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MeTOilOM rapMOHH'ieCKoro aHanHaa onepaTHBHO H TO'IHO onpel!ensuoTc!l 

ace Keo6xoi!RMbie xapaKrepacTHKK MarHHTHbiX none A ( Mn) a 3neMeHrax 

M8rHHTHbiX CKCTeM yCKOp&Tenell 38pSilKeHHbiX '18CTRU BbiCOKKX 3HeprHA H K8-

H8ll8X Tp8HCDOpTHp0BKH nyqKOB, npa 3TOM DpOB3BOllbHOe DllOCKODapannenbHOe 

Mn onpel!enSieTcSI KaK rpai!HeHT cKanSipHoro MaraarHoro noreHuaana 

~2~0 +I: r
0

(a COlin¢>+ b0 sin n¢ ). B pa6ore pacc'iaTaHbi rapMoHH'iecKHe K03<j>-
n=-l 0 

4iBUReHTb1 a 0 , b n llllSI KB81lpynOllbHbiX M8rHHTHbiX llHH3 C HapyweHHOA CHM 

MeTpaell, 00K838HO, 'ITO H3MepHTellbH8SI CHCTeMa llOlllKH8 HMeTb H3BeCTHYIO 

'IYBCTBHTellbHOCTb KO BCeMy CDeKrpy, BDllOTb llO HeKOTOpOll H8HBbiCWell 

rapMOHRKH. OpaKTH'ieCKH llOCTHlKHM8!1 TO'IHOCTb 38BHCHT OT CDOCo6a H3Me

peHHSI rapMOHH'IeCKHX K031jlljiHUHeHTOB H pSI.[l8 an napa rypHbiX H HHC rpyMeH

T8llbHbiX 4IaKTOpOB H MOJKeT 6biTb llOBelleHa llO I o-3 npH a6COlliOTHbiX H3-

MepeHHSIX H 110 I 0 -s npH ornocarenbHbiX, Hcnonbaoaanae HHllYKUHOHHbiX 

K8TyWeK B KB'IeCTBe ll8T'IHKOB 06ecne'IHB8eT T8KJKe 60llbWOll llHH8MH'IeCKHll 

aKanaaou aMnnaTyn H cracToT Mn, nonaaK>lUHXCs:~ HccneaoaaHHIO, B03MO>K
HOCTb npOBOllHTb H3MepeHHSI B U!HpOKOM HHTepBaile TeMneparyp, BDJlOTb 

no TeMneparypLI JKHllKOro rena!!. 

Coo6weuae 06"bellHHeHaoro HHcraryra !lllepHbiX accneQoaanaA, .Lly6na 1979 

Voevodin M.A., Kovalenko A.D. P9 - 12233 

Investigation of Two-Dimensional Magnetic Field 
by the Harmonic Analysis Method, Foundations 
of the Method 

All needed magnetic field (MF') characteristics of magnet 
optic elements for high energy accelerators ahd beam transport 
lines could operatively and with a high accuracy be measured 
by using a harmonic analysis method, F'or this purpose MF' is re
presented by mea~ of m3.gnetic scalar potential in cylindrical 
coordinates ~=% + n"Y::1°(a0coo n¢ + b 0sinll<4). Harmonic coefficients a

0 
, b

0 
are calculated for quadrupole lenses with some model cases of 
symmetry breaking. It is shown that in general the measurement 
system must have a known sensitivity for all harmonics up to some 
highest one, Accuracy of measurement being realized practically 
depends in large part on a type of a search coil, apparatus and 
some other factor, but it could be made so high as -lo-3 for ab
solute measurements and - 10-5 for relative ones, Using induction 
coils as a MF monitor it is also possible to achieve a wide dy
namic range for amplitudes and frequencies of MF' to be investi
gated, and the opportunity to measure in large temperat.u-e inter
vals down to liquid helium. 
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MarH8THWe CBCTCMW COBpeMeHHWX YCKOpBTeneii BWCOKBX 3Hep

rBB B KaHanoB TpaacnopT8pOBKB ny'IKOB JapS)I(eHHWX 'laCT8ll co-

* CTOST B OCHOBHOM 83 nepBOJl8'1eCK8 'lepe.)lyiOII{BXCS 3BeMeHTOB -

fiOBOpOTHWX MarH8TOB /Jl8fiOneii/ 8 cllOKYC8pyiOII{BX MarHBTHWX 

KBaJlpynonbHWX B8H3, npOCTpaHCTBeHHWe KOHcllBrypau88 8 aMnna

TYJlW MarHBTHWX noneii B KOTOpWX jlOB)I(HW 6WTb BW.)lep)l(aHW 

C BCCbMa BWCOKOB TO'IHOCTbiO. Ilocne.)lHee 06CTOSTenLCTBO o6ycnas

nBBaeT He06XO.)l8MOCTL 3KCnepBMeHTaBbHOrO BCCBeJlOBaH8S Mar

HBTHWX XapaKTep8CTBK 3T8X 3BCY:eHTOB. 

