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~ OomAJI XAPAKTEPHeTHKA PA60Tbl. 

B Jia6opaTOPHH BhlCOKHX 3HeprHA B TeqeHHe p~ ~T Be]O'TCSi pa-

6oTbl no npHMeHeHHID'ceepxnpoBO.llHMOCTH B YCKOPHTeJ!bHOA TeXHHKe. eoa

~H MOMJ!bHLIA CHHXPOTpoH enHH -. O.l!HH H3 BapHaHTOB ceepxnpoeo~x 

YCKOPHTe~A- 3aeepmaIDTCSi pa6oTbl no C03~HHID YCKOPHTeJlSI peJISln!BHCT

CKHX suteP co ceepxnpoeoilsm{eA (en) MarHHTHoA CHCTeMoA - HYKJIOTPOHa. 

B KOHl.{e 1989 ro~ npoeeMHhl ycneDilihle HcnhlTaHHSi 1/8 MarHHTHOH CHC

TeMbl, BK~qaIDII(eH 12 .l!HnOJ!bHhlX MarHHTOB, 4 KBa~ynOJ!bHhle ~H3hl H 

~a ya~ BBO~ :z:H~oro re~SI H TOKa; 

O~oA H3 OCHOBHhlX CHCTeM ~6oro YCKOPHTeJ!Si ~TCSi !,!rO Mar

HHTHaSi CHCTeMa. eoa~HHe MarHHTHhlX CHCTeM KP:YnHhlX 3~KTPO~H3Hqec

KHX YCTa.HOBOK Tpe6yeT ~ ceoero aanycKa MHOrHX ~T pa6oTbl H 3Ha

~TeJ!bHhlX MaTePHaJ!bHhlX aaTpaT. Y.HCJieHHOe MO~e~poBaHHe pa3~qtt!,IX 

3~eMeHTOB MarHHTHOH CHCTeMhl SiBJlSleTCSi O~MM H3 HCTOqttHKOB y~eme~

HHSi pa6oT He TOJ!bKO Ha CTa.llHH npoeKTHpoBaHHSi, HOH Ha CTa.llHH HX 

3KCnepHMeHTa.JlbHOro HCC~e~oBaHHSi- ,l{JlSI npoBeMHHSi ~C~HHOro MOM~

POBaHHSi Heo6xo.11HMO coa~HHe awweKTHBHoro nporpaMMHoro o6ecneqeHHSi-

noc-ra.HoeKa nporpaMMhl GRJN3D no pacqeTY npocTPaHcTBeHHhlX MarHHTO-

c-ran1qecKHX no~eA, npaKTHqecKoe HCnOJ!b30BaHHe H aHa~a HMeIDID,HXCSi 

3apy6e:Z:HhlX H o-reqecTBeHHhlX nporpaMMHh!X KOMn~eKCOB no TPeXMePHOMY 

(GRJN3D, MAGSYS) H ~YMepHOMY (POISGR) pacqeTY MarHHTOCTa.THqecKHX 

no~eA noaeo~~ paaBHTo nporpaMMHoe o6ecneqeHHe, opHeHn1poeaHHoe 

Ha ~c~eHHOe pemeHHe npocTpaHCTBeHHhlX aa~q MarHHTOCTa.THKH C yqe

TOM TeXHO~OrHH H3rOTOB~eHHSi H pe:Z:HMOB 3KCn~Ta.UHH MarHHTHhlX CHC

TeM ~ en CHHXpOTpoHOB. 

AKTYaJ!bHOCTb TeMhl .llHCCep-ral,(HOHHOH pa6oTbl o6yc~oB~Ha Heo6xo

.llHMOCTbID paapa6oTKH ~ en YCKOPHTe,119H .l!HnOJ!bHhlX H KBa~ynOJ!bHhlX 

MarHHTOB, ·' 66ecne~BaIDID,HX HH3KHH ypoBeHb HHTerpaJ!bHhlX He~HeHHOCTeH 

noJlSI ( ~ 10-'), HMeIDID,HX XOPOfilYID noBTOPSieMOCTb ( ~ 10-'), CTa6HJ!b

HOCTb napaMeTPOB H Ma~ CTOHMOCTb. 

lleJ!bID pa60Tb1 SiB~TCSi pacqeTHo--reopen1qecKoe onpeM~eHHe B~

SiHHSi WOPMhl 06MOTKH Ha TOP~X .11HnOJ!bHhlX H KBa~ynOJ!bHhlX· MarHHTOB 

CHHXPOTPOHa enHH H HYKJIOTPOHa Ha pacnpeM~eHHe noJlSI, shl6op onTH

MaJ!bHOH KOHCTPYKUHH .l!HnOJ!bHhlX H KBa~ynOJ!bHhlX MarHHTOB, o6ecne~

BaIDID,HX aa~HHOe pacnpe~e~eHHe noJlSI C Bb!COKOH TOqttOCTbID-
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HaY'lliaSI HOBl13Ha pa6on,1 3aKJOO'!a9TCSI B CJIB.llYIOIIJ,BM! 

1. BnepBhle npoBe.zteHw TpeXMePHilli paclleT 11 aHaJ1113 npoc-rpaHcT
BBHHoro pacnpe~eJieH11SI MarHl1THOro noJISI MafHl1TOB Cl1HXPOTPOHa11- 51 : 

a) BhlnOJIHBHhl 11CC.lle~OBaHl1SI BJll1SIHl1SI WOPMbl 06MOTKl1 11 (peppoMar
Hl1THOro 3KPaHa. HaChllIJ,eH11SI 3KPaHa Ha pacnpe.zteJIBHl1e noJISI B JJ,eHTpaJlb
HOH 11 oco6eHHO B KpaeBOH o6JiaCTl1 .zmnoJlbHhlX 11 KBa~ynOJlbHhlX MafHl1-
TOB en Cl1HXPOTPOHa emrn; 

6) npeJL1Io:11teHa MeTO.zmKa 11ccJie~oBaH11S111 onT11M113a1.J,1111 KpaeBblX 11 
11HTerpaJlbHhlX xapaKTePl1CTl1K MarH11THoro nOJISI .zmnOJlbHOro MafHl1Ta 11 
KBa~ynoJlbHhlX Jll1H3,_o6ecne'-illBaroIIJ,asi 3a~HHoe pacnpe~eJieH11e noJISI B 
pa6otieA 06JiacT11 • 

2. npoBe.zteHw TpexMepHilli pactieT. 11 aHaJ1113 MarH11THoro noJIS1 en 

.zmnoJlbHoro MarHl1Ta YCKOPl1TBJISI peJIS1T11Bl1CTCK11x ~ep - HYKJIOTPOHa. 
HccJie~OBaHa 3aBl1Cl1MOCTb OTHOCl1TeJlbHblX H9Jll1H9HHOCTeA MafHl1THOro no-

~~ - Ml . 
JlSI 11 3ww9KTl1BH011 ~Hhl MafHl1Ta OT TOKa • 

3. npoBe~eHw pactieT 11 aHaJ1113 MarH11THwx noJieA en KBa~ypoJieA 
~ HYKJIOTPOHa. BwnoJIHeHw 11ccJie~oBaH11S1 BJ111S1H11S1 WOPMbl 06MOTK11 11 
(peppoMarH11THoro 3KpaHa Ha B9Jll1'-illHhl OTHOCl1TeJlbHhlX HBJll1HeHHOCTeA 
MafHl1THoro noJISI 11 HeJll1HeHHOCTb rpa.zmeHTa OT TOKa171 • 

4. npoBe.zteHO '-illCJIBHHOe MO.zteJ111POBaH11e npoCTPaHc_TBeHHOro MarH11-
TOCTaT11qecKoro noJISI 3T .zmnoJlbHOro MafHl1Ta HOBOH KOH(p11ryp~1.J,1111, OT
J111qaroIIJ,erocS1 OTHOCl1TeJlbHOH npocTOTOH KOHCTPYKl.J,1111 06!,!0TKl1 3a cqeT 
BBe~eHl1SI ~yx Tl1110B Ka6eJIS1: npSIMOYfOJlbHOro 11 TpeyroJlbHO
ro'B,9,13/ 

5. npoBe.zteHO KOMnJieKCHOe l1CCJie~oBaH11e BJ111SIHl1SI npocTpaHcTBeH
HblX pacqeTHblX 11 118MeP8HHblX xapaKTePl-1CT11K MafHl1THhlX _3Jl8M8HTOB en 
Cl1HXPOTPOHa enHH Ha ,l01HaM11KY nyqp;a qacT11u np11YCKOP8Hl11111 noKa3aHa 
B03MOlltHOCTb 06ecneqeH11S1 YCTOH'-illBOH ,l01HaM11Kl1 nyqp;a qacT11u B YCKop11-
TeJie 6e3 ~OnOJIHl1TeJlbHblX KOppeKT11PYIDlIJ,11X 3Jl8MeHTOB1 lO/. 

noaKT11qecKaS1 ll8HHOC'I'b pa6oru COCTOl1T B TOM, '!TO pe3YJlbTaThl 
11CCJie~OBaHl1H HalllJll1 npaKTl1l!eCKOe np11MeHeH11e np11 C03~Hl111 M0~8JlbHOro 
en Cl1HXPOTPOHa enHH 11 MarHl1THblX 3JI8MeHTOB perYJISIPHOH CTPYKTYPhl en 
YCKOPl1TBJISI peJISITl1B11CTCKl1X ~P - HYKJIOTPOHa. 

