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CcopmynupoBaH alrOpuTM YHCIEHHOTO MHTETPUPOBAHUS YPAaBHEHWI JBW)KEHHS KPYITHBIX dac-
THUII. AJTOPUTM TIpEJICTaBlIEeH B TpeX (opmax: sSBHOH, MpelCcKa3aHNA-KOPPEKIMHA U MOTU(PHITUPO-
BaHHOW, NpeJHA3HAYEHHON JJIsI MOJICTMPOBAHMS ABWKEHUSI KPYIMHBIX PEIISITUBUCTCKUX YACTHI] B
JJIEKTPOMAarHUTHOM moie. IlpoBeneH aHanu3 nopsaka TOYHOCTH MPEATIOKEHHOTO aarOpUTMa.
IpencraBnensl pe3ynbTaThl CPaBHEHUsI CO CTaHIApTHBIMU airoputMmamu. Ilokazana 3¢ ¢exTus-
HOCTBH C)OPMYIMPOBAHHOTO aJITOPUTMA.

Knouesvle cnosa: uucieHHoe HUHTCTPUPOBAHUEC, YPABHCHNUEC NBUIKCHUA, BpCMeHHOfI CHOﬁ, YCTHBIC
1 HCUCTHLBIC IMTPOU3BOJAHBIC, ITPECACKA3aHUC, KOPPCKIUA.

BBenenue

[Ipu MopenupoBaHUM SJICKTPOHHO-BAKYYMHBIX MPUOOPOB HEOOXOMUMO YHUCICHHO pPeIlaTh
YpaBHEHUS NBYKEHUS KPYMHBIX 9acTull. Oco00 BaXKHYIO POJIb CKOPOCTh U TOYHOCTH 3TUX BBIYHCIIC-
HUU UTparoT npu ucnois3zoBanuu PIC-mMeTonoB, Koraa TpeOyeTcss MHOTOKPATHO BBIYUCIATH TPACKTO-
pUHU ¥ CKOPOCTH MHJUITMOHOB YacTull. B pabote mpescrapiieH 3QQeKTUBHBIA METO YUCICHHOTO WH-
TETPUPOBAHUS YPABHCHUM NBUKEHUS, OCHOBAHHBIN Ha MPUHIUIIAX, OMUCAHHBIX B [1].

JIBY>KEeHUE KPYITHOM YacTUIIBI OMKCHIBAETCS B COOTBETCTBUU CO BTOPBIM 3aKOHOM HbI0TOHA:

F
a=—.
m
OCHOBHBIC TTApaMETPhI, OMUCHIBAIOIINE COCTOSHHUE YaCTUIBL: X(f) — KOOpPIMHATA YACTHIIBI,
v(?), a(t) — COOTBETCTBEHHO €€ CKOPOCTh U YCKOPEHHE.
OTH BETMYHHBI CBA3aHBI CICTYIONMM 00pa3oM:

X=v; X=0=a.

®opMyTHPOBKA ATTOPATMA

3HaucHUE (bYHKI_II/II/I, €C YCTHBIX MPOU3BOAHBIX U €€ HCUCTHLIX MPOMU3BOAHBIX OIMPCACIUM Ha
Pa3HbIX BPpEMCHHBIX CJIOAX [1], KaK 9TO MMOKa3aHO Ha pHUCYHKC. Ha ocHoBanum 3Toro:
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3HaueHHEe a , DKCTPANOIUpPyeM IO 3HAUYEHUSM YCKOPEHHS C ABYX MPEABLAYIIHMX BPEMEH-

t+~At
4

HBIX IIAroB (a, ,, U a,):

a =l(5al—al_m). “4)