0.)lH8M 83 M:eTOJlOB, fi03BOBSIOII{BX C BWCOKOB TO'IHOCTLIO onpe

JlCB8Tb He06XOJl8MWe xapaKTep8CT8K8 M:arHBTHWX noneii /Mil/ 

B yKa3aHHWX YCTpOBCTBaX, SBBSeTCS MeTOJl rapY:OH8'1eCKOrO aaa

nB3a C 8CfiOBL30BaH8eM 8HJlYKll80HHWX 83Y:epBTeBL8WX KaTyWeK 

B Ka'leCTBe .)laT'IBKOB 
11

·
21 

· CyTL M:eTOJla COCT08T B BW.)leneH88 

B aaana3e rapwoaaqecK8X cocTasnsiOII{BX Mil 83 3Kcnep8M:eHTanLHo 

nonyqeaawx c noMoii{LIO .)laT'I8Ka 3aB8C8MOCTeii aM:nnBTYJlW Mil 

oT a3'.BY:yTa ( R ( ¢ )) s npe.)lenax nona oro o6opoTa ** · 3TOT M:eTOJl 

accne.)losaaas Mil o6ecne'I8BaeT: a"Bx 
- aenocpeJlCTBeaaoe onpe.)leneaae sen8'18H np083BO.llHWX ---n , ax 

a B. 
__ Y_, Heo6XOJlHMWX npB pac'leTaX jlBHaM:8K8 fiY'IKa, 
ayn 

* HcnonL3YIOTcs TaK)I(e KoppeKTBPYIOII{Be 3neM:e8TW, co3.)laiO

II{Be Mil 6onee BWCOKOrO nopS.)lKa MYBLTBfiOBLHOCT8. 

** )J.n• nonyqea8• JaB8C8MOCT8 B(¢) B nepeMeH8Wx Mil JlaT'I8K 

nepeJl Ka)I(JlWM cne.)lyiOII{8M 8MnynLCOM nosopa'l88aiOT aa yron 

¢ n• = 2rr / m, np8 8ccneJlOBaH8H cTaT8'1eCK8X Mil JlaT'I8K spamaiOT 

C fiOCTO.HHOB yrnOBOB CKOpOCTbiO 8 fiOJl68paiOT COOTBeTCTBYIOII{BM 

o6pa30M Y:OMeHT perBCTpaUBB CBrHana. 
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-3 
- BWcoxyiO ToquocTL BJ~epeuuii I -10 - a6comoTuwx 

B -10-
5 

• OTHOCBTeJibHWX/, 

• BWCOKYIO qyBCTBBTeJibHOCTb, 60JibWOB .D;BHaMBqecKBB .D;Barra· 

30H aMnJIIITy.D; B qaCT<.'T Mil, no.D;.D;aiOIIUIXC.II HCCJie.D;OBaHBIO, 

• BOJMOlKHOCTb npOBO.D;HTb BJMepeHB.II B WBpOKOM .D;BallaJOHe 

TeMnepaTyp, BDJIOTb .no TeMnepaTypw :JKH.D;Koro rena.11, 

- onpe.o;eneuue p.11.o;a ueo6xo.o;uMwx napaMeTpoa MarHHTHWX JJie-

MeHTOB 6e3 npO.D;OJlbHOrO nepeMe~eHH.II .D;aTqHKa. 

KpoMe Toro, MeTO.D; .D;OnycKaeT OTHOCBTeJibHYIO npOCTOTY KOH· 
CTPYKUBH .D;aTqHKa. 

0TMeqeuuwe npeuMy~ecTsa .o;auuoii MeTO.D;HKH, oco6euuo npu 

HCnOJib30BaHHH 3BM .D;JI.II o6pa60TKH .D;aHHWX B npe.o;cTaBJieHH.II pe· 

3YJibTaTOB, CTaB.IIT ee npaKTHqecKH BHe KOHKypeHUHH TaM, r.o;e 

ueo6xo.o;HMO Toquoe B onepaTBBuoe BJMepeuae xapaKTepacTBK 
nnocKonapaJIJieJILHwx Mil. 

0CHOBHWM He.D;OCTaTKOM npB BCeM CKaJaHHOM BWWe .IIBJI.IIeTC.II, 

no:JKaJiyii, He06XO.D;BMOCTb KaJIB6pOBKB .D;aTqBKOB B MYJibTBnOJibHOB 

MaruaTuoii Mepe /MMM/ - cneuaaJILHOM ycTpoiicTae, reuepapy10· 

~eM OT.D;eJibHble rapMOHHKH MarHBTHOrO nOJI.II C B3BeCTHOH aM· 
nJIBTY.D;OB. 