L Bb16paHa onT11MaJlbHaS1 KOH(p11rypa1.J,11S1 TOKOBOM 06MOTKl1 Ha Topuax 
.zmnOJlbHOro MarHl1Ta en Cl1HXPOTPOHa enHH/1-:S/. 

2. Bw6paHo onT11MaJlbHOe pacCTOSIHl1e Mellt~ 06MOTKOM 11 SIPMOM Ha 
TOpuax .zmnOJlbHOro 11 KBa~ynOJlbHOfO MafHl1Ta en Cl1HXPOTPOHa emrn'4 • 51 

11 .zmnOJlbHoro MarHl1Ta HYKJIOTP0Ha
161

, no3BOJll1Bmee Ml1Hl1Ml1311POBa'I'b Be
Jll1'-illHhl OTHOCl1TeJlbHhlX H8Jll1HeMHOCTe'1 MafHl1THOfO, noJISI. 
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3 • npeJL1IO:EeHa O~OCJIOMHaSI KOH(p11rypa1.J,11S1 06MOTKl1 KBa~ynOJlbHOM 
Jll1H3hl, np11 KOTOPOH HeJll1HeHHOCTl1 MafHl1THOro noJISI 11 HeJll1H8HHOCTb 

171 
rpa.zmeHTa B 3aBl1Cl1MOCTl1 OT TOKa 11MeIDT M11Hl1MaJlbHOe 3Hal!eHl19 

4. Bw6paHa ~OCTaTO'lliO npo~TaSI KOH(p11rypa1.J,11S1 o6MOTKl1 3 T .zm
noJlbHoro M3SH11Ta, OTBeqaroIIJ,aSI BCeM Tpe6oBaH11SIM, npe,!l'bSIBJISleMhlM K 
MafH11TaM Cl1HXPOTPOHOB

18
'
9

'
131

• 
/14/ 

5. eYIIJ,ecTBeHHO pacD1HpeH KOMnJieKC nporpaMM MAGSYS no pac-
qeTY npocTpaHCTBeHHoro pacnpe.zteJieHl1SI MafHl1TOCTaTl1Tl1l!eCKl1X noJieA, 
3a Cl!eT on11caHl1SI pa3Jll1'llihlX KOH(p11rypa1.J,11M o6MOTOK MarH11TOB, · qTO 

o6ecne'-illJIO B03MO:EHOC'I'b paCl!eTa MafHl1TOB ~ C11HXPOTPOHOB
111

'
121

• 

Anpo6aill'IS1 pa6on,1 
OCHOBHbie pe3YJlbTaThl•.l01CCepTa1.J,110HHOM pa6oru ~OKJia,IIblBaJ111Cb aB

TOPOM 11 o6CY:llt~Jll1Cb Ha HaYllliblX ceM11Hapax OT~eJIOB YCKOPl1TeJISI Jia6o
paTOPl111 BhlCOKl1X 3Hepr11A. OT~eJia Bhl'-illCJll1TeJlbHOM MaTeMaTl1Kl1 Jla6opa
TOPl11111 Bhl'-illCJ111TeJlbHOM TeXHl1Kl111aBTOMaTl13al.J,111111 OT~eJia HOBhlX yc
KOPl1TeJieM Jia6opaTOPl111 ~PHhlX npo6JieM mrnH. a TaKllte ~OKJia,IIblBaJll1cb 
aBTOpOM Ha Pecny6J111KaHCKOM HaYIIBO - TeXH11qecKOM KOH(pepeHl.J,1111 "HH
TerpaJlbHbie ypaBHeHl1SI B npl1KJia~OM MO~eJ111poBaH1111'" (K11eB. 1983 r.) 11 
npe~CTaBJIS!.lll,fCb Ha VII BceCOID3HOM COBeIIJ,aHl111 no YCKOPl1TeJISIM 3apS!llteH
HhlX qacT11U ( ny6Ha, 1980 r.), Ha IX Me:11t~apo~OM KOH(pepeHl.J,1111 no 
KPl10reHHOH TeXHl1Ke (Ko63, ~nOH11SI, MaH-1982r.), Ha XII MeJIC~apo~
HOH KOH(pepeHl.J,1111 no yci,;op11TeJIS1M BhlCOKl1X 3Hepr11A (6aTaB11SI, emA, 'aB
rycT 1983r.). a TaKllte Ha I EBponeHCKOH KOH(pepeHl.J,1111 no YCKOP11TeJISIM 
3apS!lltBHHhlX qacT11u (P11M, HTaJ111SI, 11IDHb 1988r. ) 

nY6J111Kaill'111- B OCHOBY .zmccepTal.J,1111 noJIOJIC8HO 12 ny6J111Ka1.J,11M 11 o~
HO aBTOPCKOe CBl1~9TeJlbCTBO-

eTDYKTYDa 11 06beM pa6on,1. n11ccepTa1.J,110HHaS1 pa6oTa 113JIOJICeHa Ha 
138 CTpaH11uax TeKCTa (113 Hl1X 125 CTpaH11U OCHOBHOro) 11 COCTOl1T 113 
BB9.zteH11SI, Tpex r JiaB, 3aKJOOl!eHl1SI 11 np11J10:11te

0

Hl1SI, CO.ztePllt11T 55 Pl1CYHKOB •. 
11 22 Ta6Jll1Uhl• en11coK 1.J,11T11pyeMOM Jll1TepaTYPhl CO.ztePJICl1T 137 Hal1M8HOBa

H11H-
Bo BB8ABHl111 ~HO 06ocH0Batt11e aKTYaJlbHOCTl1 TeMbl .zmccepTal.J,1111, 

npl1B0,l01TCSI ueJlb, HaY1IBaS1 HOBl13Ha, oTMeqaeTCSI npaKTI1qecKaS1 JJ,eHHOCTb 
pa6oru •. KpaTKO pacCMOTP8HO co~ep:11taH11e r JiaB .zmccepTal.J,1111 11 CWOPMY
Jll1POBaHbl OCHOBHble noJIOllteH11SI, BblHOCl1Mble Ha 3alIJ,11TY-

B neDBOM rJiaBe ~eTCSI KpaTKl1M cpaBHl1TeJlbHbrn aHaJll13 Hal160Jiee 
nonyJISlpHhlX MeTO~OB pacqeTa MafHl1TOCTaTl1l!eCKl1X noJie£1: ,l01(p(pepeH1.J,11-

aJlbHOfO 1111HTerpaJlbHOro. 3Tl1 MeTO~ ~onycr;aIDT 3(p(peKT11BHYID '-illCJieH
HYID peaJll13al.J,11ID, OWOPMJieHhl B B11~e nOJlb30BaTeJlbCKl1X nporpaMM 11 11c-
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nOJlb30BaJll1Cb aBTOl)OM B pac'-!eTaX MafHl-1TOCTaTI1'-!eCKHX noJieA 3JieJcrl)O
WH3HqecKHX YCTaHOBOK. 

B § L 1 omtchlBaeTC51 .ztHWWel)eHUHaJlbHb!H no.zoco.n K pemeHHIO aa.naq 
. - . -

MafHHTOCTaTI1KH, KOTOl)bM COCTOHT B ~CJieHHOM pemeHHH yl)aBH9HHH 
MaKc:BeJlJia: 

div B = O, rot H = j (1) 

B qacTHblX nl)OH3B0,llHblX. 3.necb B = µµo(H)H - MafHHTHa51 HH.llYKUH51, j -
nJIOTHOCTb .TOKa, µ - OTHOCHTeJlbHa51 MafHHnla51 nl)OHHll,a9MOCTb Cl)9.llhl, 
µo= 4n10-

7
fH/M (MarHHTHa51 nOCT051HHa51), ff - Hanl)SDICeHHOCTb MafHHTHO

ro no~. 

.u~ 1)9lll9HH51 ypaBH9HHH (1) MO:llCHO BB9CTI1 B9KTOl)Hb1H noTeHUHaJI A, 
onpe.neJISl9Mb!H KaK 

rot A= B. (2) 

C yq9TOM COOTB9TCTBYIOIIl,HX fl)aHHqttblX YCJIOBH£i, no,llCTaHOBKa (2) B (1) 
nl)HBO,!IHT K ypaBH9HHIO: 

div (tgrad A)= µ
0
j. (3) 

B c~e l)aCCMOTl)eHHSI nJIOCKHX HJll1 aKCHaJlbHO-CHMMeTl)Hqffbll{ 3a
.naq He~eHHoe .ztHwwepeHUHaJlbHoe ypasHeHHe (3) HMeeT B .neKaprosoA 
CHCTeMe KOOl),!IHHaT BH,ll: 

DlOA DlOA _ . 
ii:(.µ ax) + i{fµ ay) - µo J(X,y) • (4) 

3.necb A " j - 3HaqeHHSI KOMnOHeHT B9KTOl)OB A " j, HOl)MaJlbHhIX nJioc
KOCTI1 pacqeTa. 

