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Beeaeaee 

npo6neMa BbiCOKO~eKTHBHOrO BbiBO.!l8 YCKOpeHHbiX 'IBCTHU H3 penHTIIBHCTCKOro UHKno

TpOHB ( PU) HBnHeTCH oaaoll Il3 ocHoBHbiX, TaK KaK ycnemaoe Ilcnonb30BBHIIe PU KaK <j>II3H

qecKoll YCTBHOBKII II HOpMBnbHBSI 9KCnnyaTBUIIH YCKOpiiTenH B03MO*Hbl TOnbKO npH np8KTH'I9C

KH l!OnHOM Bb!BO.!le '18CTIIU Il3 KBMepbl II npHM9H9HHII BHeiDHHX MHilleHell, i13BeCTHbl9 M9TO,!lbl 

HenpepbiBHOrO BbiBO.!lB YCKOpeHHbiX 'IBCTHU H3 UHKnH'IeCKHX YCKOpHTenell CO CTBUHOHBpHbiM 

MBrHHTHbiM noneM MO*HO p83.!l9nHTb HB TpH rpynnbi, 

K nepeoll rpynne OTHOC!ITCH M9TO.!lbi, HCnOnh3YJOillH9 3H8'1HTenbHOe yeenH'I9HHe paaey

ca KpHBH3Hbl HB KOHe'IHOM pa.!liiyCe 38 C'leT npHMeHeHHH aneKTpOCT8TH'19CKOrO non!!, YCKOpH

IOillee nanpH*eHIIe .!lOn*HO o6ecne'IHTb COOTBeTCTBYIOillHii npHpOCT 9HeprHH
0 

npH KOTOpOM 'IBC

THUbl cMoryT eoiiTH BHYTPb aneKTpocTaTH'IecKoro ae<j>neKTopa, a none ae<j>neKTopa aon*HO 

o6ecne'!HTb He06XO.!lHMOe UnH BbiBO.!l8 yeenH'IeHHe pauHyca KpHBH3Hbl 'IBCTHU 381l8HHOII anep-

rHH, 

BTopa!! rpynna 06'b91lHH!I9T M9TOilbi, B KOTOpb!X BbiBOil 'IBCTHU npOHCXO.!lHT 38 C'!eT Ha

pymeHH!I paaeanbrroll ycTOII'IHBOCTH B cnauaJOmeM MarHHTHOM none na Kpa!O aneKTpoMarnH-

Ta YCKOPHTenH. npu aToM rreo6xoaHMO ycKopHTb 'IBCTHUbi uo paueyca, rue noKa3aTenb nonH 

n=~~~ $- 1 
H(R) dr R • 

H 'IBCTOTB pallHBnhHbiX Kone6aHHII Q, c 0 , 0UHBKO 'IBCTOTB BKCH-

anbrrwx Kone6aHHII Q z ) B cnauaJOmeM MarHHTHOM none peaKo B03pacTaeT, npoxouH PHil 

pe30H8HCHbiX 3H8'19HHII, npH KOTOpblX H9H369*Hbl 3H8'1HT9nbHble noTepH YCKOpeHHhlX 'IBCTHII. 

an" ycKopHTenell 6onbmoro pauHyca. 

TpeTb!l rpynna MeTouoe BbiBOilB ocaoeaaa Ha co3UBHHH pe30HBHCHOH CBH3H Me*UY B3H

MyTanbnoii H pauiianbHol! cTeneHHMII ceofiollbl ycKopHeMoll 'IBCTIIUbi HB 3BUBHHOM pauiiyce, 

fipH llOCT8T0'-!HO CHnbHOli CBH3H panHanhH8H KOMITOH8HT8 HMnynhCa l.IBCTHUbl pe3KO B03paC

T89T II .UOCTHraeT BBJIH'tJ:HHbi, npH KOTOpOli B03MO.>K8H BbiXO.O. l.{BCTHUhi H3 o6naCTH M8rHHT-

Horo non!! yCKOpiiTenH. Ecnii npH 9TOM oyuyT ofiecne'leHbl ycnoBIISI OTCyTCTBHSI CBSI3H c BK-

CH8nbHOi1: CTBfl8HblO CB060.Uh! qacTHUhi 1 TO 3TH M8TO.llbl MoryT 6b!Tb HCTIOnh30B8Hhi .nnst C03-

llBHHH BI)ICOK03¢¢eKTI!BHOfi CHCTBMLI BhiBOll8 1.J8CTHU H3 yCKOpHTenH. 

B penHTI1BIICTCKOM UIIKnoTpoae aa aaeprn10 npoToHoe 700 .;. 800 Mae pnaHanbHoe 

paccTOHHI!e MelKuy coceuHHMH opfinTaMrr Ha KOHe'IHOM pailrryce cocTaBnHeT o6bi'IIIO 0,3.;. I MM. 

npHMeHeHHe sneKTPOCT8TH'lJ:BCKOro neQ:meKTOpa HCKniOqeuo H3-88 t:rp93Mepuo GOllblliOfi: Tpe6ye

"-iOH nenHtfHHbr HarrpHJKeHHOCTH sneKTpHqecKoro nonH H Manoro panHanbHoro pa3neneHHH op-

a 



5HT. C apyroil cTopoHLI, uanH'IHe cnapanbHOl! cTpyKTYPbi MarHRTHoro nang a PU Bbl3bl-

naeT rroHnneuae BHyTpeuuax uenauel!HbiX pe3oaaucoe npa 'IBCTOTe paauanbHhiX xone6aaul! 