1. HPB,4CTABJIEHHE ,4BYMEPHOrO MH 
r APMOHH"C/ECKHMH P Jl/l,AMH 

IlpOBJBOJibHOe KBa3BCTaUBOHapuoe Mil OnBCWBaeTC.II napoii 
ypaaueuaii Maxcaenna: 

-> -> 
V • B = 0, 

/1.1/ 
1 ............ -+-+ ..... - ( v X B)= j + v X M. 
Po o 

B anepType MarHHToonTBqecxax CBCTeM 1 O ~0 /TaK KaK C06· 

CTBeuuoe MaruaTuoe none nyqKoB 3ap.11:JKeuuwx qacTBll cqaTaeM 

MaJIWM no cpaaueuBIO c auewuaM/ a r1 = 0 /BeT l!leppoMarue

TBKOB/, nOJTOMy /1.1/ npBHBMaeT BB.D; 

v. :B = o 

Vxs 0 /1.2/ 
4 

" 

'1 

B, CJie.D;OBaTeJibHO, Mil B .D;aHHOM CJiyqae MO:JKeT 6WTb BWpa:JKeHO JCaK 

B ·o -Jl V <I> • 
0 /1.3/ 

r.o;e <f> • CKaJI.IIpHWB MarHHTHWB noTeHUHaJI, Y.D;OBJieTBOp.IIIOIIUIB 

ypaaueuuiOllannaca 

V2
<t> ~ 0 /1.4/ 

H KpaeBWM yCJIOBH.IIM Ja.o;aqu, 

06~ee peweuue /1.4/ B uunuu.o;puqecKoii cucTeMe Koop.o;u· 
HaT /a/: 

r.o;e 

<I> (r • ¢) = 
{ 

f f ( n) <l>n ( r, ¢ ) dn, 

(c 0 lnr+d 0)(a 0¢ +b 0), 

n ~ 0; 

n :0, 

<1> (r.¢)=(c rn+d r-n)(a cosncf>+b sinn¢), 
n n n n n 

n • nOCTO.IIHHa.ll paJ.D;eJieHH.II. 

/1.5/ 

... 

11CXO.D;.II B3 I!IBJHqecxoii CYIIUIOCTH, o6~eii .D;JI.II paCCMaTpBBaeMo· 

ro KJiaCCa Ja.o;aq, cne.o;yeT nOJIO:lKBTb: 1/ c0 "0 , d 
11 
-~0. nOCKOJibKy 

noTeauaan .D;OJI)I(eH 6wTL orpauaqeu npa r ~ 0 ; 2/ a 0 = 0 , n - ue

no My qacny, TaK KaK ueo6xo.o;BMO awnoJIHBTb ycnoaue <1> ( r • ¢ )= 

= <I> (r • ¢ +277) nepao.o;aquocTH noTeuuaanLuoii IIIYHKUBB. 

C yqeToM cKaJauuoro: 

00 

<J>(r. ch) =II> + ~ r n (a cosn.p + bnsin ntjJ ). 
0 n=1 n /1.6/ 

)VJ.II KOMDOHeHT BH.D;YKllBB Mil Ha OCHOBaHBB /1.3/ nonyqaeM: 

B
1 

=-p 0I nrn- 1(a cosn¢ + b~sinn¢) =-p 0I nr n-~ si~(n¢-t<,b ), 
, n .. O n n=O n n 

"" n-1 oo n-1 
Be/> ~-p 0 ~ nr (-an sinn¢ +bncosn¢) ~-p 0 ~ nr Q cos(nc/>+c/> ), 

n=l --. ~ n=l - n ... n 

/1.7/ 

r.ne 2 2 112 
Qn=(an+bn) • c/>n=arctga/bn. 
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r 
1 

i 
! 
I 

HJ I 1. 7 I BH,nHo, 'ITO rrpoHJBOJibHoe .nayMepHoe Mil MO)I(CT 

6blTb OIIpC)lCJICHO C JI:I060H TO'IHOCTblO, CCJIH H3BCCTHO )lOCTaTO'lHOC 

KOJIH'ICCTBO rapMOHH'ICCKHX K03$$HUHCHTOB a 
11 

, h n 3TH K03¢qJH

UHCHTbl HMCIOT OIIpC)lCJICHHbiH ¢H3H'ICCKHH CMbJCJI. Ilpe..:~craBHM 

Mil B BH.Ile pH.na no cTerreHHM P; 
11- I _ n 1 

B(r,o )~B(O) ~!_-eE-l 
1 ' rl r r ~ o 

,·I· (cl !3 ---- -- ) 
ll''l(n-1)' (lr ;=-I- 1 o ll.BI 

HcrroJibJYH 11.21, MO)I(HO rroKaJaTb, 'ITO npH r .=0 

I .t-1 B .. n-1!3 . n- t8 ~---.!:__ = _r_l __ ! COS II c1> e .:_~ __ x__ s lllll < 1; • 

a~· n 1 
I 1.91 

(lr n-1 Jx n- 1 

flOiJ.CTaBJlHH 3TOT pe3}'JlbTaT B li.8j H cpaBHHBdll I 1.8; I! /l.7/, 

BH)lHM, 'ITO: 

ll 

n-1 
1 rJ Bx 
-,(----) 
II. J X n-1 r ~ 0 

h 
ll 

tt- I 

• _j_ I-~--~~-) 
!l ~ - (I .v n- 1 r (I . I 1.101 a 

TO CCTb rapMOHH'lCCKHC K03$$HUHCHTbl - 'JI 0 npull 'H3U;J.Hh!C KO~t

IIOHCHT Mfl Ha OCH CHCTCMhl. 