t+=At
+4 4

IToxncrasus (4), (3) B (2) moiry4uM BbIpa>keHUE I X, ,,

1 2
X, =X, +VAl+ g(Sal -a,,, )At .
JI1sl yTOYHEHHUs 3HAUCHUS X,,,, UHTEPIOIUPYeM a |, IO 3HaYEeHUsIM a, U a,,,,(X,,,,):
t+—At
4
a =l(alw +3al). (5)
A 4
[Toacrasus (5), (3) B (2) nonyuum cuenyromiee BhIpaskeHHE AJ1s1 KOPPEKLINU KOOPAUHATHI:
1 2
X, =X +UlAt+§(aHAl +3a,)A* . (6)
Tenepsb HaiineM BeIpaxkeHue Ui L,,,, C UCIIOAb30BaHUEM 4,, (X, ,,):
Viewr =9 1,
A, @
—At
3 =l(3alw +al). (®)
t+=At 4
Ucnonw3ys (1) u (8), mpusenem (7) K CASIYIOMEMY BHIY:
1 2
L, L At=X,,, — X, +§(3al+m +al)At . 9)
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OxoHYATENBFHO aJrOpUTM B (opMe MpeAcKa3aHus-KOPPEKIHH (OPMYITUPYETCS CIEAYIOIUM

o0pazom:
[Ipenckazanue:
1 2
X, =X +U,At+§(5a,—a,_A,)At . (10)
Koppexkmus:
1 2
XA\ =X, +U,At+§(al+Al+3a,)At , (11)
1 2
UHAtAt =Xa X%t §(3at+At +q )At : (12)
KonnuectBo utepanuil KOppeKIMM MOXKET KOHTPOJIMPOBATHCA MO PA3HOCTH MEXKIY 3Hade-
HUSIMU X,,,, Ha Pa3HBIX IIarax KOPPEeKLUH.

Ucnonezys (10) nna onpenenenust koopauHatsl u noacraBus (10) B (12), mpusenem anro-
PUTM K SBHOH (opme:

X

t+At t

1
:xl-l—UlAt"r‘g(Sa —Cll_Al)Atz, (13)

v +6a,—a,_, )At. (14)

t+At t

war = Yy + é(sa

Anroputmsl (10)-(12) u(13), (14) MoryT ObITh HCIOJIB30BaHBI TOJILKO B TOM Cllydae, KOrja d,
He sBisiercs GyHkuuen or v,. [Ipu IBMXKEHUH 3JIEKTPOHOB B MATHUTHOM II0JI€ MO0 C PEeIsTUBUCT-

CKUMHU CKOPOCTAMMU I3TO YCIIOBHC HC BBIITOIHACTCA. B rakux CllydasaXx H€O6XOI[I/IMO TAKXC IMMPEACKa3bI-

BaTh 3HaYECHUE L, , !

1
L, =V, +5(3a‘ —a_,)Ar. (15)

s xoppekunu 3HaueHust (15) MoxkeT OBITh HCIIOTB30BAaHO BbIpaskeHue (14).
[omy4eHHBIH anropuT™M BecbMa 030K K anroputmy bumana (bumana-lllodunna). Jns yno6-
CTBa CpaBHEHMA 00a aJropuTMa IpeacTaBiIeHbl B Ta0I. 1.

Omnpenesienue NOpsiAKa TOYHOCTH AJITOPUTMA

OHpC}IeJ'H/IM MopAAOK TOUYHOCTHU MPCIJIOKCHHOI'O ajiropuT™Ma. I[IIH 9TOr'0 BbIpa3uM C IIOMO-

mplo psjaa Teiinopa ocHOBHbIE BbIpaxkeHHs. [l BbIpaskeHus (2) MpeAcTaBUM X, ,, U X, B CIEAYyIO-

IIeM BUJIE:
1 1 , 1 4
X =X | =X | +-U | Att—a | AP +—b  At+O(Ar'), (16)
t+=At+—At A D A 8 +-ar 48 r+-At
2 2 2 2 2 2
1 , 1 4
X=X, , =x, ——v, At+—a | AP-—b  Ar+O(At"). (17)
t+=At-—At A D A 8 r+-ar 48 t+-Ar
2 2 2 2 2 2
Berutem (17) u3 (16):
_ 1 3 4
X, =X +UH%AlAt+ﬁbl%AlAt +0(Art). (18)
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BrIinmonHayuM aHaIoruyHeIC OIncpanuu Jjis BbIPpAKCHUA (3)

1 1
vV, =v =v , +—-a , AMt+—b | At2+O(At3),

1 1 1
t+—At t+—At+—At t+—At t+—At t+—At
2 4 4 4 4 4 32 4

1
vV,=L , , =L . At+—b | At2+O(At3).