HaH60Jiee l)aCnl)OCTpaHeHHOH nporpaMMOH, HCnOJlb3YIOlll,eH B91ITOl)Hb!H 
noTeHUHaJI npH pemeHHH ypasHeHHH MaKcBeJLl!a B .ztHwwepeHUHaJlbHOH noc
TaHOBKe, 51BJISl9TCSI nporpaMMa POISOR . .u~ MafHHTOB C nl)51MOyrOJlbHOH 
KOHWHrypaUHeA :llCeJieaHoro SlpMa H paBHOMePHOH YKJia.llKOH BHTKOB cHcTeMa. 
nporl)aMM POISOR noaBOJ!SleT'npoBO,lIHTb pacqeT OCHOBHOH rapMOHHKH no~ 
C TQqffOCTbIO 10-•. a OnlOCHT9JlbHhIX H9Jll1H9HHOCTeH no~ C TQqffOCTblO 
~ 5xl0-

516
• 
71

• OCHOBHhlM KPHTel)H9M, orpaHH~BaIOIIl,HM Kl)yr aa.naq, pe

maeMhJX C noMOUU,10 CHCTeMhl nporpaMM ;E'OISOR, ~TC51 H9B03MO:llCHOCTb 
npose.neHHSI Tl)eXMel)HblX paC'-!eTOB MafHHTOCTaTI1'-!eCKHX noJieA. 

KaK H B c~e .ztHWW91)eHUHaJlbHblX Mero.nos pemeHHSI · ypaBHeHHH 
MafHHTOCTaTI1KH, B HHTerpaJlbHblX MeTO,llaX, pacCMaTl)HBaeMhJX s § 1.2, 
B03MO:llCHa noCTaHOBKa MarHHTOCTaTH'-!eCKOH aa.naw. C BeKTOl)HOH HCKOMOH 
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WYHKUHeA. B 3TOM C.nytiae npe.ncTaM519M HanpSDICeHHOCTb "!3-fHHTHOrO no~ 
B BH.ll9 CYMMhl BeJITOpos: 

H = Hj + ~. . (5) 

r.ne Hj- HanpSDICeHHOCTb MafHHTHOro no~ B BaKYYMe OT TOKOBOH o6MOT
KH, aaHHMaIO~eH 06beM vj, a HMeHHO: 

H. = ,b JJ..i..1! J 'in 3 dv, 
V R 

j 

(6) 

a ~- Hanl)SDIC9HHOCTb MarHHTHoro no~ OT HaMarHH'-!eHHOH cpe.llhl, 3aHH
Ma!Olll,eH o6beM vr: 

H = f 
1 4n grad J utfil. 

3 
dv 

v R 
r 

(7) 

3.necb R - pa,llHYc-seKTOP, npose.neHHb!H H3 6eCKOH9qffO MaJ!OfO 06beMa 
dv B npOH3B0JlbHYIO TOqKY npOCTl)aHcTBa. Y~ThIBaSI, qTQ B9JITOP HaMar
HHqeHHOCTI1 M = (µ-1) ·H, OKOHqaTeJlbHhM BH.ll ypaBHeHHSI (5) nocJie no.n

CTaHOBKH B Hero (6) H (7) 6y.neT: 

4nM = -(µ-1) · (grad f (M·~) dv + J ~ dv). 
R R 

(8) 

vr vi 

.u~ ~CJieHHoro pemeHHSI ypaBH9HHSI (8) 06beM vr pa36HsaeTCSI Ha 
3Jl9MeHThl, a HHTerpaJI 3aMeHSl9TCSI Ha KOH9qffYlQ CYMMY no 3THM 3JieMeH
TaM. MaJ"HHTHaSI HH.ZlYKUHSI H B9KTOI) HaMarHH~BaHHSI npe.nnoJiaraIOTCSI 
noCT051HHh!MH B npe.neJiaX .llaHHoro 3Jl9M9H~- HHTerpaJlbHOe ypaBH9HHe B 
i:l)opMe (8) noaBOJlSleT no~Tb pe3YJlbTaT pacqeTa cpaay B BH.ne Hanpsi
:llCeHHOCTI1 MafHHTHOro no~. O.llHaKo npH nocTpoeHHH aJire6paHqeCKOH 

CHCTeMhl B 3TOM c~e He06XO.!IHMO ~ThlBaTb TPH KOMnOHeHThl H. TaKa51 
aanHCb HHTerpaJlbHOro ypasHeHHSI HCnOJlb3Y9TC51 B nporpaMMe GFUN3D, 

. /2/ 
KOTOl)a51 6h!Jl8. nocTaBJ!eHa c yqacTI1eM aBTOpa Ha 38M CDC - 6500 • C 
noMonu,~ 3TOH nporpaMMhl 6hlJIO no~eHo npocTpaHcTBeHHoe pacnpe.neJie
HHe no~ en 3KcnepHMeHTaJlbHoro .ztHnoJlbHoro MarHHTa norpYJICHOro n1na
CK,U ~ pery~pHoro nepHo.na rnHxpoTpoHa cnHH

111
• PacqeTHoe pacnpe

.neJieHHe no~ cosnaJio C 3KCnepHMeHTaJlbHhlM B npe.neJiaX TO'!HOCTI1 H3Me-

1)9HHH MarHHTOMeTPOM XoJIJia ( ~o ,1%). 
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O.lOiaKo pacqeru no nporpaMMe GHJN3D orpaHHqeHhl TeMYI KOHWHrypa
f.lH51MYI o6MOTOK, KOTOpbie B Hee aa~o:z:eHhl, H HeCMOTP~ Ha Bee HX MHoro
o6pa3He He BKJIIOqaIDT o6MOTKY, npe.n,n:o:z:eHHYID ~ HOBOH cepHH ,m,inoJlb-

. /3/ 
HhlX MarHHTOB CK,llY • 0Ha OT~qaeTC~ OT Tpa,lll1f.lHOHHhlX pacnpe.zte~eHH-
eM csepxnpoBO.lOiHKa Ha TOPf..la.X. noc~e.lOiee YM9HbmaeT o6JIIY]O MHHY Mar
HHTa npH TOH :z:e MHHe ~pMa. no3TOMY B03MOJICHOCTH nporpaMMhl 6blJil'I 

pacllllllpeHhl BKJIIOqeHHeM B Hee onHCaHH~ HOBOH KOHWHrypaf.lHH 06MOTKH
no~eHHOe pacnpe.zte~eHHe YPDBH~ no~ H aMn~TY.lt BhlCilllllX rapMOHHK 
B.ltOJlb OCH MarHHTa no3B0~~0 oueHHTb BK~.lt_06MOTKH, pacno~o:z:eHHOH 
Ha TOPf..la.X MarHHTa, B HeO,lOiOpO,lOiOCTb no~. Q,lOiaKo HCnOJlb30BaHHe 
nporpaMMhl GHJN3D He Y.ltO~TBop~o asropa ,m,iccepTaf.lHH no npH~He 
He.ztOCTaTOqHOH TQqHOCTH pacqeros ~ .ztaHHOro K~cca MarHHTOB- KaK 
noKa3a~ MeTO,lll1qecKHe oueHKH

131
, Ha6J1JO.ztaeMoe OT~~e H3MepeHHhlX 

3HaqeHHH aMn~TY.lt rapMOHHK OT pacqeTHbIX Bb13BaHO orpaHHqeHHeM ~c
. ~ paa6HeHHA :z:e~e3Horo ~PMa MarHHTa (36 paa6HeHHH Ha 118 qacffl :z:e
~aHoro ~PMa) Ha TpeyrOJlbHhle npH3Mhl, CBroaHHblM C B03MOJICHOCT5™H Hc
nOJlb3yeMOH 3BM. 