3HaH IIOTCHUHaJI <J>, (<_';) HJIH Cl 0 HOpMaJihHYIO rrpOH3BO.LlHYIO 

<1 1,· (,',) Ha rpaHHUC 06JiaCTH, Ja)laHHhiC KaK ¢YHKUHH aJHMytaJib

HOrO yrna <
1
J. MO)I(HO paCC'IHTaTb K03¢¢HUHCHTbl il t: H l\ EcJIH 

rpaHHUCH HBJIHCTCH OKpy)I{HOCTb r H. TO, paJnaraH •!>, ( '·,) H;lll 

<1\ (,,, J B PH.Il cJ>ypbe H cpaBHHBaH nony'!eHHblH PH.Il c I l. 7 I rrpH 

I =-- R . IIOJIY'IHM: 

a . · u R 
n n Il hll /)II· H II <J> {) 11 0 l( I! I 1.101 

r.ue " 0 , a 
11

, fj 
11

pacc'IHTblBaiOTCH o6bi'IHblM crroco6oM. 

KoMnOHCHTbl Mil B .neKaprosoil cucTeMe KOOP.IlHHar x. y MO)I{

Ho HaBTH, IIOJib3YHCb CJIC.IlYlO~HMH COOTHOWCHHHMH: 

': n-"'1 
• -110 ~ n r [an cos (n-1) '-~ + b 11sin (n-1 )<', I 

II· I 
B, 

"' n-1 
!l, --J'o ~ nr [ -a 11 suJ(n-1)<', -th

11
cos(n-1),.) I 

ll 1 
It. 121 

Cne)lye r TaK)I{C CKaJa T b, 'ITO MarHHTHblB CKaJIHpHblH 00 reH

UHaJI <!> MO)I{HO paCCMaTpHBaTb KaK, HarrpHMep, MHHMYIO 'laCTb 

HCKOTOpOH aHaJIHTH'ICCKOH ¢YHKUHH 

6 

.. 
, 

l 

., 

W (s ) = \f' + i <I> = ~ 1 n 
~ - (h -t-ikn )s 

JJ 1 n n 

KOMIIJICKCHOH rrepeMCHHOH ;; X ! i Y r e 1 (~ cJ>yHKUHH IIOTOKa 

\fl TaK)I(C Y.llOBJICTBOpHCT ypaBHCHHIO Jlarrnaca, a CCMCHCTBa KpHBbiX 

'I' coCQilSt • <P - const BJaHMHO opToroHaJibHbl. KoMIIOHCHTbl Mil 

B 3TOM IIpC)lCTaBJICHHH Bbipa)l(aiOTCH KaK 

B --x 

B v' 

(! rJ> 

rlx 

(j\jl 

rl y 

() <1> (Jijl 

(iy ilx 

dW 
lm(- --) 

ds · 

Rei_ dW --) 
ds 

I 1.131 

PaJBHBaTb JTOT cnoco6 auanuJa .uanbwc Mbi He 6y.neM lou uJno-

)I(CH a 
1 I, OTMCT HM TOJibKO, 'ITO nepexo.u a KOMIIJieKcHyiO nnoc

KOCTb .uaeT BOJMO)I{HOCTh BOCIIOJlhJOBaTbCH MCTO.LlOM KOH¢opMHhiX f 
rrpeo6pa30BaHHH H B HCKOTOph!X CJiy'lal!X paC'ICTa IIOJICH yrrpOCTHTh 

• 
Ja)la'ly. 

2. Mil MYJibTHflOJlbllblX CHCTEM 

MynbTHIIO.!JbHhie MarHHTHhJe rroJill coJ)laiOTCH nu6o napanncnh

HbiMH rrpOBO)lHHKaMH lrrOBCpXHOCTliMHI C Ja)laHHblM pacrrpe.uene

HHCM TOKa, IIPOTHBOIIOJIO)I{HO HarrpaBJICHHOrO B COCC)lHHX rrpOBO)l

HHKaX, JIH60 IIOCJIC.LlOBaTCJihHOCTblO <tJeppoMarHHTHblX IIOJIIOCOB on

pe)lCJICHHoro rrpo¢HJill H 'ICpe)lyiO~CrOCll JHaKa. 4HCJIO IIOJilOCOB 

.LlOJI)I{HO 6bJTb KpaTHO .LlBYM (N..-;:2p), H, CJIC)lOBaTCJihHO, p OIIpC)lCJIHT 

IIOpll)lOK MYJibTHIIOJlhHOCTH CHCTCMbi: P = 1 - )lHIIOJib, p·~ 2 -

KBa)lpyrrOJib, p 1 - CCKCTYIIOJlh H TaK )laJiee. B 3THX CHCTCMaX 

Mil HMCCT )lOIIOJIHHTCJlhllbiC IIJIOCKOCTH CHMMCTpHH H aHTHCHMMCT

pHH, H rroJTOMY rroreuuHan I 1.61 )lOJl)I{CH Y.llOBJI(, TBOPHTb e~e .llBYM 

YCJIOBHHM: 

<t> (r .¢) = -<P (r .-<h), 

<I> ( r , <) ) ~ <1> ( r , ~ - r}; ) 
p 12.11 

. Ilo)l "IIOJIIOCaMH" Mbl HMCCM B BH.IlY H BCC )lpyrHe CIIOC06bl 

nony'leHHH Mil. 
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C y'leTOM 3THX YCJIOBHH 11.61 llpHHHMaeT BH~ 

"" N 
<l>(r.¢) = ~ bNr sinN¢, 

k=O 12.21 

r~e N ·· (2 k t 1) p . 