-—a
t+—At——At t+—At t+—At t+—At
+4 4 +4 4 Jr4 32 Jr4

ITocie BerunTaHus MOJIyuYuM:

L =Ul+la | At+O(Ar). (19)

1
t+—At t+—At
2 2 4

Hns (4) umeem:

1 2
a =al+ZblAt+0(At ). (20)

+—At
4
a,, =a,—bAt+0(Ar). (21)

Ucnonesys npencrasnenus (20) u (21), Bolpasum a,,,, AByMs CIIOCOOaMU: TEPBBIA — YMHO-

t+At
xuM (20) Ha 4 u npubaBumM (21); Bropoit — ymHoxkuM (20) Ha 3 u npubasum (21). B pesynsrarte mo-
JYYUM CIIEAYIOLINE BEIPAXKEHUS:

a ., =i(5al —al_Al)+O(At2), (22)
4

_! 4 ! b At +O(Af? 23

at+lAt g( al_at—At)_E AL+ ( ) ( )

IoacraBmusist moouepenHo (22), (23) B (19), a pesynsraT B (18), momMydnm BBIpa)keHUS IS
MpeACKa3aHrs KOOPAUHATHI YaCTUIBI B CIICAYIOIIEM BUIIE:

xl+Al

—x, + VAl + l(Sal —a, )AL + Lb,At3 +0(Ar*) =
1 8 24 (24)
=X, +UV,At+ g(Sal —a,_,, )Az‘2 + O(At3),

xl +At

1
=x, +V,At +g(4al ~a,_,)AP +O(Ar). (25)
Bripaxkenue (25) coorBerctByer anroputmy bumana. Kak BugHo u3 (24), npenioKeHHbIH aj-
TOPUTM OIpENEsIeT MO3UIMIO C TPETBUM MOPSAAKOM TOYHOCTH, ONHAKO NMPHU MAJBIX 3HAUEHUSIX Af U

1
b, (3aBHCUT OT XapakTepa IBHKEHUS) CllaraeMoe ﬁblAf MOXET CTPEMHTHCS K HYJIO (Hampumep,

MPU PaBHOYCKOPEHHOM JBW)XKEHUM). Tarxke clienyeT OTMETUTh, YTO B (24) ucnonb3yercs koddduim-
EHT 1/ 8=0,125, aBusroIuiicss KOHEYHOH JACCATHYHON JPOOBIO, B OTIMYHE OT KOI(PhUIUEHTa 1/ 6 B

anroputMe buMaHa, IpUBOAAIIETO K MOSBICHUIO OMIMOKH OKPYIJICHHS M3-332 3aMEHbl OCCKOHEYHOMH
JEeCATHYHON IpoOr KOHEUHOM.

AHaOrnuHeIM 00pa3oM MOXHO ONpPENENUTh MOPSIOK TOYHOCTH ISl OCTaBLIMXCSI BBIpaske-
HUH.

Hust (6) u (9):

X

t+At t+At

1 1
=X, + UlAt+§(a +3a, ) Ar? +£b,At3 +0(Ar"), (26)
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1 1
O A=, —x, + §(3at+m +a,) At — ﬁb,Af +0(Ar). (27)
[Mocne moncranoBku (26) B BeIpaxeHue (27) (KOTOpoe UMEET BTOPOH MOPSAAOK TOYHOCTH) TI0-
JTy4uM BhIpaxkeHue i (14), oOecrieunBatoliee TpeTuit MOPSII0K TOYHOCTH

Va =Y, +é(3at+m +6a, _a,_A,)Af+ 0(AZ3)

PesynbraT OrieHKH HOpsiIKa TOYHOCTH I BCeX (OpM alropuTMa npecTaBieH B Ta0m. 1.