Q, 

npa 

N , rae N - '!Reno cnapanel!, q - uenoe '!Reno (nopgaox pe3oaauca). 
q 

N 8 uenaueliHLiil peaoaauc 4-ro nopRaxa Q, • 2) COOTBeTCTByeT aaeprHH 

rrpHMepHO 820 Mae. npoeKT penRTHBHCTCKoro UHKJlOTpoaa OxpHillKCKOl! HaUROHanbHOll na5o-
/2/ 

paTopHH ( CWA) npenycMaTpHnaeT acnonb3onaaae aenuael!aoro pe3oaaaca Q, • 8/4 

llllR C031!aHIHl CI!CTeMbl Bb!BOI!a C a<jl<jJeKTHBHOCTbJO nopRI!Ka 96%, KOTOpag nall}"leHa HB 

aneKTpOHHOi! MOUenH 3TOrO yCKOpHT9JlR, 

_./ 1/ B npoexTe peKOHCTpyKUHH CHHXPOUHKJlOTpoua na5opaTopHI! RnepHblX npo5neM OHH11 

xoHe'IHaR aueprHR PU cocTaBnReT 700 Man, ITpu aToM Q, • 1,8 H aenocpencTneauoe 

npHMeHeHRe pe30HaHCHOrO MeTana Bb!BOI!a HeB03MOlKHO, 

8 HBCTORmel! pa5oTe npennnraeTCR MeTal!, npH RCnOJlb30BaHHH KOTOparo 'laCTOTa 

panHallbHblX xone6aHHi! Ha 3anaHHOM panRyce MOJKeT 5b!Tb YB9JlR'I9Ha 1!0 Heo6XOI!HMOrO 

auaqeHHH, uanpHMep, no nnyx, ITpH aToM 'IBCTOTa axcaanbHbiX xone5aaal! ae H3MeaSieTcg, 

CnenonaTenbHO, ycTpaHReTcR JKeCTKaR CBH3b 'IBCTOTbi panuanbHbiX xone5aaul! c nenH'IHHoll 

aueprHH ua aanauuoM pauayce, cymecTnyJOmaH B PU, R cTaHOBHTcg B03MOJKHbiM npRMeHe .... 

HHe pe3ouaucuoro MeTana Bb!Bona aapSIJKeHHbiX 'laCTHU, ycxopR9MbiX B PU, B rnRpOKOM I!R

arra3oae KOH9'-IHhiX 3HeprHA. 

§ 1, PanRanbHOe I!BHJKeHRe npR BBeaeHRH B cTpyxTypy nong 1/2 N -oil rapMOHRKR 

PaccMoTpHM panRanhHoe I!BHJKeHRe B penRTHBBc·rcxoM UHKnoTpoue, CTpyxTypa MarHHT

acro nang KOTOporo B Mei!RnHHOi! nnoCKOCTH HMeeT BHil 

H. (r,¢) ~· H(r>l1+ • N 
sin (.F - N <f> ) +t 2 sin C

2
rlt - T <f> + a ) I , (1) 

rae H(r) - cpenuee MarHRTHoe none, f I -aMnnBTylla pa5o'lei! rapMOHHKR 0 .2 
BMnllBTyna nononHRTenbHO BBeneHHOi! rapMOHHKR 0 a -<jJaaa 3TOft rapMOHHKH OTHOCH-

TenbHO pa6oqel!, 21Tit - panBanbHbil! mar OCHOBHoA CTpyxTypbi MarHRTHoro nang, B 

nanbHei!IUeM BCJOily 6yneM nonaraTb
0 

'ITO N -qeTuoe R • 2 < • 1 • 

Kax BHnuo ua ( 1), <jJa3a nneneuuol! N/2 -oft rapMOHHKR R3MeugeTCR c panuycoM 

Tax JKe, KaK R <jJaaa OCHOBHOi! rapMOHHKH, H CI!BRHyTa OTHOCHTellbHO H9e Ha HeKOTOpyJO 

noCTOgHHYJO Belli!'IHHy, 

YpasueaBe llBRJKeHHR B Menaauuoil nnocxocTH ( z • 0) npB KBB3RCTauBoHapkoM 

npu6nBlKeHHR ( p = const ) R URJlRIIIlpH'IeCKOi! CRCTeMe KOOpi!RHaT MOlKHO aanHCaTb B BH1!9 

4 

,. 
r ··-

2r 12 
_, r e 

pc 

2 r12 s/2 

r (I+ -r) • :H.(r,¢), 
r 

(2) 

rne p -HMnynbc 'laCTHUbi, YpanueHRe (2) c MarHRTHhiM noneM ( I) HMeeT 'IBCTHoe nepa-

• I 2 OI!H'Iecxoe perneaBe, onHCbiBaJOmee panuonecuyJO op5HTY. C TO'IHOCTbJO no ( T) aTo pe-

weaHe HMeeT BH.ct 

•r R 4< 2 R 
sin2<1> + sin($+ a). 