Mil DOJIY'IHM: 

COOTBeTCTBeHHO ~Jill KOMDOHeHT HH~YKUHH 

oo N-1 
B :-JL ~ Nr b sinN¢, 

r 0 k=O N 

00 N l 
B-~..=-JLo ~ Nr - b cosN¢. 

'f' k:O N 12.31 

TaKHM o6pa3oM, B cneKTpe Mil MYJibTHnOJibHbiX cacTeM c HeHa

pyweHHOH CHMMeTpHeH npHCYTCTBYJOT rapMOHHKH TOJibKO C N = 

o=(2k~1)p, (k-0,1, ), B 'laCTHOCTH B~HDOJie (pl)- 3TO 

rapMOHHKH c N-l.a G. B KBa~pynone (p 2)- N~2.6,i0, ...• 

B ceKcTynone ( p -~{) - 3To rapMOHHKH c N ;) . 9 , 15. a T .~. 

rapMOHHKa, COOTBeTCTBYJOutall k ~0, JIBJIJieTCll OCHOBHOH, a B 

H~eaJibHOH MYJibTHDOJibHOH CHCTeMe - e~HHCTBeHHOH. HaJIH'IHe rap

MOHHK C k > 0 CBll3aHO C HeB03MO)I(HOCTbJO o6ecne'IHTb B peaJib· 

HOM YCTpOHCTBe TaKyJO 4JopMy DOJIJOCOB HJIH pacnpe~eJieHHe TOKa, 

KOTOpble 'C03~aBaJIH 6bl rpaHH'IHble YCJIOBHll, Tpe6yJOutHe, B CBOJO 

O'lepe~b, CyuteCTBOBaHHJ> BO BHyTpeHHeH 06JiaCTH TOJibKO O~HOH 

OCHOBHOH rapMOHHKH. HanpHMep, HeBo3MO)I(HO npaKTH'IeCKH o6ecne

'IHTb pacnpe~eJieHHe ToKa cTporo no 3aKoHy I ·• 10 sin 2 </> Ha 

rpaHHUe r = R B CHCTeMe ~JIJI 4JopMHpOBaHHJI KBa~pynoJibHOro Mil, 

HeB03MO)I(HO TaK)I(e H3rOTOBHTb ~HllOJibHbiH MarHHT, HanpHMep, 

c noJIJOCaMH HeorpaHH'IeHHOH npoTJI)I(eHHOCTH. Cne~yeT OTMeTHTb, 

'ITO 4Ja3bl 3THX, xapaKTepHbiX ~JIJI ~aHHOH MYJibTHDOJibHOH CHCTeMbl, 

rapMOHHK JIH60 COBna~aJOT C 4Ja30H OCHOBHOH rapMOHHKH, JIH60 OT

JIH'IaJOTCJI Ha 180°. 

B CJiyqae HapyweHHll YCJIOBHH CHMMeTpHH, 'ITO BCer~a HMeeT 

MeCTO ~JIJI peaJibHOH KOHCTPYKUHH, B cneKTpe Mil MYJibTHllOJibHOH 

CHCTeMbl MoryT DOJIBJiliTbCJI H HexapaKTepHble ~JIJI Hee JIJ06ble 

~pyrae rapMOHHKH, 4Ja3bl KOTOpbiX OTHOCHTeJibHO OCHOBHOH 3apaHee 

HeH3BecTHbl. B xaqecTBe HJIJIJOCTpauaa Mbl paccqaTana rapMOHH

'Iecxae cneKTpbl Mil H~eaJibHOH B OpHrHHaJie KBa~pynOJibHOH JIHH3bl 

~ll HeKOTOpbiX MO~eJibHbiX CJiyqaeB HapyWeHHJI CHMMeTpHH. ilpH 

pacqeTe rapMOHH'IeCKHX K03~Hl(HeHTOB npe~nOJiaraJIOCb BblllOJIHe-

8 

J 

t 

HHe YCJIOBHH sin</.> 0 n -:::. n sb O , eosnc:J> O: 1 C TO'IHOCTbJO He Xy)l(e 

0,05 ~JIJJ n :.: 15, 'ITO H onpe~enlleT aepxHJOJO rpaHHI(Y yrnoaoro 

CMeuteHBll noJIJOca. r apMOHH'Iecxae cneKTpbl, noKa3aHHble Ha puc .1 ,2, 

llOJiy'leHbl ~JIJI He3aBHCJIIltHX ~pyr OT ~pyra a3HMyTaJibHbiX H aMOJIH· 

Ty~HbiX B03MYuteHHH cPYHKUHH, 3a~aHHOH Ha rpaHHUe. AMllJIHTY~Hble 

B03MYuteHHJJ MO)I(HO HHTepnpeTHpOBaTb KaK pa~HaJibHOe CMeuteHHe 

DOJIJOCa HJIH TOKOBOH DOBepXHOCTH, o6pa3YJOutHX MYJibTHDOJibHYJO 

CHCTeMy, HO npH 3TOM CJie~yeT DOJiaraTb a
1 

<< 1 . pac'leT, O~HaKo, 

cnpaae~JIHB H ~Jill JIJ06blx ~pyrax 3Ha'leHHH "i . Pe3yJibTaT coa

MeCTHoro B03~eHCTBHll aMOJIHTy~HbiX H a3HMyTaJibHbiX B03MYuteHHH 

MO)I(eT 6b1Tb DOJiy'leH nocpe~CTBOM COOTBeTCTBYJOuteH cynepn03H" 