Kaxk BugHO 13 Tabmuipsl, anroputM bumana onpenenseT KOOPAUHATY C YETBEPTHIM ITOPSIKOM
TOYHOCTH, & CKOPOCTb — C TPEThUM, T.0. AITOPHUTM HUMEET OOIIYyI0 IOrPEIIHOCTh TPETHEro MOpSAKA.
[IpennoskeHHbIi HAMU METOJ UMEET BTOPOi MOPSIOK TOYHOCTH B (hopMe IpeicKa3aHUs-KOPPEKIIUH U
TpeTHH TOPANOK B SIBHOM (opMe M MOAU(HUIMPOBAHHOH (opMe NpeacKazaHus-Koppekuuu. [Ipn
3TOM, KaK OBUIO ITOKa3aHO paHee, MPEUI0KEHHBIN alNropuT™ 0ojiee YCTONYUB K OIIMOKaM OKPYTJICHUS
3a CYeT MCHoNb30Banus Kodduumenta 1/8 Bmecto 1/6. Takke OTMETHM, YTO JOCTOMHCTBOM airo-
put™Ma brMaHa sIBIsIeTcst Xopoliee COXpaHEHHEe YHEPTrHH U HU3Kast YyBCTBUTEIBHOCTD K OIIMOKaM OK-
pyriieHus, O61aromapst TOMy, 4TO B aITOPUTME BBIYHCISIETCS Pa3HOCTh 3HAYMTENBHO OTIMYAOIIMXCS
yncen (4a, —a, ,,). B IpeuoxeHHOM alIropuT™Me BEIYUCIISETCS Pa3HOCTh MEXKILY YHCIAMH, KOTOpbIE
CUJIbHEE OTINYAIOTCS 10 3HaueHuto (5a, —a, ,, ).

Tabanma 1. Ilpeasio:keHHbIH aJropuT™M M aaroputm bumana

[Ipeu10KEHHBINA AT OPUTM | AnroputMm bumana
dopma npeIcKa3aHusI-KOPPEKINT

IIpenckaszanue: [Ipenckaszanue:

X, =X, +V,A+ é(Sa, —a,_, A + O(Af) X, =X, +V,A+ é(4a, —a,_, A + O(At4)
Koppexnus: Koppexnus:

X, =X, +V,A+ é(a,w +3a,)Ar* + O(Ats) X, =X, +V,A+ é(alw +2a,)At* + O(At4)

xl+ 1 - xl 1 xl+ - xl 1
Yyar = AAit + §(3a1+m +a, )At + O(AIZ) Vo = % +g(2a1+m +a, )At+ O(Ats)
SBHas opma
X, =X, +V,At+ é(Sa, —a,_, A + O(Af) X, =X, +V,At+ é(4a, —a,_, A + O(At4)
U, =Y+ é(3a,+m +6a,—a,_, )At+ 0(At3) U, =Y+ é(ZaHA, +5a,—a,_, )At+ O(Af)
MopudurpoBarHas Gopma npeacka3aHus-KOPPEKIUH

[Ipenckaszanue: IIpenckaszanue:

X, =X, +V,At+ é(Sa, —a,_, A + O(Af) X, =X, +V,At+ é(4a, —a,_, A + O(At4)
U, =0, + %(Sa, —a,_,, )At+ O(Aﬂ) U, =V, + %(Sa, —a,_,, )At+ O(Af)
Koppexnus: Koppexnus:

X, =X, +V,At+ é(a,w +3a,)Ar* + O(Ats) X, =X, +V,At+ é(alw +2a,)At* + O(At4)
U, =Y+ é(3a,+m +6a,—a,_, )At+ 0(At3) v, =V, + é(ZaHAI +5a,—a,_,)At+ O(At3)

YucieHHOe CpaBHEHHE C APYTHMH AJITOPUTMAMH

HJ’IH HpaKTH‘lCCKOﬁ OLICHKHN XAapaKTCPUCTHUK aJIrOpUTMa U CPABHCHUA C APYIrMMH MCTOAAMU
BBIIIOJIHUM YHCJICHHOC MOJACIIUPOBAHUC TapMOHHUYCCKOr0o OCHUIIIIATOpA. Ero JABWXXCHUC B OAHOMCEP-
HOM IIPOCTPAHCTBC OMMUCBHIBACTCA CICAYIOIIUM YPABHCHUCM !
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a=-0'x. (28)
AHAMTHYECKOE PENICHHE ITOrO yPABHEHHS:
x=C, cos(t)+C,sin(o?).