N - 4 -4n 
(3) r • R + ~-1-n 

rne R dH(r) J "' R N pc 
n. __ ___ - noxaaaTenb nonR

1
"' R·-

2
.._ -

2
¢, R- ---· 

H(R) dr R " e H(R) 

DnH HccnenonauaR panBanbHoA ycTOii'IRBocTR ual!neM o5bi'IHbiM nyTeM131 ypanHeHBe n 

B8pR8URHX, onHCbiBaJOIUee B JlHHeilHOM npH5nHlKeHHR OTKnOHeHHR 'laCTHUbl p OT paBHO-
necuoil op5HTbi R + p , onpenenR9MOft Bb!paJKeHReM (3), ITocne npeHe5pelK9HHR Hecy-

ll!E'CTB9HHb!MH l!nR naHHOro RCCil91!0B8HRR 'lneHBMH ypaBH9HH9 B BBpHaUHRX HMeeT BHI! 

't R 
p'~-+ I 1+·n + --cos 2'1> 

it 

< 1R- r 1 R -2 
~ p sin 2<1> _, =r- p cos2'1> + 

I! H 

< 2 R <2R - <2 R - (4) 
+--cos(<!>+ S)--:7"rpsin(<l>+8)--:-:-:-z-p 2 cos(<I>+Sllp~O. 

2it 41! 16it 

B ypaeueuBe (4) noncTaBHM panuonecuyJO op5aTy H3 (3), nony'IHM ypasueuBe cno5on

HbiX panHanbHbiX KOne5aHHi! 'laCTHUbl OKano 3aMKHYTOft Op5RTbl 

p'~·+ 11 + n -

<R 
+ -7t- cos 211> + 

2 2 
< 2 R 15• 1 R 

[ 1 - cos 2a I •+ 
4it(N -4 -4n) 2it"-it?-4 -4n) 

~ cos(<l>+·li) 
2*: 

2 

17<1 < 2 R cos(¢ -Slip = 0 • 
8it

2
(N

2 
-4-4n) 

(5) 

YpanueuBe ( 5) no <)JopMe coenauaeT c ypanueHHeM Xanna, onuaxo, B oTnH'!He OT nocnen

uero, xoa<jJ<jJauaeaT npa BbiCrnel! rapMOHHKe B uecxonbKO paa 5onhrne xoa<jl<jJHuHeHTa np11 

rapMOHHxe, onpenenHJOmel! nepuon cTpyxTypbi nang, B aToM cnyqae oobi'IHbie <jJopMynhi nnR 

onpenenea:tHI xapaKTepHCTJ.PtecKoro noKa3aTenst ypasaeHHSI Xunna OK83biBaJOTCH aenpHrO.IlHbr-

MR. 0JlH8KO MO)f{HQ BOCTIOnh30B8TbCSI 

{5) npH 
' '2 = 0. 3To pemeHHe 

TeM ¢aKTOM, '-ITO 

141 
HM99T BHJl 

•· 

HaM H3BeCTHo pemeuue ypaaaeaHH 

~ 

p c 0 1 ~ c:., cos(Q,o +kN)¢ + 0 2 I c.,, sin(QrO +kN)<f, 
ke-eoo k=-eoo 

{6) 

5 



rne ck 

/5/ 
-Koa<i>cj>HU119HTbl, O!Ip9li9IIH9Mbl9 peKyppeHTIIblMII COOTH0lll9HIIliMII , Q rO -'IBCTO-

TB paliiiB!IbHhlX KO!I96BHIIR IIpll < 2 
~ 0. norrarall <2 << <r , 6yneM C'liiTBTb, 'ITO BB9ll9-

HilS 
N /2-oR rapMOHIIKII np11B9li9T B OCHOBHOM K H9KOT OpOR IIO!Ip8BK9 118 "'BCTOTY pBliiiB!Ib-

HbiX Kone6aHIIA. Torna, npiiMSHHH n11HeAHYIO noncTaHoBKY 

p ~· '1'17) +. ~ '1'2 7)'· • 
Q,o 

(7) 

rne 'I' 
1 

•· ~ ca. ros k N ¢ , 'I' 
2 

• !. c 2 k sink N ¢ , , MOlKHO ypaaHeHIIe ( 5) npeo6pa-
k•-~ k--~ 

30B8Tb B ypaBH9HII9 C !IOCTOliHHbiMII Koa<i>cj>HU119HT8MII II II9pi!Oliii"'9CKOR npaaoR 'lBCTbl01 !IpO-

!IOpUIIOHB!IbHOll < 2 
• ~OlKHO !IOK838Tb

1 
"'TO C liOCTBTO"'HOft li!Ill npaKTII'l9CKIIX paC"'9TOB 

TO"'HOCTbiO ypaBH9HII9 pBliiiB!IbHblX Kone6aHIIA MOlKHO !Ip11B9CTII K BHliY 

p"·+ 
2 

I Q,o 

2 2 

' 2 R [t- 15
' 1 R cos2BI+ 

2lt
2

(N 2-4-4n) 4lt(N -4-4n) 

17r 1 • 2 R 
2 

+ • 2R cos( <I> + S) -· -.. • .--.... ---
2lt 8!!. (N -4 -4n) 

cos (<I> - s ) l p ~ 0 • 

(8) 

nocrre !IpOCTbiX npeo6pa30BHHIIR ypHBH9HII9 (8) 3H!IIIlll9TCH B Bllll9 o6o6meHHOrO ypaBH9HIIll 

." MaThe, np11"19M nep11011 Koa<i><!>BuHenToe paaen 
N 

rne 

p'~-t·[A, +:Btrcos<l>+ Ba,sin<l>lp•·O 

A a 

' 
2 

Q,o 

2 2 1St R 
• 2 R [ 1 -· 

1 
ros2S I '• 

2lt2 (N 2-4-4n) 4lt(N -4-4n) 