UHH npHBe~eHHbiX CDeKTpOB. AMDJIHTY~bl rapMOHHK B HaWHX npHMe

pax Bbi'IHCJieHbl ~Jill ~r,O ""10 - 2 , a ~ 10-2 
I3TO B 60JibWHHCTBe 

CJiyqaeB HH)I(e B03MO)I(HOH TO'IHOCTH H3rOTOBJieHHll MarHHTHbiX 

CHCTeMI Ha rpaHHUe 06JiaCTH. 

AHaJIH3Hpyll DOJiy'leHHble ~aHHble, MO)I(HO CKa3aTb, 'ITO B 06uteM 

CJiyqae B Mil MYJibTHDOJibHOH CHCTeMbl MOryT npHCyTCTBOBaTb 

JIJ06ble rapMOHHKH H, CJie~OBaTeJibHO, H3MepHTeJibHall CHCTeMa 

~OJI)I(Ha 6b1Tb 'IYBCTBHTeJibHa KO BCeMy cneKTpy, BDJIOTb ~0 HeKOTO

poH HaHBbiCWeH rapMOHHKH, HOMep KOTOpOH onpe~eJilleTCll Tpe6oaa

HHliMH K TO'IHOCTH H3MepeHBH. JaMeTHM TOJibKO, 'ITO ~OllOJIHHTeJib

Hble rapMOHHKH DOliBJIJIJOTCJI H TOr~a, KOr~a OCb H3MepHTeJibHOH 

KaTyWKH, 06Jia~aJOuteH 'IYBCTBHTeJibHOCTbJO K cneKTpy, He COBna

~aeT C OCbJO CHMMeTpHH CHCTeMbl. 

3. TOT.JHOCTh METO/{A 

PaCCMOTpHM ~Ba OCHOBHbiX 4JaKTOpa, onpe~eJiliJOutHX MeTO

~qecKyJO TO'IHOCTb onpe~eJieHHll Mil MeTo~oM rapMOHH'Iecxoro 

aHaJIB3a. 

3TO, Bo-nepBbiX, KOJIH'IeCTBO rapMOHH'IeCKHX K03~HUHeHTOB, 

llO~Jie)l(autHX H3MepeHHJO, H BO-BTOpbiX, TO'IHOCTb onpe~eJieHHJI Be

JIH'IHH rapMOHH'IeCKHX K03~HUHeHTOB. 

a. KoAutlecmeo zapMoHU'lecKux Ko3rjK/JUJ1UeHmoe 

B o6uteM cnyqae 3apaHee TO'IHO onpe~eJIHTb KOJIH'IeCTBO qne

HOB pa3JIO)I(eHHll I 1. 7 I, o6ecne'IHBaJOutHX 3a~aHHYJO TO'IHOCTb on-
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pe.n.eneHBJI Mil, 3aTpy,IJ,HBTenbHO, nOCKOnbKY 3TO KOnB'IeCTBO 3a

BBCBT OT BenB'IBHbl rapMOHB'IeCKBX K034M!JBUBeHTOB, o6ycnaonBBae

MOB TBnOM CBCTeMbl filopMBPOBaHBJI Mil B HeCooepweHCTBOM ee 

B3roTooneHBJI. B cnyqae, xor.n.a MOJKBO C'IBTaTb, 'ITO 

r n-1 
C 

11 
( R ) ,. const. c= D , 

r.n.e, 8 COOTBeTCTBBB C 11.101 : 
a n-1 n-1 

Cn = [( B )2 +(a By )2 ], 
a X n-1 r=O a y n- 1 r=O 

.n.n.11 oueHKB nonyqaeM: 

B~Ba =-D l _!__=-D-e 
r ,¢ n= 1 (n-1)! 

13.11 

B, cne,IJ,OBaTenbHO, HOMep HaBBbiCWeii rapMOHBKB MOlKHO HaRTH B3 

COOTHOWeHBJI 

1 1 
n=1 (n-1) l >- e (1-e). 13.21 

r.n.e e - OTHOCBTenbHaJI TO'IHOCTb onpe.n.eneHBJI Mfi, e ~ 2,71828 ... 
EcnB, HanpBMep, 3a,IJ,a Tb e$ 10-S, TO He06XO,IJ,BMO B3JITb m ~ 10. 