B § 1.3 npHBO,lll1TC~ aJlbTepHaTHBHa~ ypaBHeHHID (8) WOPMY~POBKa 
. Ill/ 

HHTerpaJlbHoro ypaBHeHH~ OTHOCHTeJlbHO HH.ztYKLIHH MarHHTHOro no~ 

B _ 1 Jli!::11-( 3R·(B·R)._ ~) dv = 
4n µ R5 R3 Br (9) 

vr 

3.zteCb Bj- MarHHTHa~ HH.ztYKf.lH~ OT TOKOBOH o6MOTKH-
3anHCb HHTerpaJlbHOro ypaBHeHH~ B wopMe (9) HCnOJlb3YeTC~ B 

s'~, . 
CHCTeMe nporpaMM MAGS'l • B~c~TeJlbHMH aMOPHTM sroA nporpaMMhl 
OCHOBaH Ha aHa~THqecKOM npe.ztCTaB~HHe no~ paBHOMePHO HaMarHHqeH
Horo MHOrorpaHHHKa npOH3B0JlbHOH WOPMhl H pemeH~H no~IDIIJ,9HC~ CHC
TeMhl He~HeHHhlX ,lll1CKPeTH30BaHHhlX ypasHeHHH MeTO.ltOM npOCTOH HTe
paf.lHH B C04eTaHHH C MeTO.ztOM MYIHHMaJlbHhlX HeBIDOK H pe~KCaf.lHeH Ha-

/14/ 
MarHH4eHHOCTH 

Bo BTODOH r~Be paccMaTPHBaeTC~ ~c~eHHOe MO.zte~poBaHHe scex 
3~eMeHTOB MarHHTHOH CHCTeMbl CHHXPOTPOHa Cm1H. 0Ha COCTOHT H3 ,ltByx 
cynepnepHO.ltOB, Ka:Z:,ltbM H3 KOTOPhlX CO.ztep:Z:HT 12 pery~pHhlX <IiO,llO nepH-
0,ltOB H O,lll1H cor~COBaHHbM npoMe:Z:yTOK- Ka:z:,lthlH pery~pHhlR nepHO.lt co

_.ztep:Z:HT ,ltBa ,m,inoJlbHbIX MarHHTa H ,ltBe KBa.ztpynOJlbHhle ~H3hl - WOKYCHpy

IDJIIY)() H .zteWOKYCHPYIDJIIY)()• 
Ha PHC-1 npe.ztcTaB~eH BHemHHH BH.lt ,m,inoJlbHoro MarHHTa H KBa.ztpy-

6 

\ 
j 

I 

·1 

I 
r 

PHc-1. BHemHHA BH.zt 
,m,inOJlbHOro MarHHTa H 

~H3-

nOJlbHhlX ~H3 pe_ry~pHoro nepHO.zta CHHXPOTPOHa. liHC~HHOe HCC~.ltOBa
HHe HeO.lOiOPO.lOiOCTeH MarHHTHOro no~ B anePTYPe ,m,ino~ OCYIIJ,9CTB~
~0Cb C nOMO~ID <llypbe - paa~o:z:eHH~ Hanp~eHHOCTH no~: 

R n-1 
H (R,0) = H · [1+ EC (-) ·cos(n-'1)0 ], 

y · 
1 

n=3•"~ •• RN 
(10) 

r.zte R,e - no~PHhle Koop,m,iHaTbl, H1 - se~~Ha cpe,lOiero no~ B ueHTpe 
H 

MarHHTa, l\_,- pa,m,iyc HOPMa~3aJJ,HH, C n = H n • 
l 

Ha PHC-2 npe.ztCTaB~HO pacnpe.zte~HHe He~Heillioc-reA no~ B.ltOJlb OCH 

C~'/, 

2P 

1.01 ~-,, >-
5.0 1d.9 15.0 ~ n...... -- - ...... 

2Jl 

~ ' 
2P ~ 
,~ i I I-:: , 

~o 10.0 1s.o 20.0 25.o 2,<>\ 

7 

PHc. 2. Pacnpe.zte~HHe 
aMn~TY.lt OTHOCHTeJlb
HhlX raPMOHHK B.ltOJlb 
OCH ,m,ino~ B 3aBHCH
MOCTH OT TOKa B 06-
MOTKe: I - COOTBeT
CTBYeT TOKY 0,5 KA, 
II - 1,0 KA, III -

1,5 KA, IV - 1,7 KA, 
V - 2,0 KA, VI - 2,5 

KA. 



.ID1nOJ!bHOfO MafHl1Ta ,IIJlSl I)a3Hh!X 3Ha'-ieHl1i1 TOKa B 06M0TKe. B11.ltHO, '-iTO 

Hac~eH11e 51I)Ma .ID1nOJ!bHOfO MafHl1Ta Ha'-il1HaeT CKa3h!BaTbC51 Ha aMnJI11TY

JJ,e ceKCTYCTOJ!bHOM raI)MOHl1Kl1 nI)l1 noJ151X 1,85 T B ueHTI)aJ!bHOM 06J'.aCTl1 

MarH11Ta- Ha TOI)LJ,aX aMnJI11TY.zta ceKCTYCTOJ!bHOM raI)MOHl1K11 aaMeTHo ;yBe

Jil1'-il1BaeTC51 y;ice nI)l1 11HJJ.YKU1111 noJ151 ~ 1, 2 T. 3 TO nI)l1B0JJ.11T K. TOMY. '-iTO 

pac'-ieTHhie 3Ha'-ieHl15111HTerpaJ!bHhIX aMnJil1TYJJ. ceKCTYCTOJ!b~OM rapMOHl1K11, 

no.JIYl{eHHhle '-i11CJieHHhIM 11HT9fDl1POBaHl1eM KPl1Bh!X, npeJJ,CTaBJieHHhIX Ha 

p11c.2. TaK:11te soapac'ril.IDT np11 noJ151X ~ 1,2 T. 3Ha'-ieHl1e JJ.er.anoJ!bHOM 

rapMOHl1Kl1 Ha TOp!.l,ax MafHl1Ta C ;yBeJI11'-ieH11eM TOKa YMeHbmaeTCSI. no3TO

MY pac'-ieTHoe 3Ha'-ieH11e 11HTerpaJ!bHOi1 aMnJI11TYJJ.l,I JJ.er.anoJ!bHoi1 rapMoH11-

r.11, paBHOe 0,2%, OCTaeTC51 npaKTl1'-ieCKl1 nocTOSIHHhIM JJ.JI5I Bcex 3Ha'-ieHl1M 

11HJJ.YKU1111 noJ151. Ha p11c. 3 npeJJ.CTaBJieHhI no.JIYl{eHHhie pac'-ieTHhlM nYTeM 

11HTerpaJ!bHhie HeJil1HeMHOCTl1 noJ151 JJ.11nOJ!bHOro MafHl1Ta B 3aBl1Cl1MOCTl1 OT 

113MeHeHl151 TOKa Ben o6MOTKe B cpaBHeHl111 C pe3YJ!bTaTaMl1 113MepeHl1M 

11HJJ.YKUJ,10HHhIMl1 KaTYII1KaM11 (nYHKTl1PHhie KPl1Bh!e). B11.ltHO, '-iTO 113MepeHl151 

I!,,% __ fr«~IYI 

,_. /y------ P11c ._3. PacnpeJJ.eJieH11e 11H-
" II rerpaJ!bHhIX HeJI11HeMHOCTei1 
ID 

(en) noJ151 en JJ.11nOJ151 B 3a-
01 

06 B11Cl1MOCTl1 OT TOKa (1). c,!_ ___ / 
a,. 
02 

c. 
5/1) illX! 150// ,rm 2m I.II 

JJ,a.IDT BeJil1'-i11HY 11HTerpaJ!bHOM aMnJil1TYJJ.l,I rapMOHl1K Ha 0,2% Bhlllle pac'-ieT

HOM, HO xapaKTep 11X 113MeHeHl1M C TOKOM aHaJIOfl1'-ieH. Pac'-ieTHOe 3Ha'-ie

Hl1e 3q>q>eKTl1BHOH JJ.Jil1Hhl JJ.11nOJ!bHOro MafHl1Ta cosnaJIO C no.JIYl{eHHhlM B 

113MepeHl151X 11HJJ.YKU110HHhIMl1 r.aTYII1KaM11 oJJ.Horo 113 cep1111 pa6o'-i11x MarH11-

TOB np11 TeMnepaTYpe llCl1JJ.KOro reJI1151. H3MepeHl151 3q)q>eKTl1BHOH JJ.Jil1Hbl ,IIJlSl 

BCeH cep1111 MafHl1TOB npoBO.ID1JI11Cb 11 n~11 KOMHaTHOH TeMnepaTYpe. epeJJ,

H5151 3q)q)eKTl1BHa51 JJ.Jil1Ha JJ.11nOJ!bHhIX MarHl1TOB 43. 71 CM C TO'-iHOCTbID 

0,08% cosna.ztaeT co aHa'-ieH11eM, no.JIYl{eHHhIM 113 pac'-ieToB no nporpaMMe 

MAGSYS. 
npoBeJJ.eHHbie pac'-ieTHo-TeopeT11'-ieCKl1e 11CCJieJJ,oBaHl151 BJil151Hl151 q)OPMhl 

06MoTK11 Ha Topu,ax MarH11Ta 11 paccT051Hl151 MellCJJ.Y JI060BOH '-iaCTbID 

06MOTKl1 11 51PMOM Ha BeJll1'-ilfHY 11HTerpaJibHhIX HeJll1HeHHOCTeH noKa3aJil1 

8 

J 

[ 

\ 
I 

l 
\ . 

CHJ!bHYID 3aBHCHMOCTb HHTefI)aJ!bHhlX HeJil1H9HHOCTeH OT 3Tl1X naI)aMeTI)OB. 
0HH no3BOJil1Jil1 Bhl6paTb onT11MaJ!bHOe paCCT051Hl1e Mel!CJJ.Y JI060BOH '-iaCTbID 
06MOTKH H 51PMOM paBHOe 8 MM np11,shl6paHOH KOHq>HrypaUJ,111 06MOTKH Ha 

TOPLJ,aX JJ.11nOJ!bHOfO MafHHTa. 