'2 R 
B,, ~· 2lt 

[ 1 - 17 
f I R I cos 0 

4lt(N -4- 4n ) 

B2,-= 
17<1 R 

~[1 + 4lt(N -4-4n) 2lt 
I •sin o 

(9) 

HeTpynao aaMeTIITb, "'TO npH 
Q,

0 
2 1,8 H 3HH'l9HHliX JlpyrHX BXOIIHlUIIX B (9) B9!III"'HH 0 

cooTBeTCTByiO!lliiX npoeKT!IhlM napaMeTpaM PU, nao6palKaiOmag TO'IKB GyneT naxonHTbCH B 

l-oR o6nacTII ycToA'lHBOCTII ypaaHeHIIH MaTbe, nepeceKaH npH yaenH'l9HHII f 2 !IIIIIIIII xapaK-

TepHCTH"19CKIIX IIOK838T9!I9A 
, a 0,9 - I. CnenoBHT9!IbiiO, "rnanKaH" annpOKCHMBUIIH B 

IIHIIHOM CIIY'!H9 He IIpHM91IHMB, II "'BCTOTB nepHOII!I"'eCKOrO pe!lleHHH 0606!ll91IHOrO ypaB!Ie!IHH 

~HTbe ( 9) )lO!IlKHH onpenerrHTbCH Bb!pHlKeHII9M 

4" 
COSN Q, 

4" 
cos N -/A, 

sin~..fA, 4" N 

NT..,_-;, 

6 

2 

B1, +· B2 , 

16 A 
1- NT ' 

( 10) 

rue Q, -'lBCTOTB pHIIHH!IbHblX KO!I96BHHft IIpH HHIIH"'HH l/2 N -ol! rapMOHHKII C BMII-

nHTy.noft r 2 ,. 

YpaaHeHHe ( 9) H cj>opMyna ( 10) IIOKH3biBaiOT, 'ITO 'lBCToTa par:manbHhiX Kol:Ie6aHHll cy-

!lleCTBeHHO 3HBHCHT OT cj>a30BOrO CliBHra l/2 N -Oli rapMOHHKH OTHOCHT9!IbHO OCHOBHOli 

rapMOHHKH. npH 0 • 0 KOscj>cj>HUH9HT UpH nepHOliH'leCKOM 'l!IeHe ypaBHeHHH ~8Tbe MHHHMH-

neH H MO)I{9T p8BHHThCR Hynro, cne,QOB8T9nbH0 1 Q.o yaerrH"'HBaeTCH H93HB'lHTerrbHo; npH 

0 a ;- 3TOT K03cj>cj>HUH911T MHKCHMBII911 H liBlKe UpH MBIIOl! Be!IH'IH!Ie f 2 UpOHCXOllHT 38-

M8TH09 H3M9H9HH9 Q, • nnll Hn!IIOCTpaUHH 3TOro 3cj>cj>eKTa liB PHC. I H306palKeHa 3HBH-

CHMOC1'b Q, OT 0 npu f 2 = 0,04 H 0,03 H 311H'leHHHX OCTBnbHbiX BenH'!HH, COOT-

aeTcTByiOmHx npoeKTHhiM napaMeTpaM PU Ha KOHe'lHOM paaHyce Rk = 325 eM. np11aeaeM 

3TH sHa"'eUHH: N • 8, lt = 7,7 eM; n = 2,05; •t = 0,273; Q,0 = 1,8. 

B MarHHTnoe none eeeneaa 4-aSI rapMOHHKa. 11a pHc. I BHliHO, 'ITO npu o = -;.- 4-aSI rap-

MOHHKB C HMIInHT) !lOll f 2 = 0,04 Bbl3b!BH9T yeenH'leUHe 'lBCTOTbl PHliHHnbHhlX KO!Ie6anHl! 

no Q, 2, To ecTb noSIBnHeTCH aosMoJKuocTb B PU Ha 3UeprHIO 700 ~3B Hcnonb30BBTb 

peSOIIBHCHblli MeTOll BblBOliH 'IHCTHU Ha Hen!llleliHOM peSOHHHCe Q, = 8/4. 

Ha pHc. 2 cnnoll!Hol! nHHHel! npencTaeneHa saBHCHMoCTb qacTOThi panHanbHbiX Koneoo-

HHll OT HMIInHTYllbl 4-oi! rapMOHHKH !IpH 0 a. ;- nnSI PU Ha 700 ~3B. EcnH HYlKHo, 

'!T06b! 'IHCTOTH pBllHHnbHblX KOne6aHHli !IOCTHrana pe30H8HCHOrO 3H8"!eHHll IIpH MeHblllHX 

3UeprHSIX, TO cnenyeT npocTo aecKonbKO yaenH'lHTb aMIInHTYllY 4-ol! rapMOHHKH. HanpnMep, 

ecnH ueo6xoaHMO coanaTb uenHneilnhili pesoHaHc npH 3UeprHH 600 Mse, 'ITO B npoeKTe PU 

COOTB9TCTByeT pBliHyCy R = 313,5 CM H • 1 = 0,256; n = I, 7; Q, 0 = 1,66, 

To aeo6xonHMO yeenH'lHTb aMnnHTyny 4-oi! rapMOHHKH ao 0,073. Bee '!BCTHUbi, aocTHrHyB 

saeprHH 600 Mse, pesKo yeenH'lBT aMII!IHTYllbi paaHanbHbiX Kone6aHHli, H onpeaeneuaaSI 

