHe peanbHOI"O Cpenaero M8I"HHTHOI"O nong OT H30XpOHHOI"O 

1'1 H(r) =H(r)- H HS (r) npHBOAIIT K CMemeHIIIO Ha'lanbaoii <jla3bi HOHa, orr-

penenReMOMY Bblp8)1(8HHeM /4/: 

1'1 sin ¢ ( r) = sin [ n ¢ ( r) J -sin [ n ¢ (0) 

2rr n r 
= --- f 1'1 b ( p ) ll + a + p a'] p dp , 

( 0 0 

rae f _ 1'1 E 
o -A---

m0c 

¢ - Ha'lanhH8R <jlaaa, 
0 

( 10) 

Ecn11 rrp11 pac'leTe <jlaaoaoro llB11)1(8HHSI Bbll10nastnocb ycnoa11e Jt'lsinrp(r)J+il>l, 

rne a - aapaaee Bhi6paaaoe '11:1Cno MeHhiiiee 1, TO aaa'leHHe ypoBHR nonR 

B ueaTpe 113MeHstnoch Ha HeKoTopyiO aen11'1HHY 8 H II CHOBa Bbl'IHCnsmHCh 

H (r) , L'lH(r) , L'lsinrp(r) 11 T.ll. 

nocne pRna nono6HhiX HTepauHi!: onpenenRnHCh none B ueaTpe H 0 

II '18CTOT8 W O 1 yAOBneTBOpst!OIUHe YK838HHbiM Bbiiiie ycnOBHRM (a =0,5; 

8 H = 5 a), a TaK)I(e paaHOCTh Me:>Kny peanhHJ,IM H HSOXpOHHhiM nonRMH 

1'1 H (r) 

Pac'leTbi <jla30BOI"O llBH)I(eHIIR HOHOB B llBYXMeTpOBOM H30XpOHHOM UHK

noTpOHe noKaaanH /2/, 'ITO M8I"HHTH8S! CTpyKTypa UHKnOTpOHa o6ecne'IH

B88T H3oxpoaaoe ycKopeHHe IIOHOB B llHarraaoae OTHOIIIeHHfi A I Z = 2,8 t- 4, 

nanee B 38M BBOAIITCSI M8CCHB SKCI18pHM8HTanhHO orrpeneneHHbiX pac-

npeneneHHfi Cp8AH8I"O M8I"HHTHOI"O IlOnR rp (r) B (i/tli OT K8:>KAOfi i -oii 
i ~ 

KOnhU8BOfi KOppeKTHpyiOmefi KaTymKH, 3Ha'leHHR TOKOB B K8TYlllK8X J , 
I 

np11 KOTOpbiX ~ H (r) KOMneHCHpyeTCSI llO MHHHManhHOii BenH'IIIHbi 1 onpene-

nSinHCh M,H,K, B rrpennono)l(eHIIII, 'ITO ¢. (r) 
_________, l 

He 38BHCIIT OT BenH'IHH 

H H(rJ 11 BHOBh Bbi'IHCnstnCSI L'lsin¢(r). · 

Pac'leT 'laCTOT 6eTaTpOHHhlX Kone6aaHii 

YacTOThl panHanhHhlX v II BepTIIKanhHbiX v 
z KOne6aHHii Bhl'IHC-

nSinHCh no aaanHTH'IeCKIIM Bbipa)l(eHHSIM 
15•61• BBHAY rpoMOSAKOCTH STHX 

Bblp8)K8HIIi!: 3A8Ch npHBOASITCSI TOnhKO HX <jlyHKUHOHanhHbie 38BHCHMOCTH: 
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T'Jle 

v
2
=fi(K, 

r 
K'K"A A' A")· 

' ' Nn ' Nn ' Nn ' 

1,2 =f (K,K',K",A ,A' A"); 
z 2 Nn Nn • Nn 

2 

K '= R 
d 2 H(r) R

8 
d 

3
H(r) 

( 11 ) 

H(r) ' ~ 
I ;K"=- I 
r=R H(r) dr 3 r=R 

A' 
dA 

= R Nn 
d2 A 

= R 2 
Nn A" 