8 Ka'-ieCTBe q)OKYCHPYIDI!OiX 3JieMeHTOB peryJ151pHOH CTPYKTYPbl Cl1HX-
• POTpoHa enHH 6b1Jl11 Bhl6paHbl KBaJJ,pynOJ!b.Hhle Jil1H3bl Tl1na Jil1H3 naHOBCKOro 

( CM- PHC .1). '-i11CJieHHa51 MO.zteJ!b KOTOPhIX npe.ztCTaBJieHa Ha PHC. 4. B OT-

P11c. 4. l!HCJieHHa51 MO

,ZleJ!b en 06MOTKH Jil1H-

3bl peryJ151pHoro nep11-

o.zta (Tl1na Jil1H3bl na

HOBCKoro). 

Jil1'-i11H OT JJ.11nOJ!bHhIX MafHl1TOB Ha TOPLJ,aX KBaJJ.PYCTOJ!bHOH Jil1H3bl 06MOTKa 

HMeeT JJ.Ba CJI051. 0THOCl1TeJ!bHO He6oJ!bma51 JJ.Jil1Ha Jil1H3bl no cpaBHeHHID C 

anePTYPOH np11BOJJ.11T K aaMeTHOMY BJ11151Hl1ID ee TOPUOB Ha HHTerpaJ!bHYID 

HeJI11HeHHOCTb noJ151. np11 Y'-ieTe peaJ!bHhIX pa3MePOB Jil1H3bl no JJ.Jil1He CTa

HOBl1TC51 aaMeTHOH BeJil1'-il1HOH HeJil1HeHHOCTh rpaJJ.11eHTa OT TOKa. Kar. 

CJieJJ.YeT 11a pac'-ieTOB no nporpaMMe M.AGSYS111
~ BeJI11'-i11HY rpaJJ.11eHTa 

MOltHO C'-il1TaTh noCTOSIHHOH Jil11Ilb Ha 0,5 JJ.Jil1Hbl :m:eJie3HOfO 51PMa, C'-il1Ta51 

OT U9HTPa Jil1H3bl. 3TO o6CT051TeJ!bCTBO y'-il,1TblBaJIOCb np11 npoBe.zteHl111 11a

MepeH11H noJ151 HH.ll)'KUl,10HHhIMl1 KazymKaMl-1 B U9HTPaJ!bHOH 06JiaCTl1 KBaJJ,py

noJ151. PaaJ10:ateH11e noJ151 Ha rapMOHl1'-ieCKl1H COCTaB JJ.Jl5I KBaJJ,pynOJ151 MO:EeT 

HMeTh CJie_.ZlYIDI!OiH BH.zt: 

R R n-1 
H/R,e) = H

2 
• [ R case + E en (-) ·cos(n-1)0 ] • 

N n=,.o ... RN 

H 
3.zteCb H2 = G·RN, 6 - rpa.ID1eHT nOJ151 B Jil1H3e, a Cn=Hn" 

2 

9 

(11) 
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I 

PacnDeAeJieHHS! OTHOCHTeJlbHbllC aMI1~TYA'Bb!Clfil1X raDMOHHK no.lISl BAOJlb 

OCH JIHH3bl (CM- PHC-5) noKa3b!BaIOT. '!TO Ha TOpu,ax ~H3bl Bee en YBe

~'!HBaIOTCS! c POCTOM TO Ka. HO He CTa.HOB~S! 6oJlbme O .8%. PaC'leTHble 

3Ha'!eHHS! HHTerpaJlbHbllC aMn~TYA He npeBbl!IlaIOT O ,2 + 0, 3% OT OCHOBHOH 

Ha pa.m1yce RN= 1,5 CM, '!TO COCTa.B~eT 90% anepTYpbl en KBa~yno~ 

no 06MOTKe. H3MepeHHS! HH.llYK~OHHblMJ,1 KaTYIDKaMH rapMOHH'le-c:Koro coc

Ta.Ba HeJIHHeHHOCTeH MafHHTHoro no~ no.zrrnep.m1~ no~eHHb!e B pac'le-
/4/ 

Ta.X Be~'!HHbl 

c.:/,j Ce.'4 
t.0 
QB 

a., ,,, .. , .... , , 
PHc. 5. Pacnpe~JieHHe 

He~Hei1HOCTei1 no~ ~!r;···1·· -- ·1 -~,~~'"F"' ... " .. ,~~ z,cM BAOJlb OCH en KBa~y-
06 V 0

·• no~ B saBHCHMOCTH 

OB ffi I . OT TOKa B o6MOTKe: I . -
--~-_, KP"""' coonae,xn,yeT 
o• 

0
, TOKY 0,5 KA, II -

0?1=:=C"7"'-7"-,\-...,,.;,,..,,~~-0!r:-~-, 1, 0 KA. I II - 1, 5 KA. 

Ot M~CM 01 7.,,cM 

~ . 
Paspa60Ta.HHaS! MeTO.lIHKa HCCJieAOBaHHS! H onTHMH3a~H KpaeBbllC H 

HHTerpaJlbHbllC xapaKTePHCTHK MarHHTHoro noJIS! 6bl~ npHMeHeHa H .lIJIS! 

'lHCJieHHOro HCCJie,ll;OBaHHS! npOCTpaHCTBeHHOfO pacnpeAeJieHHS! MarHHTHoro 

no~ en KBa~ynoJiei1 cor ~cosaHHoro npoMe:xcYTKa. no~eHHble sHa'!eHHS! 

3qJqJeKTHBHbllC ~H qJOKYCHPyIOIIJ,HX H ne(JJOKYCHPYIOIIJ,HX KBanpynoJiei1, a Ta.K

:xce 3Ha'leHHS! HHTerpaJlbHbllC HB~HeHHOCTeH noKa3b!BaIOT, '!TO C pOCTOM 

TOKa 3qiqieKTHBHaS! ~Ha en KsanpynoJiei1 cor~cosaHHoro npoMe:xcYTKa 

OCTaeTCS! npaKTH'l8CKH nOCTOSlHHOH, a HHTerpaJibHb!e aMn~TY~I OTHOcH

TeJlbHblX rapMOHHK e4 H e., C POCTOM TOKa Be~ ce6S! no-pa3HOMY, HO 

3Ha'leHHS! HX aMnJIHTYA He npeBbl!IlaIOT O ,16%. noJIY'!eHHb!e P83YJibTa.Tbl no 

MoneJIHposaHHIO npocTpaHcTBeHHbIX MarHHTHbIX noJiei1 KsanpynoJiei1 . cor ~ -

COBaHHOrQ npOMB:XCYTKa CBHneTBJlbCTBYIOT O B03MO:l!CHOCTH HCnOJib30BaHHS! 

~HHb!X KBanpynOJibHb!X MafHHTOB B Ka'!eCTBe cor ~CYIOIIJ,HX JIHH3 np5lMOJIH

Hei1Horo npoMe:xcYTKa. 

4HCJl8HHOe HCCJIBAOBaHHe BJIHSlHHS! pas6poca 3qlqJ8KTHBHb!X nJIHH .m1-

noJibHblX MarHHTOB, a Ta.K:XCe 3qJqJ8KTHBHb!X .lIJIHH H rpa.m1eHTOB KBa,ll;py-, 

nOJlbHb!X JIHH3 B pery~pHb!X nepHO~X H cor ~COBaHHb!X npOMB:XCYTKaX Ha 

10 

j 
). 

] 

;\ 

nonepe'!Hbli1 Pa3MeP nyqKa H DaC'lBTHYIO '!aCTOTY 6eTaTDOHHblX KOJie6aHHH 

npOBO.lIHJIOCb c nOMOIIJ,bIO a~nTHposaHHOij H nocTa.BJIBHHOH aBTOPOM Ha 3BM 
/10/ 

CDC-6500 nporpaMMbl SYNCH • AHa~3 pe3YJlbTa.TOB HCCJIBAOBaHHS! no-

Ka3aJI, '!TO Y'leT H3MBPeHHbllC 3Ha'!eHHH 3qJqJeKTHBHbllC ~H .m1nOJlbHbllC 

MarttHTOB H 3qlqJBKTHBHbllC ~H H rpa.m1eHTOB KBa~ynOJlbHbllC JIHH3 npHBO

.lIHT K HCKa:aceHHIO 3aMKHYTOH op6HTbl He ~OJiee 5MM, a pa60'laS! TO'!Ka no 

'laCTOTa.M 6eTa.TPOHHbllC KOJie6aHHH (vx= 7,3, vy= 6,25) MOl!CeT 6b!Tb yc

Ta.HOBJIBHa nOA60pOM TOKOB TOJlbKO BF HD - JIHH3aX pery~pHOfO nepH-

0~ npH YCJIOBHH HB3aBHCHMoro 3JI8KTPH'lBCKOro nHTa.HHS!. 