'lHCTb HX nonaneT enyTpb BbiBoauoro KaHana. TaKHM o6pasoM, HsMeHHH aMIInHTYllY 4-oi! 

rapMOHIIKH, MOlKHO H3MeHHTb paanyc uenHHBWHOrO pe30HHHC8 H B UeKOTOpb!X npenenax pe-
lT 

rynHpoaaTb 311eprn10 Bbmeaeuaoro ny'lKa. EcnH cj>asOBbii! canHr rapMoHHK o = T 

OKa)KeTcH HenpHeMneMbiM rrpM peanH38UHH rrpeanaraeMofi CTPYKTYPbi MarHHTHoro nonH, TO 

I303MO)KH0 H9CKOnbKO H3M9HHTb Q:la30Bbill CUBHf' rapMOHHK IIpH COOTB9TCTByJOIU9M yBeni.PieHHH 

BMllnHTY!lbi 4-oli rapMOHHKH, '!T06b! BenH'liiHH Q, OCTBnacb HeH3MeHHOfi. 

B nepBOM npH6nHlKeHHH JJnH ue6onb11IHX OTK110H9l!Hi! OT 0 a .;- 38BHCHMOCTb 8MIT-

11IiTY!lbi 4-oi\ rapMOHHKH OT cj>a30BOrO CllBHra IIpH neH3M8HHOM Q, 

notf 

MOJKHO BblpH3llTh cj>opMy-

rae .20 

(2 a 

.20 

sin o 

- HMllnHTy[la 4-oli rapMOHHKH UpH 
17 

0 = 2 

Ha pHc. 3 npeacTaaneaa saBHCHMOCTb aMnnHTYrlbi 4··oll rapMonnKH 

7 

( 11) 

• 2 OT 0 



rrpH Q, ~ 2 H npoeKTHbiX rrapaMeTpax PU ua 700 Mas, BHAHo, '<TO KorAa MaKeR-

MYMbi 4-ol! H ll-ol! rapMOHHK cosrranaiOT ( l> ~ ;- ) , TO HeOOXOllHMSll 8MI111HTYAB 4-oll rap-

MOHHKH COCTaBnReT 0,06. 

§ 2. AKcHallbHOe ABHJKeHHe npH HBilH'<HH 112 N -oil rapMOHHKH 

PaccMoTpHM aKCHanbHoe llBHJKeuue '<BCTHU B pellllTHBHCTCKOM UHKilOTpoue rrpH nneneHHH 

B CTpyKTypy MBrHHTHoro IlOilll 1/2 N -oil rapMOHHKH, YpanueHHR, orrHCbiBBIOIUHe nBHJKauue 

'IBCTHUbl OKOilO M9llH8HHOl! IlllOCKOCTH, B KB83HCTSUROHSpHOM 11pROI1RlK9HHH HM9IOT BRA 

2r'? 
r'~-= -= r 

Z~·-· 
2r"'g'. 

_e_ [ 1 +' r 'a 
pc rr + 

'2 It 

~ 1. [(r 2 +r'~)H -r'z'H -o:'rH-"1, 
r 2 • r .,.. 

( 12) ' ,~ , 2 Mi 
e [ t r - z - I [ 2 ,2 -- + -,- +:-:-r • r + z - )H -z'r'H -•r'rH.<I, 

pc r r r • .,.. 

KoMrroueHTbJ MarHHTHOro rrong B03bMaM B BRAe 

H •· r 

,iiH 
z-, ---· I 

ilr -
, Hq, ~ 

z _,au. 
1 ·~ •=0 

r11e H.l •• o orrpeAenllaTcll BbtpaJKaHRaM ( I). 

nnu HCCI19ll0B8HRR BKCRBilbHOl! YCTOl!'iRBOCTH B IlHHel!HOM 11pROI1HJK9HHH AOCTBTO'iHO pac

CMOTp9Tb OTKilOHeHHSI B 8KCH811bHOM HarrpasneHHH OT pBBHOBeCHOl! opoRTbi
1 

TO 9CTb HBI!TR 

yp8BH9HHa B B8pH8llHS!X TBKHM JK9 o6pa30M, KSK H IlpH paCCMOTpaHHH pBllHBilbHOfi yCTOI!'iH

BOCTH, ITocne rrpeue6paJKeHHR HeCyiU9CTBeHHbiMH 111111 I18HHOro HCCI19llOBaHH'< 'illaHaMH ypaB

HeHHa B BapHaUHHX IlOily'IHM B BHlla 

'r P. 't R - < R - 2 z "=- + I - n - --- cos 2<1> + ---;-r- p sin 2<1> + h p cos 2<1> -· 
It It 2)[ (13) 

r 1 R "' • ) r,R - r R - 2 
---cos("' +o + -:;-;:rPsin(<l>+ o) +-'- p cos(<l>tl>)lz- 0, 

21t 41t 16 Jt3 

ITocne rroncTBHOBKH a ypaa11euue ( 13) panuonecuol! op6HTbi (3) rronyqHM ypasueaue aKcHanb-

HhiX KOileoaaHl! 'laCTRUbl OKOilO 3aMKHyTOl! OpOHTbl 

• • <1 R 
z"=-+:1-•n+· 

2 2 
+ 

21t (N -·1-n) 