Nn dr Nn dr 2 

To'IHOCTb onpeJleneHHH SHa'leHHil: v H V 
z 

cymeCTBeHHO 38BHCHT 

OT 'IHCJ18 HCnOJ1b3yeMbiX rapMOHHK ljlypbe-p83J10)1(8HHH H npOH3BOAHbiX CpeAHe-

1'0 M8r'HHTHOT'O nOJlH no paAHycy, 

B Ta6nHue 2 npHBeAeHbi BeJlH'IHHhi aMnnHTYA rapMOHHK A ( R) 
Nn 

JlJlH 

OAHOT'O H3 B8pH8HTOB M8T'HHTHOT'O nOJlH, l13 Ta6J1HUbl BHAHO, 'ITO 3H8'1eHHH 

;\ N n (R) OTHOCHTeJlbHO MeAJleHHO yMeHblll8IOTCH C yBeJ1H'IeHH8M HX HOMepa, 

Pac'leT SHa'leHHil: v H v npoBOAHJlCH no ljJopMynaM: 
z 

1) v
2 =l+K 

2 
v =.-K +F ( 12) 

z· 

( T'aK H83biB8eMoe "rnaAKOe" 1IpH6JlH)I(eHHe); 

2) (11) C y'leTOM TpeX rapMOHHK H nepBOil: npOH3BOAHOil: CpeJlHero 

M8T'HHTHOT'O IIOJlHi 

3) ( 11) C Y'I8TOM Tpex rapMOHHK H nepBbiX Tpex 1IpOH3BO,[(HbiX CpeJl

Her'O M8T'HHTHOT'O IIOJlH H JlBYX npOH3BOJlHbiX rapMOHHKj 

4) ( 11) C HCnOJ1b30B8HHeM nHTH rapMOHHK H TeX )l(e npOH3BOJlHbiX, 

PesynbTaTbi pac'leTOB v If v npHBeJleHbi B Ta6nHue 3. 
Jt 
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HHTerpHposaHHe ypasHeHHH ~BHMeHHH 

Oony'leHHbie no 8H8nHTH'IeCKHM Bb!paMeHHHM /5,6/ napaMeTpbl paBHO

B9CHOil: Op6HTbl (p,o,) H 'i8CTOTbl 6eTaTpOHHbiX KOne6aHHH cpaBHHBanHCb aa

T9M C peaynbT8T8MH 'iHCneHHOrO HHTerpHpOB8HHH /7,8/, 

Pa~HYC r({)) TpaeKTOpHH HOHa H yron a(O) M9M~y KaCaTenbHblMH 

K TpaeKTOpHH H OKpyMHOCTH TOrO Me pa~Hyca H8XO~HnHCb HHTerpHpOB8HH9M 

ypasHeHHil: ~BHMeHHH /7 1 MeTo~oM PyHre-KyTTa c Illa~oM no {) , paBHbiM 

1 ,875°. B nepsoM npH6nHM9HHH Ha'lanhHoe 3Ha'leHHe r(O) Bbi'iHCnHnoch no 

aHanHTH'ieCKoil: ¢opMyne /6/, a a (0) npHHHManocb paBHbiM Hymo, EcnH 

nocne HHTerpHpOBaHHH Ha :aneMeHTe nepHO~H'IHOCTH MarHHTHOH CTpyKTypbl 

y~osneTBOpHnHCb ycnOBHH! 

lrC[_)-r(O)I.::;8 , ta(.!!_)-a(O)I.::;8 , 
2 r 2 a 

r~e 3H8'19HHe 8 = 8 r = 8 a -8 
npHHHManOCb paBHbiM 10 , TO p,O, C'iHTanOCb 

Hail:~eHHOH. B npoTHBHOM cny'iae Ha'ianhHbie 3Ha'ieHHH r(O) H a (0) Kop

peKTHposanHCh no anropHTMy /8/ H npouecc HHTerpHpOB8HHH nOBTOpHnCH, 

PeaynbTaTbi 3THX pac'ieTos s aasHCHMOCTH OT HOMepa npH6nHMeHHH 

N ~nH R = 54,84 CM npHse~eHbi s Ta6nHue 4, Ha pHCYHKe 2 npe~cTasne

Ha p.o. (~nH R = 68 eM), nony'leHHaH 'iHCneHHbiM HHTerpHposaHHeM H no 

8HanHTH'I9CKOft tj;JOpMyne (~nSI 3 rapMOHHK cPypbe-pa3nOM9HHS1), 

LfacTOTbl 11 H II onpe~enHnHCb HHTerpHpOB8HHeM ypasHeHHH /11, z 

co~epMaiUHX pa~Hyc r({) ) H yron a(O) p,o, B K8'i9CTB9 napaMeTpOB, 

LfHcneHHbie 3H8'1eHHSI 'i8CTOT1 nony'ieHHbie HHTerpHpOB8HHeM H no aHa

nHTH'i9CKHM tj;JOpMynaM (3 rapMOHHKH pa3nOMeHHH) 1 npHBO~SITCSI B Ta6nHU9 5. 