TeopeTH'!BCKHB H pac'!eTHbie ~HHble H Bb!BOAU, CAB~HHbie BO BTO

poi1 r~se, noJIY'!H~ 3KcnepHMeHTaJlbHOe no.zrrnep:acAeHHe B pesyJlbTaTe 

H3MepeHHi1 xapaKTePHCTHK MafHHTHb!X noJiei1 pa60'!HX MafHHTOB HH.llYK~

OHHb!MH KaTYIDKaMH npH KOMHaTHOH TBMilepa'fYpe H TeMilepaTYpe l!CHAKOfO 

reJIHS! 
14

'
51 

B TpeToei1 r~Be paccMOTPBHO '!HCJIBHHOe MoneJIHPOBaHHe npocTpaH

CTBeHHb!X MafHHTOCTa.TH'leCKHX noJiei1 3JIBMeHTOB pery~pHOH CTPYKTYPb! 

MafHHTHoi1 cHCTeMbl HYKJIOTPOHa. B Ka'!ecTBe noBopOTHblX .m1noJlbHbllC Mar

HHTOB YCKOPHTe~ 6blJIH npe.lIJIOl!CeHbl npoKa'!Hble MarHHTbl c YPOBHeM no~ 

~ 2 TH o6MOTKOH H3 Tpy6'laTOf0 csepxnpoBOAHHKa. HcnoJlb30BaHHe 

TPY6'laTOro csepxnpoBO.lr5llllero Ka6e~ ynpom,aeT KOHCTPYK~IO KPHOCTa.Ta 

H o6Jier'laeT AOCTyn K MafHHTHOH CHCTeMe YCKOPHTe~- l!HcJieHHOe HC

CJie,ll;OBaHHe npocTpaHCTBeHHblX xapaKTepHCTHK MarHHTHOro no~ MafHHTa 

H aHa~3 He~Hei1Hb!X 3qJqJeKTOB, CBS!3aHHbllC C HaCb!IIJ,eHHeM S!PMa MafHHTa 

H BJIHSlHHeM H30~0HHblX npoK~AOK, npoBO.lIHJICS! C noMOIIJ,bIO 

nporpaMM MAIJSYS. Ha pHc.6 npeACTa.BJieHa '!HCJieHHaS! MO~Jlb 

CHCTeMbI 

o6MOTKH 

11 

p HC • 6 • 4HC JieHHaS! MO

neJlb 06MOTKH H 1/8 

:aceJIB3HOfO S!pMa en 

.m1noJlbHoro MarHHTa 

HYKJIOTPOHa. 



H 1/8 %9Jl03HOro SU)Ma. nocKOJlbKY 1lJ[SI ,lla.HHoro MarHHTci Oni0Ill9HH9 I)a3-
MeI)OB .ztJIHHa/anePTYPa ,l[OCTciTO'ffiO B9.IIHKO ( ... 30), npaaoMepHO 6WIO '!HC
Jl0HHH09 M0,![9.IIHPOBaHHe lJ,eHTpaJlbHOro no.l!St .l[HnOJlbHOro MarHHTci npoao
,l[HTh B npe,![no~o:Z:eHHH 6ecKOHe'ffiOH npoTSCICeHHOCTH MarHHTci no .l[BYM9I)
HOH MeTO.IOiKe C nOMOID,bJO nporpaMMbl POISOR. ooJlbma.51 npoTSCICeHHOCTh 

MarHHTci cnoco6cTByeT YMeHbmeHHJO OniOCHTeJlbHoro BK~.lla ero TOPUOB B 
HHTerpaJlbHYJO HeJIHHeHHOCTh MarHHniOrO noJ!St. 0.l[HaKO STO He CHHMaeT 

He06XO.l[HM0CTH onTHMH3aUHH WOPMbl ~060Bbll{ 'llaCTeH MarHHTci 1lJ[SI YMeHb
meHH51 Kpaeabll{ H HHTerpaJlbHbll{ HeJIHHeHHOCTeH noJ!St. 

KaK noKa3aJIH pacqeniO-TeopeTHqecKHe HCCJl0,l[OBaHH51, CYMMa.PHa51 
HeO.l[HOI)O,l[HOCTh no.l!St 1lJ[SI HH.l[YKUHH no.l!St ,l[O 2 ,3 T B lJ,eHTPaJlbHOM 06-
~CTH MarHHTci He npeBbllllaeT 0,1% Ha pa.l[Hyce R = RN =1,9 CM, KOTOPbM 
COCTciB~T 40% anepTYPbl .l[HnOJ!St. npH MaKCHMa.JlbHOM 3HaqeHHH HH.l[YKUHH 
no.l!St TO'ffiOCTh pacqe'lci HeJIHHeAHocwA 1lJ[SI ueHTpaJlbHoro no.l!St no npor
paMMe JlAGSYS COCTciB.l!SteT ... 5_xl0-3

• l{.l!St YPOBHeM no.l!St B :S 1,55 T 3Ha
qeHH51 CeKCTYnOJlbHOM H .l[eKanOJlbHOH rapMOHHK He npeablllla.JOT ... 3x10-• 
OT OCHOBHOH rapMOHHKl:{ noJ!St. l{J!St STOro YPOBH51 no.l!St npHBe.l[eHHble pac
qenible ,lla.HHble HaXO.l[51TC51 B xopomeM cor~CHH ( ... 4xl0-") C pe3YJlbTci

TciMH H3MePeHHM n~OCKHMH HH.l[YKUHOHHb!MH KazymKaMH
161

• 

Pe3YJlbTciTbl pacqeroa H.H3MepeHH£i noKa3b!BaJOT, qTQ HaCb1111,9HHe 51p
Ma .l[HnOJlbHOro MarHHTci CKa3b!BaeTC51 Ha ceKCTYnOJlbHOH H, 'llaCTH'IBO, 
.l[eKanOJlbHOH rapMOHHKax H noqTH He BJIHSleT Ha ,l[O.l[eKanoJlbHYJO rapMOHH
KY (C

7
). 3WWeKTbl HaCblll1,9HH51 51PMa MarHHTci CHJlbHee CKaab!BaJOTC51 Ha ~o-

60Bbll{ 'llaCT51X MarHHTci H, B OCHOBHOM, aa cqeT POCTci ceKCTYnOJlbHOH 
(C3) rapMOHHKH no.l!St npH6JIH3HTeJlbHO Ha 0,15%. Ha PHC-7 npe,l[CTciB~eHbl 
peayJlbTciTbl pacqe'lci aaBHCHMOCTH pacnpe.l[eJl0HH51 KpaeBbll{ HeJIHHeHHOC-

Cn'.4~~T 

3. 

2. 

-l 

-2. 

so.o· 

IIV'• 
II 
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PHc. 7. Pacnpe.l[eJ10HHe 
HeJO!HeHHOCTeH. no.l!St 
B,l[OJlb OCH MarHHTci 
1lJ[SI TOKa I =4 ,3 KA B 

3aBHCHMOCTH OT pac
CT051HH51 Me:Z:.llY ~060-

. BOH 'llaCThio o6MOTKH H 

51PMOM MarHHTci• 

TeA OT TOJllil,HHbl npoK~,l[KH 1lJ[SI YPOBHSl no~Sl ... 1, 5 T H Ha PHC. 8 1lJ[SI 

YPOBHSl no.l!St 2 ,2 T. C YBeJIHqeHHeM .ltJIHHbl 1,1a.rHHTOnpoao.11a H YMeHblll9HH
eM paccT051HHSl Me:Z:.llY ~060BOH 'llaCTbJO 06MOTKH H SlPMOM MarHHTci o6m,aSl 
.ztJIHHa en .l[HnOJ!St no 06MOTKe OCTciBa~cb noCT051HHOM. C YBeJIHqeHHeM 
.ltJIHHbl :z:eJl03Horo SlPMa, CBSl3aHHoro C YMeHblll9HHeM pacCT051HHSl Mel!C.llY 
~060BOH 'llaCTbJO o6MOTKH H SlPMOM, HeCKOJlbKO MeHSleTCSl pacnpe.l[e~eHHe 
HeJIHHeAHocwA Ha ropuax MarHHTci- 3aioHoMepHocTb HaMeHeHHSl ceKcTY
noJlbHoA rapMOHHKH no3BOJ151eT HaMTH ero onTHMaJlbHYJO Be.llH'!HHY t,. = 1,5 
CM, npH KOTOPOM 3HaqeHHe HHTerpaJlbHOH aMnJIHTY,l[bl ceKCTYnOJlbHOM rap
MOHHKH ,l[OCTHraeT B pa6oqe£1 o6~CTH TOKOB HaHMeHbmero 3HaqeHHSl 
(:S 0,1%), qTQ Y.l[OBJl0TBOP51eT Tpe6oBaHHSlM .l[HHaMHKH nyqi<:a BO BCeM 
UHK~e YCKOPeHHSl. Pacqeru noKa3bIBaJOT, qTQ BeJIHqffHa pa.l[Hyca KPHBH3Hbl 
06MOTKH Ha TOPUe MarHHTci c~6o BJIHSleT Ha HHTerpaJlbHYJO HeJIHHeMHOCTb 
noJ151. 