'~ R 2 

2it.(N 2-4-·41i) 

15t 1 R 
[1 -· cos 28 l -· 

4it(N 2-·4-4n) 

'• R 
it 

• r~R 17< 1 <2 R 
cos2<1>-.u-cos(<l>t:o)t· 2 2 

cos(<l>--l>)lz=-0. 
Sit ( N -• 4 -4n) 

8 

( 14) 

C rrOMOIUbiO rrpeo6pa30BaHHl!, SHanorH'IHblX HCI1011b30BaHHblM 11pH HCCneAOBaHHif PBllHBilbHOil 

ycTOl!'IHBOCTH, ypasaeune ( 14) MoJKeT 6hiTb aarrucauo B ¢opMe o6o6meauoro ypaBH9HifSI 

MaThe, Koa¢<1lnuHeHTbi KoToporo lf3M9HSJIOTCSJ c qacToTol! N /2: 

rne 

z'~+: [A 0 +: B
10 

cos <I>+ B28 sin'l> ]e = 0, 

• • 
2 '2 R 15< R 

0. 0 + • 2 [1- ~ cos28], 
2lt (N -4 -4n) 4k(N -4 -4n) 

A. 

r 2 R ( 1 s,. ---· ~ 
17< 1 R 

41t( N 
2
-4 - 4 n ) 

l cos 0 , 

B .. r~R 

21t 
r 1 + 17r I R I sin 0 • 

4/t(N -4 - 4n) 

( 15) 

Q oO -'ISCTOTa aKCHSilbHbiX KOileOaHHfl 11pH ( 2 0. TaK KaK AHarraaou H3MeueHHSI qac-

TOTbl SKCHallbHbiX KOileOSHHl! COCTaBnReT 0 < Q. < 0,5, TO H306paJKSIOIUSSI TO'!Ka ypasHe

HHSI MaThe ( 15) 6yneT uaxonHTbCH MeJKAy xapaKTepHCTH'!ecKHMH noKaaaTenHMH 

0 < 11 < 0,25. CnenosaTellbHO, qacToTa rrepHOllH'IecKoro peweHHR ypanHeHHSI ( 15) MoJKeT 

6biTb orrpeneneua rrpn ncrronbaoaauuu 

p83110lKeHHH B pHil BblpSJK9HIHI ( 10 );' 

.vrna.UKO:ti:N annpOKCHMfiUHH, KOTOpag IIOnyqaeTCSI IlpH 

2 • 
2 2 r R 

Q.Q O.o + ~ 
21t (N -4 -4n) 

15< 1 R 
4Jt( N _

4 
_ 

4
n) cos 2o 1 + [ 1 -

• • r 2 R 

+ 2Jt N 2 

2 2 2 
[l _ 17r 1 R l~cos•o + , R [l + 17<t R J sin2 0 

4lt(N°-4-4n) #7 4lt(N -4-4n) 

113 BblpaJKeHHR ( 16) BHllHO, 'ITO BBaAeHHSH B CTpyKTypy MarHHTHOrO 1101111 1/2 

( 16) 

N -aSJ 

rapMOHHKa Bhl3b!BSeT AOI1011HHT911bllYIO aKCHSilbHYIO Ij>oKyCifpOBKy, B911H'IIfHa KOTOpOll cymecT-

BeHHO 38BHCHT OT ¢a30BOrO CABHra 0 • PaccMoTpHM aTOT a¢¢eKT ua rrpuMepe PU 

Ba 700 Man, rrapaMeTpLr KOTOporo Ohlllll rrpuaeAeHbi paHee. B Ta6nune I rrpnneA9Hhi 'IBCTO

Thi 8KCHanbHLIX Kone6allHil B 38BHCHMOCTH OT Jjla30BOrO CJIBHra 0 rrpH QzO ~ 0,3 H 

'2 - 0,04. 

Ta6nnua 

8 0 1T 

T 
TT 

4 

o. 0,31 0,40 0,47 
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Ta6nuua 1 noKa3biBaeT, 1..JTO ¢a30Bbie cn.aHrH, cooTBeTCTBYIOIURe MSKCHMBJihHoMy H3Meae- -

HHJO panuanhHOif H 8KCH8JibHOfi t.IUCTOT GB060llHbiX Kone6aHH.tt, COBTI8.ll,810T. D08TOMy IIOHBJIH-

eTCH B03MO~HOCTb O.ll.HOBpeMeHHO C BB9.0.9HH8M J/2 N -ol! rapMOHHKH, cny)l{amel! ll/IH yae

nH'-IeHHSI 1.J8CTOThi p8.0.H8.TtbHhlX KOJie6aHHtf 1 H9CKOJihKO YMBHblliMTb BM/1/IHTY/IY pa6oqefi rapMO-

HHKH .QJIH COXp8H8HHH H8H3M8HHOti 1..J8CTOTbl 8KCH8JlbllbiX KOJI858HHfi. l.JaCTOTB Q, llpH 

STOM YM8HhliT9HHH IIp8KTJPI9CKH He H3M9HHTCH, T8K KBK pa6oqag rapMOHHK8 Ot.I9Hb CJI860 

anJ.HieT na qacToTy pa.aHanhHbiX Kone6aHHti. TaKHM o6paaoM, H3MeHeHHeM aMnnnTy.a N -on 
I! 1/2 N -oii rapMOHHK a CTpyKType nom1 MO)I{Ho HeaaBHCHMo perynHpoaaTb qacTOTbi aK-