Ha npaKTBKe o6bi'IHO Tpe6yeTCJI cfllopMBpooaTb no B03MOJKHo

CTH "'IHCTOe" MynbTHnOnbHOe none, H H,IJ,eanbHbiM JIBn.lleTCJI Mil, 

onpe.n.en.lleMoe O,IJ,HOB OCHOBHOB rapMOHHKOB C HOMepoM n = p 

8 3TOM cnyqae OTHOCHTenbHYID norpeWHOCTb non.11 MOlKHO Bblpa-

3HTb xax: 
m 

e = ~ e 
n n ' 

r.n.e 
(n;lp) 

e "' nQn (L)n-p 
n pQ R . 

p 
13.31 

EcJIJI C'IBTaT~o, 'ITO ocHooHoii oxna.n. o Mll .n.aiDT rapMoHBKB, 

xapaxTep&ble ,IJ,nJI ,IJ,aHHOB MynbTHnOnbHOB CHCTeMbl, TO B 13.31 

cne.n.yeT nonoJKHTb n = p (2 k + 1). B 3TOM cnyqae TaxJKe xon&'lecT

oo rapMOHHK, no.n.neJKaiUHX onpe.n.eneHHID, 3aBHCHT OT Ka'leCTBa 

H.3roTooneHHJI c&cTeMbl H pa3Mepa pa6o'leii o6nacTH anepTypbl 

MarHBTa. ConocTaoneHHe pe3yn~oTaTOB 3KcnepsMeHTan~oHoro &c

cne.n.ooaHHJI uenoro p•.n.a MynhTHnonbHbiX CHCTeM 
16

- 81 
noxa-

3biBaeT, 'ITO 8 cpe,IJ,HeM ,IJ,OCTaTO'IHO onpe.n.enHTb 10+14 rapMO

HH'IeCKHX K03414JHUBeHTOB. 

12 

6. To'IHoc•b U3MepeHUJI zapMOHU'IecKux KC!:JfHuijuenoe 

Hcnonb3YJI I 1. 7 I, MOJKHO nony'IBTb o~o~paJKeHse .11.n.11 xoa.n.

paTa Mo.n.yn.ll oexTopa Mll o BB,IJ,e: 

r.n.e 

-> m 2 n 
B 2

, I B 12 =I (P +2 I (1-8. )p P. cos((n-i)¢ +¢ -¢.}), 13.41 
n=1 n i =1 In n 1 n 1 

n-1 
P =-Jlon(..L) 

n R 

a. = I 1, 
In 

i =IT; 

i I< n. 0, 

~; 
n 

0THOCHTenbHaJI OWH6Ka B onpe.n.eneHHH B, CBJI3aHHaJI C HeTO'I

HOCTbiD H3Mepe&HJI rapMOHH'IeCKBX K034l4JBUBeHTOB 8 npe,IJ,DOno

JKeHHH, 'ITO 8cp0 -8cp i'"O, 6y,IJ,eT: 

88 m. 
-=I 

()pn 11 Pi 8Pn ()pi 
-+I (1-8. )- (- +-)cos[(n-i)¢ +¢ -¢.1 
p n i= 1 In Pn pn Pi n I 

B n•l n p. 
1 + 2 I (1- a. ) - 1

- cosl(n-i)¢ +¢ -rfo.] 
i=l In p

0 
n 1 

13.51 

Ecns C'IBTaTb, 'ITO oce rapMOHHKB MoryT 6b1Tb B3MepeHbl c o.n.s· 

&aKOBOB OTHOCBTenbHOB TO'IHOCTLID, TO 13.51 npBHBMaeT npoCTOB 

BB.II. 

88 

8 

m ()p I __ n 

n=l P 
n 

ap 
=mp-, 13.61 

&3 xoToporo cne.n.yeT, 'ITO o cnyqae npoB3BOnLHoro ,IJ,ByMepHoro 

Mll 

()Qn 1 88 
"-Q '=' m -s-· 

n 
13.11 

8 MynLTHDOnLHbiX MarHHTHbiX CHCTeMaX OTHOCHTenLHaJI TO'IHOCTL 

H3MepeHBJI rapMOHHK B COOTBeTCTBBB C 13.21 6y,IJ,eT: 

a ( ( ) = !!.._ • Cl(Q n) ( .!._ )n-.p 
n P Qn R 

13.81 
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IlpaKTB'ICCKB ,IJ,OCTBlKBMaJI TO'IHOCTb onpe,ll,enJieTCJI CfiOC060M 

BllolepeHBJI rapMOHBK, a TaKlKC ~enwM pJI,II,OM annapaTypHWX B BH

CTpyMeHTanbHWX ~KTOpOB, fiO,II,p06HO paCCMaTpBBaTb KOTOpWe B 

:noi 'laCTB pa60TW MW He 6y,11,eM. 0TMeTBM TOnbKO, 'ITO TaKBMB 

~KTOpaMB JIBnJIIOTCJI norpeWHOCTB B onpe,ll,eneHBB pa,IJ,BanbHOrO 

B a3BMyTanbHOrO nonolKeHBJI ,IJ,aT'IBKa OTHOCBTenbHO MarBBTBOB 

CBCTeMW; KOnB'leCTBO a3BMYTOB 1 Ha KOTOpWX onpe,IJ,enJIIOTCJI 3Ha

'leHBJI MarHBTHOrO fiOTOKa H OWB6KH B onpeneneHHH BenB'IHHW 

nocnenaero, norpewaocTH Kana6poBKB naT'IHKa. 