Koncrantsl C, u C, 3aBHCAT OT Ha4aJbHBIX YCIOBUI.

Boluncnenus BRIMOMHSINCH C UCIOMBb30BAHUEM CICAYIOIIUX METOOB:

- Bepine (B ckopocTHOI# popme);

- bumana (B sBHOI (opme);

- IPEAJIOKEHHBIN anropuT™ (B SIBHOH (hopme);

- Pynare-KyrTe 4-ro nopsaka (ypaBHeHHE BTOPOro mopsiaka (28) mpHBOAMIOCH K CHUCTEME
YpaBHEHUH MEPBOTO MOPSIKA).

CxopocTHOl anropuT™ Bepiie — YUCIEHHBIN METOl, MpeAHa3HAYCHHBIA 7S PellICHUsl ypaB-
HEHUU IBUXEHUS. ANropuT™M buMaHa cunTaercs ero Bapuanyen, JTydiie COXpaHsIoeil 3HEPTUIo.

3amuceiBaeTcs CKOPOCTHOM ainroputM Beprie B cienyromieM Bujae:

xl+Al

1
=x, +V,At+—aAt’,
2

1

=V, +_(at+At +a

Ul+Al 2

At

t

Anroputmel Bepne, bumana u mpeayioKeHHBIM anroOpuUTM SABISIOTCS CIEHUAIbHBIMHU aJro-
pUTMaMH Ui UHTErpUpoBaHus Au(epeHIranbHbIX YpaBHEHHH BTOPOro mopsiaka. OCHOBHBIM HX
MIPENMYILECTBOM OTHOCHUTEIIBHO aJITOPUTMOB IS ypaBHEHHMM MEPBOTO MOPAIKA SIBISIETCS CKOPOCTh
Bbruuciennid. B merone Pynre-KyTTsl BeuMcnenue cuibl (MM YCKOPEHHUS) HA Ka)XIOM BPEMEHHOM
11are BBIMOJIHAETCS YEThIpE pa3a, B MPUBEACHHBIX AITOPUTMax — TOJIBKO OoauH pa3. [loatomy korma
OCHOBHOE BpEMsI 3aTPAayMBAETCsl HAa BBIYUCIICHUE CHUJIBI CIIEIIUAIbHBIE aITOPUTMBI OKa3bIBAIOTCS B Ue-
ThIpe pasa ObicTpee. Ecnum ske i onpeneneHus: cuiibl TpeOyeTcsi MeHbIIe BEIYNCIICHHUM, YeM sl ca-
MOT'0 aJITOPUTMa, TO CIIEHHANIbHBIE aITOPUTMBI OKa3bIBAIOTCS B JECATKH pa3 Obictpee. Tak ams pac-
CMaTpPHBAaEMOro MpHMepa CHeluaNbHble anropuTMbl Ooiee yem B 60 pa3 OwicTpee meroma Pynre-
KyTTs1.

B paccMoTpeHHBIX MeToaxX MO-pa3HOMY MPOSBISAETCS MOTPENTHOCTh BEIYUCIECHUS KOOPAMHA-
ThI: B MeTozie PyHre-KyTThl ommbka HakanauBaercs u npy OONBLIMX 3HAYCHHUSX IIAra U pacueTHOTO
MHTEpBaja pelicHUE BEIPOXKIAETCS; B CIIEUAIBHBIX METO/IaX MOrPEIIHOCTh BEIYUCIEHN KOOPAUHATEI
MPHUBOIUT K U3MEHEHHIO YaCTOTHI KoJeOaHHi, HO aMIUTUTY/Ia M DHEPTHUS OCTAIOTCSA MPAKTHUECKH He-
M3MEHHBIMH, TO3BOJIAA BBINOJIHATH PacueThbl ¢ KPYIHBIM IIArOM U HAa CKOJb YTOAHO MPOTSKEHHBIX
pacyeTHBIX MHTEpBaJIaxX.