CH8JihHI~IX H pBflHBJibHhiX Kone6aHMti. 3Ta B03MO.>KHOCTb MO.>K9T HM8Tb C8MOCT05IT9JibH09 3Ha

qemre, HallpHMep, /11151 perynHpOBKH 'IBCTOT CB060/IIIblX KO/Ie6aHHfi B <jla30TpO!!e CO Clll!panb

HOil cTpyKTypoi\ MarHHTHoro non<~. B penHTHBHCTCKOM UHKnoTpoHe Ha 700 Maa ao3MO)I{HOCTb 

HeKoToporo yMeHbiUeHHH N -ol! rapMOHHKH B o6nacTI! KOHE''!Horo panHyca MO)I{eT 6biTb I!C

nonbaoaaHa .~IIH yBe/IH'IeHHH 3830pa Me)l{/ly Clll!pB/IbllhlMH llii!MMBMI!, <jlopMHpyiOIUHMH pa6o'!yiO 

rapMOHHKy. nonara5I, 'tJTO 'tJ8CTOT8 8KCM8JlbHbiX KOJI868HHti OCT89TCH H9M3M9HUOi1:, MO>KHO H3 

BI,Ipa>KeHHH ( 16) nony'IHTb npH6nH)I{eHHYIO aaaHCHMOCTh aMn/IHTYllbi 1/2 N -on rapMoHHKI! 

oT aeni!'IHHI>I pa6oqeli rapMOHI!KI!. DnH <jlaaoaoro cnaHra 

C5I B BM.ll.8 

2 2 

2 •tR )!ill+ 15c 1 R 
'2~ 

" 8 ~ T 

v2N" 
R 

(n+ Q.- ~ 
4X(N 2-4- 4n) 

3T8 38BHCHMOCTb IIOJiyt.IHT-

17£ 1R 2-li 
+ [ 1 + 2 lol • 

4X(N -4-4n) 

Dm1 PU na 700 M sa npH Q • ~ 0,3 3BBHCI!MOCTb (~ OT '1 , pacc'!HTaHHaH no <jlop-

My no ( 17), nrnnenena a Ta6nHue 2. 

Ta6nHua 2 

• ! 0,273 0,26 0,25 

'a 0 0,045 0,061 

OaHaKo nnn aKcuanhHoro .O.BIDK9HHSJ pe3ynhTBThi 1 rronyqeH.Hbie c noMOIHhiO Bl,rpa)Kenutt 

( 16), ( 17), IIBIHIIOTCH 11pH6/II!)I{eHHhiMH. Pe3y/lbTBTLJ HCC/IeJlOBBIII!H BKCI!B/IbHOrO llBI!)I{8HI!H 

Ha ::~neKTpOUHO-hBttl HC.r'lHT8nbHOti: MaiUHHe IIpHB8.0.8Hbl HIDKe. 

§ 3. PacqeTbi aa sneKTpOHHO-Bhil.JHCnHTenbHoti: 

~ 

npH nponP£tGHHH nannoro aHanHTJiqecKoro HccnenoaaHHSI npHxoaHnocb JlenaTb onpene

neHHI>Ie Ll0ITYIII8HH5I H ITpH6nH)f(8HH51, TIOSTOMY KOnHti8CTB9Hllb!9 peaynbTaThi 6hmH yTO'IHE'Hbi 

Henocpen:cTIJ8HH£,IM HHTerpnpOB8HH9M ITO.r'1HOJ1 CHCT8Mbl ypABH9HHtf llBHm.eHHH t.J8CTHUbi ( 12) 

10 

npll aananHoM pacnpe/leneHHH non<~ B MenHannol! nnOCKOCTH ( 1). KoMnoueHTbi MarHHTHoro 

nonH BH9 M9.QH8HHOA nnoCKOCTH HBXO.IlHnHCb H3 pa3nO>K8HHH KOMITOH9HTbi H • B pH.Il no 
4 4 /6/ 

qeTHhiM cTeneHHM z H ypaaneHHll nonH dlv H ~ 0, mt H a 0 • l1HTerpHpoaaHHe 

rrpoaonH:IOCb MeTonoM Pyure -KyTTa aa aneKTpOHHO-Bhi'IHC/IHTenbuol! MBlliHHe Bbi'IHC/IHTenb

uoro uenTpa Ol1Hl1. lllar HHTerpHpoaaHHH Bhi6HpancH TBKI!M o6paaoM, 'IT06bi o6ecrre'!HTh 

4 .;. 5 aepHhiX aua'!aWHX uHij>p. Buaqane 6bmH aal!neHbi 'IBCTOTht pallH8/IbHhiX Kone6aHHfi npH 

JlBII>KeHIIII 'IBCTI!Ub! B M8/IHBI!!!Ol! /1/IOCKOCTH B 38BHCHMOCTH OT Be/IH'IHI!bl BMI1/IHTY/Ibl 4-ofi 

rapMOHHKH. 3ua'!eHHH aeo6xo/li!MbiX napaMeTpoa cooTaeTcTaoaanH KOHe'!UOMY pan11ycy PU 

ua 700 Maa. <l>aaoBhill cnBHr 6bl/l B3HT paBHbiM 8 • .;- • Ha pHc. 2 KpecTHKaMH oTMe

qeHbt 3H8t.I9HIHI qe.cToT, nonyqeHHbtX npH aToM pact.teTe. Ebina Hccne.nosaaa 3BBHCHMOCTb 

qaCTOTbl palli!B/IbHblX KOne6aHHl1 OT aM/IIII!TYllhl KOne6aHHfi ( a ) B aepeaonaHcnol! aoae. 