B 3aKniO'leHHe aBTopw awpalKaiOT 6naronapaocTb JI.II.3HHOBbe

BY 3a HHTepec K pa6oTe H none3HWe o6cylK,IJ,eHHJI. 

IIPHJIO)J(EHHE 1 

A. B&J'IUCAeHue zapMOHU'IecKux cneK•poe 

npu aMnAu•yOHbiX 603MYJI#eHUJIX 

3ana.II.HM rpaHH'IHWe ycnoBHll cnenyiOUUIM o6pa3oM: 

f (¢) = (1 +a 1)sin2 ¢ . 
(i-1)¢ i¢ . 

rne a1 - HeH3MeHHW B npoMelKyTKax 2 < ¢ ~ 2 ,1 = 1,2 ,3 ,4. 

)J,nJI HaXO)I(,IJ,eHBJI K03cWJH~HeHTOB 4Jypbe- pa3nOlKeHHJI BCfiOnb-

3yeM 06W'IHWe BWpalKCHHll: 

217 
a = .L I f(¢)cosn¢d¢; 

n 1T 0 

217 
bn =.!.... f f(¢)sin n¢ d¢. 

1T 0 

Ilocne UO,IJ,CTaHOBKH H rpynnapOBKB nonyqaeM: 

117 

a=.LI 
n 1T 

217 . 4 2 
I sin2¢cosn¢d¢+!a 1 I sin2¢-cosn¢d¢1. 
0 I= 1 ti.::..!l!. 

2 

117 
217 4 2 

/A. I/ 

/A.2/ 

1 
b =-1 n 1T 

I sin 2¢ • sin n ¢ d¢ + ! a. f sin 2¢ • sin n ¢ d ¢ I 
0 1=1 I jl-1)17 I A.3/ 

2 

H, HaKOHe~, BW'IHCnJIJI HHTerpanw, HaXO,IJ,BM: 

14 

a = n 

b = n 

2 
17(4-n~x 

__ 2 
11(4 -~X 

{ 

2(a 1 -a2 +a3 -a4 );.n=4k, k=0,1, ... 

(a
1
-a

4
)-(a

3
-a

2
), n = (2k+1), 

0; n = 2(2 k+1). 

k 
(-1) [(a

1
-a

2 
)-(a

3
-a 4 )]; n=2k+1, k=6,1, ... 

0, n=2k, k~2. 

1 + !_ (a +a +a +a ) ; 
4 1 2 3 4 

n = 2. 

E. rapMoHu<~ecKue cneKIIrp&r 

npu U3UMYIIfUAbHbiX 603MYJI#eHUJIX 

B Ka'leCTBe npHMepa paCCMOTpHM MO,IJ,enb, H306palKeHHYIO Ha 

pUC. 16. rpaHH'IHWe ycnOBHJI Ja,IJ,a,IJ,HM B BH,IJ,e: 

f (¢) = 

0; 3 3 
0 ~¢<;;,¢o; 2"-¢o~¢:;2"; 

sin2 ¢; "/2 +¢oS ¢ < 1T-¢o 3/2 1T < ¢ :5 2 1T ; 

sin2(¢-¢0 ); ¢~< ¢ ~"/2, 1T ~¢ < 3/217-¢ 0 ; 

sin2¢ + sin2(¢-¢ 0 ); 11/2 <¢<11/2 +¢ 0 • 11-¢
0 
~¢ <11. 

/.6.1/ 

IloncTaBnJIJI /B .1/ B / A.1 ,2/ H Bbi'IHCnJIJI HHTerpanw, nony<tHM 

B KOHC'IHOM HTOre: 

i 
2¢ 

n =/2. ---;-nct-2¢
0 

)sm2 -~"; 

a = 
n 

0 n =2. /.6.2/ 

15 



b = n 

4n¢ 0 [ 2n" n11 
---- COS - (1 +COS-)). 
"(4-n2) 2 2 

1 . 

JIHTEPATYPA 

n;l2 

1. Dayton I.E. et al. Rec. Scin. Instr., 1954, v.25, p.485. 
2. FpeKoe H.H. u (}p. IIT3, 1956, N92, c.29. 

/6.3/ 

3. C.Maii• B. 3AeKRpoc•a•uKa u 3AeKRpoi}uHaMuKa. HJI., M., 
1954. 

4. Elmore W.C., Garret M. W. Rev.Scin. Instr., 1954, v.25,P.480. 
5. Pr.axuK H.M., Fpa(}auaeiiH H.C. Ta6AUJ41>1 uH•ezpaAoe, cyMM, 

p.11i}oe u npou3eei}eHuu. tl>u3MaRZU3, M .• 1962. 
6. CouPland J.H., Baynham D.E. Proc. of the 4th Int. Conf. 

on Magnet Technology, Brookhaven, 1972, p. 738. 
7. Lamb W.H. et al. Proc. of the Int. SymP. on Magnet Techno

logy. stanford, 1965, p.487. 
8. Langenbeck B. Proc. of the 5th Int. Con/. on Magnet Techno-

16 

logy. Roma, 1975, p.237. 

PyKonucr. noc•ynuAa e u3i}aReAr.cKuii o•i}eA 
8 jJeepaAJI 1979 zoi}a. 