~L 2D 

3.0 
ID 

2D 

LO 

-LO 

-w ll 

PHc. 8. Pacnpe.l[e~eHHe 
HeJIHHei1HocTeA noJ151 
B,l[OJlb OCH MarHHTa 
1lJ[SI TOKa 1=6,3 .KA B 
3aBHCHMOCTH OT pac
CT051HHSl Mel!C.llY ~060-
BOM 'llaCTbJO 06MOTKH H 
SlPMOM MarHHTa 0 

B KaqecTBe KBa,l[I)ynoJlbHb!X JIHH3 peryJ151pHoro nepHO.lla HYKJIOTPOHa 
paccMaTPHBaJIHCb JIHH3bl C npSJMoyrOJlbHOM anePTYPOM H C SlBHO BbIPal!CeH
HbIMH noJOOCaMH. HCXO,l[Sl H3 OCHOBHbIX Tpe6oBaHHM, npe.lI'bSlB~Mbll{ K rpa

.zIHeHTY ~H3bl (ypoeeHb no.l!St ... 35 TIM npH MaKCHMaJlbHOM pa6oqeM TOKe 
I = 6 KA H ::iwweKTHBHOM .ztJIHHe ... 42' 5 CM)' 6bLIIH HCCJie,l[OBaHbl CHMMeT
PH'ffiaSl JIHHaa c rHnep6oJIHqecKHM npo~H~eM noJOOca

171 
H KBa.l[pynoJlb c 

TIPSlMOYfOJlbHOH anePTYPOH. ITocKOJlbKY eapHaHT CIT KBa.l[pyno~Sl C npSJMo
yroJlbHOH anePTYPOM TIO,![p06HO npoaHaJIH3HPOBaH BO BTOPOH r~Be, B 
TpeTbeM r~Be pacCMaTPHBa~OCb JIHmb BJIHSlHHe yeeJIHqeHHbIX paaMepoB, 
MaTepHa~ ceepxnpoeo.l[HHKa H .l[HanaaoHa H3MeHeHHSl TOKOB Ha xapaKTe-
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PHCD1KH KBalUlYilOJ!bHOro MarHHTa- qHCJieHHblMH HCCJie.l(OBaHH51M11 6blJIH 
no.ll'l'BePlt.zteHbl BblBO,Z[bJ. C.zteJraHHble BO BTOpoA rJia.Be. OmaKo HCnOJ!b30-
Ba'l'b en KBalUlYflOJ!b c npmioyroJ!bHoA anep-rypoA nma JIHH3bl nattoBcKoro 

MOltHO TOJ!bKO B KatiecTBe WOKYCHPYJOIIl,HX JIHH3 peryJ1S1pttoro nepHo.zca HYK
JIOTPOHa. cTpeMSicb .ztOCD14h. MHHHMYMa no pacxo~ 2teJieaa. B KatiecTBe 
.zteWOKYCHPYJOIIl,HX JIHH3 Heo6xo~MO Bbl6pa'l'b JIHH3bl C paCIIIHPeHHOA anep-ry
poA1151. TexHo~orHtieCKH ze 2teJia.TeJ!bHO HMe'l'b see KBa.l(l)Yil0.1Il1 omoro 

n1na. 
Ha PHC-9 npe.ztcTaMeHa KOHWHrypaUHS! nonepetJHoro ceqeHHS! ~Ho

noJ110cHoA JIHH3bl HeCKOJ[bKHX BapHaHTOB, HCnOJ[b30BaHHaS! B ~yMePHblX 
pacqeTax. qHCJieHHble 3KcnepHMeHTbl noKa3a.1Il1, qTQ C yse.1Il1tieHHeM TOKa 

Y,CM 

13 

12 

II 

IO 

9 
8 

0 I t 3 'i 5 6 7 8 9 10 II 11 13 .X,CM 

PHc.9 KoHWHrypaUHS! no
nepetJHoro cetieHHS! ~Ho
noJ110cHoA .1Il1H3bl ( pacqeTbl 
c noMODl,bIO POISCH) . 

B en 06MOTKe 1 sapHaHTa .1Il1H3bl .l(O MaKCHMaJ!bHblX 3Ha'!eHHl1 npoHCXO~T 
CHJ!bHOe HaCbDD,eHHe lte~eaHoro S!PMa, qTQ npHBO~T K 3Ha~TeJ[bHOW He
.1Il1Hei1HOCTH rpa~eHTa .l(O (~G/6)= 23.83%. Otta o6yc~OBJieHa, B OCHOB
HOM, HacbDD,eHHeM noJ110ca zeJieattoro S!PMa B oco6eHHOCTH TOW ero qacTH, 
KQTOpaS! npHMb!KaeT K o6MoTKaM .1Il1H3bl- 3TOT BblBO.l( no.ll'l'Bep~~CS! pe-
3YJ!bTaTaMH paCtieTOB 1I • 1I I H IV sapHaHTOB, KOTOPble OTJil1qaJil1Cb OT 

nepsoro wopMoA noJ110ca. B 3THX sapHaHTaX OH HMe~ WOPMY qacn1 OKPYlt
HOCTH C ueHTPOM B TOtIB:e nepecetieHHS! rpaHeA S!PMa· PaaJil1qaIOTCS! 3TH 
BapHaHTbl Be.llH~HOW pa~yca OKPYltHOCTH- OmaKO HaH60Jiee npe~oqn1-
TeJ[bHblMH oKa3a.1Il1Cb V H VI BapHaHTbl KOHWHrypaUHH CHMMeTPHlJHOH .1Il1H3bl 
C rHnep60.1Il1'1ElCKHM nPOWHJieM noJIIOCa nepsoro sapHaHTa. HO co CMe~H
HblMH K ueHTPY JIHH3bl Ha MaKCHMaJ!bHO B03MOltHOe paccTO~He TOKOBblMH 
o6MoTKaMH. Be.1Il1~Ha CMe~HHS! HaXO~TCS! H3 pa6oThl

1151 
B aaBHCHMOCTH 
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• 
OT 3ano~eHHS1 nYtIB:oM qacn1u anePTYPbl MarHHTHblX 3JieMeHTOB HYKJIOTPO
Ha npH MeMeHHOM BblBO.l(e. He.1Il1HeHHOC'l'b rpa.l(HeHTa OT TOKa npH rpa~
eHTe 35 TIM ~ 3THX .1Il1H3 COCTaB~T COOTBeTCTBeHHO (~/G)v= 0 ,23% 
H (~G/G)v,= 1,25%. 0.l(HaKO B c~e Cl1MM9TPl1l!HOW .1Il1H3bl C 0.l(HOC~oR
HOH o6MOTKOH 3HaqeHHe 12-nOJIIOCHOH rapMOHHKH HaHMeHbmee. KpoMe TO
ro. MOXHO OTM9TH'l'b, qro sapHaHT CHMM9TPl1l!HOH .1Il1H3bl C 0.l(HOC~OHHOH 
o6MOTKOH npH Tpy6qaTOM CBepxnpoBO,llHHKe 6o~ee Y.zto6eH npH 113rOTOBJie
HHH- HcnoJ!b3YS! onblT no 'I'eopeTH'!eCKH-pacqeTHOMY HCC~e.l(OBaHHIO Kaqec
TBa MarHHTHOro no.1151 Ha TOpuax, MOltHO npe~o~OltH'l'b, qTQ 0.l(HOC~OHHaS! 
o6MOTKa .ztaCT HaHM9Hbmee 3HaqeH11e H9.1Il1H9HHOCTeH no.1151 Ha TOpuax .1Il1H-
3bl- npose.zteHHble B nOCJie.l(Hee BpeMSi H3MepeHH~ nO.ll'l'B9P~.1Il1 no~HHble 
peayJ!bTaTbl ~c~eHHOro MO.l(e.llHpOBaHHS!-

,ll.1151 OU9HKH TOlJHOCTH pacqeTOB, npoBO~MblX C noMODl,bIO CHCTeMbl 
nporpaMM POISGR, ~CJieHHOe MO.l(e.11HpoBaH11e nposo~~OCb np11 ~c~e 
Y3~0B pacqeTHOH ceTKH .l(O N = 22000. OCHOBHble peayJ!bTaTbl no~Hbl 

, npH N = 16000 • npH 3TOM TOlJHOC'l'b BbJ:41,!CJieHHS! rpa~eHTa G COCTaB~T 
~ 7, 7xlo-•. a ~n 2: 5x10-!5. 