Hal!neno, 'ITO npH a ~ 3 eM, qacToTa Q, npaKTH'!9CKH ue aaBHCHT OT aMnnHTY/Ibl. 

Ha6ni0/18/IOCb nelicTBH9 pe30IIBHCa '2 r = 8/4 II pH COOTBeTCTBYIOW9M yae/IH'!ei!HH 'IBCTOTbl 

pa/lHB/IbHb<X Kone6anHl! aa cqeT aae/leHI!H 4-oli rapMOUHKH. Ha pHc. 4 a Ka'!eCTBe npi!Mepa 

noKaaanhi pa/lHBITbHbie Kone6aHHH 11a Kone'!HOM panHyce PU Ha 700 Maa. AMnnHTy/la 4-ol! 

rapMOHHKM COCT8BnH9T £ 2 = 0,032; 8 = " 0 
• 3To em a 'IE'HHe f 2 y>Ke .OOCTBTO'tHO 

/]/Ill /IO!IBJl8111!H 'IBCTI!Ubl B /10/IOCY He/II!UE'i!UOrO pe30IIBI!C8. nanee 6hl/l 11pOB9/1911 pac'leT 

aKcnanbHoro nBH>KeHI!H npl! uanH'IIIH 4-oll rapMOHHKH a cTpyKType non<~. Ha pHc. 5 npHae-

JleHbl :~H81.19HH5I qaCTOT 8KCH8nbHbiX l{(l/ll'll,•tiJHti B 38BHCHMOCTH OT 8MIInMTYJlbl paf5oqetl rap

MOHI!KH llpH OTCyTCTBHH 4-ol! rapMOHI!KII (KpHB8H 1) I! llp!! HBIIH'II!H 4-ofi rapMOHHKH C BM-
17 

lliii!TY/IOli c 
2 

= 0,042 H Ij>aaoahiM cnal!roM 8 ~ T ( KpHBaH 2). Ma pHc. 5 BllllHO, 'ITO 

aM!I/II!TyJly OCI!OBHOl! rapMOHHKI! MO>KIIO yMel!bllii!Tb llpH BBeneHI!H 4-ol! rapMOHI!KH llpi!Mep-

flO HA 0,025 Tn, liTO COOTB9TCTBY8T yB9JIHtJ8HH10 383opa M8>K.UY CTIHp8JihHbiMH UIHMM8MH H8 

KOHE''I!IOM pauHyCe npRMepHO Ha 8 + 1Q MM • 

TaKHM o6pa3oM, npHMbiS 1IHCJI8HHhte pacqeTbi B ocuoBH .... M noJlTBep)KOBJOT pe3yJihTaTbi 

anannTHLiecKoro nccJtenoBaHHSI. B JJ.AJibHel'ltueM GyayT npooonHThCH t{HC' -·- TP pACY:8Tbl 1-18 

::meKTpOH1-IO-Bhlt{HCJIHT9JlbHOti M8lUHH8 .UHH8Ml.P-I9CKOrO p8}KHM8 1 KOrUB HMflYJihC t.IACTHUbl H8-

I1p8pHBHO yaeJIHttHB88TCH H ttACTOTA pa.UHAJibHl>IX KOJie6aHHtf, IIpH H8JIH'tJHH 4-ofi rapMOHHKH 1 

rrocTerreuno npH6JIM)K8eTCSI n rrpouecce ycKopeHIHJ K nonoce nenHn:efiuoro pe3ouauca, rne npo

rr.:nilrleT pacKat;Ka pa.nnanhHLIX Kone6auHfr. EyneT TBK)Ke HccnenoaaTbCSI BJIHstHHe norronHn

Te/lbHOli 1-o/1 rapMOIIHKII B CTpyr<Typo 1!011<1 C 8M!I/IHTYUOI1 0,01 - 0,015 ll/1>1 BbiHC!IeHHH 

D00MO:>KIIOCTH BbiJl8J19HH5I OLlHOf'O H8ITpEl.BJ19HIHI, flO KOTOpOMY 6yneT HllTII p83BHTH9 p8.UH8Jlb-

llOfl HeyCTOtf1.JHBOCTM. 

3KCIT8pHMCHTU
1 

RbinOJHI9HHbJ8 IJQ 8J18KTpOHHOtt MonenH peJIHTHBHCTCKOrO UHKJIOTpOH8 B 

0KpH/l>Ke ( UHKiiOTpou MC2 ) 121 , rroKa3LIBBIOT, 'ITO npn peanl!aaUHH peaoHancaoro MeTona 

K03<jllp HUHeHT BhiBO/lB /lOCTHraeT 3HB'!eHI!H 0,95. 

l13nom:eHHhii1 M8TOL1 5IBJ1H9TCH O.UHHM H3 M9TO.ll.OB Bh1BO.ll8 nyt.IK8 1 KOTOpLI9 npenycMaT

pHBBlOTC!il npH npoeKTHpOBBHHH penHTHBHCTCKoro npOTOHI-IOro UMKnoTpoHa Ha aHeprtuo 700 M3a. 
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