Ha Ta6nHUbi BH~Ho, 'iTO aHanHTH'ieCKHe tj;JopMynhi ~aiOT ~ocTaTo'IHO TO'IHbie 

3H8'i9HHSI 'i8CTOT npH CpaBHHTenbHO He60nblll0M 'iHCne rapMOHHK, 

Hccne~OB8HHe yCTOH'IHBOCTH ~BHMeHHH HOHOB C ITOMOillbiO 

tj;Ja30Bb!X rpatj;JHKOB 

llnH paC'IeTa tj;Ja30Bb!X rpatj;JHKOB /8/ HCnOnb30BanHCb Te Me C8Mble 

ypaBH9HHSI H npouecc HHTerpHpOB8HHSI1 'iTO H ~nSI p,O, 0onOM9HHe '18CTHUbl 
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41 
fz 86 CH, Vr = f. 023 

E. 222 N3G. 

I 4 I I I I •.'I I I'· 4 I ~ ·'" ~ - A f[CIY) -4 

PHc,4. <Pa30SbiA rpalj!HK nnR E = 222 Mas. BenH'IHHa npenenbaoil cTa6HnbHoA 

aMnnHTYAbi panHanbHbiX xone6aaHA nnR E = 2 t-220 Mas cocTasnReT 4t-5 CM, 

16 

orrpeaenReTCR B ~830BOH ITJIOCKOCTH 1 rae ITO OCSIM a6CUHCC H OpJ:lHHa~ OTKna-

):{biB8IOTCR COOTBeTCTBeHHO OTKnOHeHHR OT p,O, ~ r H R·~a , a p.o. H3o6-

p8)K8eTCR TOqKOH B Haqane K00p):{HH8T, HaqanbHbie OTKnOHeHHR ~ r(0) 3a):{a-

B8JlHCb ITpOH3BOJlbHO ITpH ~a (0) 1 paBHOM HyJIIO, 

Ha pHCYHKax 3,4 rrpeacTaBneH pRa ~a30BhiX rpa~HKOB anR pa3nHqHhiX 

paaHycos R ; CKopocTb cqeTa rpa~HKOB Ha 3BM E3CM-4 cocTasnRna 

10 o6/MHH. 

XapaKTepHbiM CBOHCTBOM ~830Bb!X I'pa~HKOB RBJIReTCR HX p83):{eneHHe 

Ha ):{Be o6naCTH, YIMeeTCR UeHTpaJibH8R o6naCTb CTa6HJibHOCTH 1 B KOTOpoil: 

op6HTbi qacTHU H8XO):{RTCR B6JIH3H p,O, KpoMe TOI'O cyiUeCTBYIOT BHeiUHHe o6-

Jl8CTH HeCTa6HJihHOCTH, rae qaCTHUbl CMeiUaiOTCR OTHOCHTeJibHO p,O, B Harr

paBJieHHH oaaoro H3 qeTbipex ceKTOpos. Yl3 rpa~HKOB anR R = 8 H 8 CM BHJ:l

HO, qTo rrpH rrepexoae qepe3 pe3oHaHc (vr=l) H3MeHReTCH HarrpasneHHe 

LlBH)KeHHH qacTHU. 3TO CBH):{eTeJlbCTByeT 0 TOM, qTo op6HTbl MeHHIOT Harrpas

JieHHe CBOe!'O CMeiUeHHH OTHOCHTeJibHO UeHTpa UHKJ10TpOH8, Yl3 9THX I'pa~H

KOB MO)KHO OUeHHTb M8KCHM8nhHYIO 8MITJ1HTY LlY CT86HnbHbiX p8):{H8JlbHbiX KOJie-

6aHHil: ITpH pa3JIHqHhlX 9Hepi'HHX, 

TiposeaeHHbiH qHCJleHHbiH 8H8JIH3 rrapaMeTpOB paBHOBeCHbiX op6HT H ~a-

30BOI'O ):{BH)KeHHR ITOK83b!BaeT, qTO C~OpMupOB8HHOe M81'HHTHOe none UHKJ10Tpo

H8 Y-200 o6ecrreqHsaeT ycToi:fqHsoe H H3oxpoHaoe ycKopeHHe 3aaaaaoro aa-
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