BaxxubiM mapamMeTrpoM Ipu MOJIEIMPOBAHUH JIBUKEHUS YACTHIBI ABISETCA COXpaHEHUE dHEp-
run. CriennanbHbIe METO/BI UMEIOT MOTPEITHOCTh ONPENENIEHNS SHEPTHH, HE BBIXOASIIYIO 32 ONpeac-
NEHHBIE TPAaHUIBl HA BCEM MHTEpBaje BbuncieHuil. Meroa PyHre-KyTTsl nMeeT HakarumBarouyocs
MOTPEIIHOCTD, U3-32 Yero e€ro Ha OOJNBIINX WHTEPBaJaxX BEIUMCICHUH OH XYK€ COXpaHseT YHEPTHUIO.

B Tabn. 2, 3 mpencraBieHsl MOTPEITHOCTH OMpPEASTeHHsI SHEPTUM B 3aBUCUMOCTHU OT Iara u
MHTEpBajla HHTErPHUPOBAHMSI COOTBETCTBEHHO. 13 mpeacTaBIeHHBIX AAHHBIX BUAHO, YTO MPENIOKEH-
HBIM alrOpUTM 3HAYUTEIBHO JIy4YIIe COXPaHAET 3HEPTHUIO, TI0 CPABHEHUIO C APYTUMH CIIEUAIbHBIMU
anroputMamu. CremyeT OTMETUTh, 4yTo MeTon PyHre-KyTTsl npu 3HaUMTENbHOM YBEIMUYEHUM IIara
WJIN HHTEpBaja UHTETPUPOBAHUS YCTyHAET IPEMIOKEHHOMY aJITOPUTMY.

Tabanma 2. MakcuMaabHasi NOrPelIHOCTD onpeaeeHusi dHepruu npu ¢ = 1000 ¢, %

dt, c
0.001 0.01 0.02 0.08 0.1 0.3
Merton
Bepne 2,5:10° 2,5:107 0,01 0,15 0,25 2,3
Bumana 810° 8,510 3,3:107 0,05 0,08 0,65
[pe10KeHHbIH 6107 6,510° 48107 3,8:107 5107 0,3
PK4 6:107 1.5-107 45-10° 45107 0,015 3,3
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Tabnuna 3. MakcuMaJibHasi NOTPEMIHOCTD onpeaeenusi yHepruu npu dt = 0,04 ¢, %

t,c
10° 10° 10* 10°

Merton

Bepne 4107 4107 4107 4107
Bumana 1,4-107 1,4-107 1,4-107 1,4-107
[pe10KeH b 4,510 4,510 4,510 4,510
PK4 1,4-10° 1,410 1,410 1,4-107

3akjoueHne

HpeZ[CTaBHGHHBIG B pa60Te PE3YyIbTAaThl YKA3bIBAIOT Ha L[CHGCOO6paBHOCTL HCIIOJIb30BaHUA
MPpEIJIOKCHHOIO aJIrOpUTMa B Ka4CCTBC 3aMCHBI aJI'OpUTMa BI/IMaHa, a nmpu H€O6XO,I[I/IMOCTI/I 0OIIBIIIO-
r'o KOJIMYCCTBA paCUCTOB 3a OrpaHUYCHHOC BPCMA U B KAYCCTBC AJIbTCPHATHUBBI APYIUM paclpocTpa-
HCHHBIM MCTOJJaM.

EFFICIENT ALGORITHM FOR NUMERICAL INTEGRATION OF MOTION

EQUATIONS OF LARGE PARTICLES IN MICROWAVE DEVICES

The algorithm for the numerical integration of the motion equations of large particles is for-
mulated. The algorithm is presented in three forms: explicit, prediction-correction and a modified, de-
signed to simulate the motion of large relativistic particle in an electromagnetic field. The analysis of
the order of accuracy of the proposed algorithm is presented. The results the comparison with the

A.0.RAK

Abstract

popular algorithms is shown. The efficiency of the algorithm is formulated.
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