B § 3. 4 TP9Tb9H r Jill.Bbl np11Be.zteHbl pactieTHbie xapaKTePl1CTHKH 
csepxnposo.Z[S!Iliero ~noJ!bHoro MarHHTa, OTJil1qa10~rocsi npocTOTOH H 

3KOHOMHlJHOC'l'bIO KOHCTPYI\UHH H o6ecne~BaIO~ro no~HHe BblCOKOO.l(HO
po.l(Horo MarH11THoro no.1151 Be.1Il1~HoA ~o 3 TB anepzype MarHHTa npH 

HH.ztYKUHH B S!PMe MarHHTa OKO~O 2 T. Op11rHHaJ!bHOC'l'b KOHCTPYKUHH Mar
Hl1Ta COCTOHT B 11CnOJ!b30BaHl1H .zisyx WOPM en Ka6e.1151: TpeyrOJ[bHOro H 

/9 13/ . . 
npmioyroJ!bHOro • • npeMOlteHHYJO npocTpaHCTBeHHYIO KOHWHrypaUHIO 
3 T ~nOJ!bHOro MarHHTa c BblCOKOO.l(HOPO.ztHl,IM no~eM MOltHO C~TaTb paa
BHTH9M KJiaCCa MarHHTOB C nOJieM, WOPMHPY9MblM lt9Jie30M. 

B aaKJIIOqeHHH CWOPMY.1Il1POBaHbl OCHOBHbie P93YJ!bTaTbl pa6oTbl: 
1. Paapa60TaHa MeTO~Ka H npose.zteHO KOMn~9KCHOe 11CCJie.l(OBaHl19 

npeUH3110HHblX MYJ!bTHnOJ!bHblX MarHHTOB en CHH~POTPOHa enHH: 
a) no~Hbl pe3yJ[bTaTbl, noaso~11111e CWOPMHPOBl;l.Tb BblCOKOO.l(HO

pomoe MarHHTHoe noJJe Ha sceR .l(.1Il1He ~noJ!bHoro MarHHTai 
6) peayJ!bTaTbI npose.zteHHoro ~c~eHHoro aHa.1Il1aa MarH11THoro no.1151 

en ~n9J[bHOro H KBa.ztpynOJ!bHOro MarHHTOB pery.llSlpHoro nepHO.zta CHHX
POTPOHa HCnOJ[b30Ba.1Il1Cb npH npose.zteHHH 113MeP9Hl1H H noMOr.1Il1 B HHTep
npeTa.UHH HX peayJ[bTa.TOBj 

B) ~CJieHHO npoaHa.1Il1311POBaHa CTPYKTYPa MarHHTHoro no.1151 KBa.l(
pynoJ!bHblX MarHHTOB cor Jlll.COBaHHOro npOM9ltYTKa Cl1HXPOTpoHa, noKaaaHa 
B03MOltHOC'l'b WOPMHPOBaHHS! MarHHTHbIX no~eA C aa.ztaHHbIMH napaMeTpaMH:. 

2. Paapa60Ta.HHaS! MeTO~Ka n03B0.1Il1Jlll nposeCTH KOMn~eKCHOe 11c-
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CJie}IOBaHl-19 _1-1 OTin1Ml-13aIDtIO en MafHl-11'0B YCKOPl-1TeJISi P9J!Sin1B1-1CTCKl-1X 

SU[ep - HYKJIOTPOHa: 
a) Bbll10JIHBH aHaJil-13 BJil-151Hl-1~ KOHWMrypa1..1,1-11-1 o6MOTKl-1 Ha ~o60BblX 

'IB.CTIIX }Il-1nOJibHOfO MafHl-1'1'8. Ha rapMOHl-1'!9CKl-1H COCTa.B noJISi B pa6o'l9H 

06~cn11-1 npe.l[JIO:Z:9H cnoco6 KOMn9HCal..l,l-11-1 KPaeBOH H9Jil-1HBHHOCTI1; 

6) Ha OCHOBe 'lliCJieHHOfO MO}I9Jil-11)0BaHl-1~ Bbll10_JIHeH aHaJil-13 BJil-151Hl-1~ 

KOHWl-1fYPal..l,l-11-1 OOMOTKl-1 1-1 :z:e~e3HOfO ~PMa Ha KaqecTBO MafHl-1THOf0 noJISi 

B ueHTl)aJibHOH o6~Cn1 KBa.zi:pynoJISi 1-1 B .lIBYMBPHOM np1-16.m1:z:eHl-1l-1 HaH}IeHa 

onn1MaJibHa~ KOHWMrypal..1,1-1~ TOKOBOH o6MOTKl-11-1 :z:e~e3HOf0 ~pMa; 
B) npose.zi:eH aHaJil-13 BJil-151Hl-1~ HBTOqttOCTeH l-13fOTOBJieHl-1~ npOWl-1.JISi 

noJDOca :Z:BJie3HOfO ~pMa KBa.zi:pynoJibHOfO MafHl-1'1'8. Ha rapMOHl-1qecKl-1H coc-

Ta.B noJISi. 
3. npose.zi:eHO KOMnJieKCHOe MCCJie}IOBaHl-18 BJil-151Hl-1~ npocTpaHCTBeH-

HblX xapaKTePl-1Cn1K MafHl-1THhlX 3JieMBHTOB en Cl-1HXPOTpOHa em,rn Ha }Il-1Ha

MJ.!KY nyqKa 'IB.Cn1U np1-1 YCKOPBHl-11-1 1-1 noKa3aHa B03MOJICHOCTb o6ecne'l9Hl-1~ 

YCTOH'll1B0H }Il-1HaMl-1Kl-1 nyqKa 'IB.Cn1U 693 .zi:onOJIHl-1TeJibHhlX KOppeKn1PYJOIII.l-1X 

3JieM9HTOB. 
4- npe.l[JIOJ!CeHa 1-11-1cc~e}IOBaHa HOBa~ npocTpaHCTBBHHa~ KOHWMrypa-

1..1,1-1~ }Il-1nOJ!bHOf0 csepxnposo~ro MafHl-1'1'8. C :Z:9Jie3HblM ~PMOM, OTJil-1'IB.JO

~eroc~ npocro:roR 1-1 3KOHOMl-1qttOCTblO KOHCTPYKl..l,l-1H 1-1 06ecne'll1Ba10~ro 

no~Hl-18 BbICOKOO}IHOpO}IHOfO MafHl-1THOf0 noJISi B anePTYPB }Il-1nOJISi se

Jil-1'll1HOH }IO 3 T. 
5. )l;J!Si nrnpoKoro K~cca csepxnposo.lI$1lll.1-1X MarHMTOB Bb1110JIH9H aHa-

Jil-13 BJil-151Hl-1~ wopMbI weppoMarH1-1THoro 3KpaHa 1-1 3WWBKTa ero HaCbilll,BHl-1~ 

Ha Ka'l9CTBO noJISi. 
6. Bo BCBX paccMOTPBHHb~ c~~ npoaHa~1-1poBaHhl pa3Jil-1'll1~ 

MBJIC}Iy TPBXMBPHhlMl-1 pacqeTa.Ml-1 1-1 pacqeTa.Ml-1, Bbll10JIHBHHhlMl-1 B np1-16.m1J1Ce

Hl-1l-1 .lIBYMBPHOH nocTa.HOBKl-1 3a,zi:a'ffl. noKa3aHa HB06XO}Il-1MOCTb MCCJie}IOBa

Hl-1~ npocTpaHCTBBHHblX xapaKTePl-1Cn1K no~eH oco6eHHO }IJlSi MafHl-1TOB c 

OTHOCl-1TeJibHO He60J!blli0~ .l[Jll-1HOH• 
7. e~CTBBHHO pacnrnpeH KOMnJieKC nporpaMM JJAGSYS, npe}IHa3Ha

'!9HHbM }IJlSi 'lliCJieHHoro Mo.zi:e.m1posaH1-1~ TPBXMePHhlX MarHIITOCTan1'-¾eCKl-1X 

no~eR 1-1 aHa.m1aa He.m1HeHHblX 3WWBKTOB B MarH1-1Tax 3~eKTPOWl-13MqecKHX 

YCTa.HOBOK- e ero noMOID,blO Bb1110JIHBH l..l,l-1K~ pac'l9THO-TBOPBn1'!9CKl-1X 1-1c

CJie}IOBaHl-1H csepxnpoBO~X MafHl-1THhlX Cl-1CTeM, Ha OCHOBaHl-11-1 KOTOPhlX 

CWOPMYJil-1POBaHhl npaKn1qecK1-1e peKOMBH}Ial..1,1-11-1 no KOHCTPYHPOBaHl-110 npe1..1,1-1-

31-10HHblX en MafHl-11'0B-
8. Ha MHOfO'lliC~BHHblX np1-1Mepax cpaBH9Hl-1~ pacqeTOB c 3Kcnep1-1-

MBHTa.JlbHhlMl-1 }IaHHbIMl-1 noKaaaHO' qro TQqttOCTb pac'l9TOB, npoBO}Il-1MblX C 
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1-1cnOJlb30BaH1-1eM KOMnJieKCa nporpaMM JJAGSYS, }IOCTa.TOqtta }IJlSi npoeKTI1-

poBaHl-1~ 1-1 C03}IaHl-1~ MafHl-11'0B 60Jlbml-1HCTBa 3~BKTPOWl-131-1'!9CKl-1X YCTa.HO
BOK. 
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