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MOJIEJTIOBAHHSA TPAEKTOPIN EJEKTPOHIB Y 35YPEHOMY BUIIAJIKOBUMHA
3ABAJIAMU MATHITHOMY NOJI MATHETPOHHOI TAPMATH

Y pobomi posenanymo pyx enekmponie y yuniHOpuuHOMy MASHIMHOMY RO 3i 3MIHHOIO HANDYHCEHICMIO 830084
oci noasl. 3acmoco8ano YucenbHy MoO0ens 0Jia po3N00iLy MAZHIMHO20 N0 MACHEMPOHHOT 2apMamu, 8 AKitl OCHOGHe noie
3a3HA€ 8UNAOKOBUX 0OYPEHb, A MAKONHC AN2OPUMMIUHE NePem8operts OOCTIOHUX OAHUX NOAA AHATIMUYHUMY QYHKYIAMU.
V suxopucmaniii mooeni sax nepewkody 3acmoco8ano OAmyuK HOpMATLHUX BUNAOKOBUX YUCET 3 HYTbOSUM MATNEMAMUY-
HUM OYIKY8aHHAM Ma OUChepcielo, genuduna aKoi eapitoemuvca. Mema pobomu — OmpuMants Xapakmepucmux eekmpo-
HHO20 nyuKa 3 enepeicio 20—30 keB y no30o6xcrubomy ma padianeHoMy HANPAMKAX Ni0 Yac 1020 MPAHCHOPMYBAHHI Y 30)-
PEHOMY MAHIMHOMY noai conenoioa maznemponnoi eapmamu. CUHmMe3068aHO ANOPUMM, HA OCHOGI SIKO20 NOOYOOBAHO
npoSpamHull 3acib, BUKOPUCIANHS AKO20 0A10 MOJICIUGICIb NPOMOOENI08AMY OCHOBHI 3ANIeICHOCI PYXY eleKMPOHHO20
nYuKa 8 3a0aHOMY 30ypeHOMY CONeHOI0anbHOMY MasHimHuomy noai. IIpedcmasneni pe3ynsmamu 4ucerbHo20 MoOent08aHHs
MPAEKMOpitl eNeKmpoHi6 8 OCHOBHOMY 00YPEHOMY HA 3a8a0i MAZHIMHOMY NONI MASHEMPOHHOL 2apmamu 2padicHMHO20
muny 3 6mMopUHHoeMIiciuHuUM Kamoodom. Pozenauymo gopmysanns nyuka 3 enepeicio 20-30 keB y pobouomy 06 ’emi eap-
Mamu nio Yac o020 MpanCnopmy8arHs 8 MACHIMHOMY COLEeHOIOANbHOMY RO 3 eenukum epadienmom. I1i0 uac suxonants
MOOENoIoUUX PO3PAXYHKIE OMPUMAHI OCHOBHI XAPAKMEPUCMUKYU eleKMPOHHO20 nyuKa. Busnaueno epanuuni pescumu
NyyKa 4YacmMuHOK Nio 4ac iXHb020 pyxXy 63008 oci mpancnopmyeants. Ax kpumepiu axocmi eubpani CKB enexmporie
no eepmuKani ma epmMuKaIbHOMY Kymy. JJocniodceno 3anexicHicmy Qopmysants pe3yivmyoio2o po3nooiny 4acmuHoK
810 BeNUYUHU AMNIIMYOU 8UNAOKO8020 0OYPEHHS MASHIMHO20 NONA 63008x4C OCi cucmemu. OMpUMano 3a1eHCHiCb No3-
0082CHBO20 PO3KUOY YACTNUHOK 810 AMNIINYOU UNAOKOBUX 30YyPeHb N0 6epMuKaAni ma eepmuxansHomy xkymy. Iloxazano,
wo 3a nasguux CKB 0bypenHs masnimnozo nois 8 MasHempoHHUX 3HAPSO0AX Ni0 4ac pyxy 4ACMUHOK XapaKxmepucmuku
eeKMPOHHO20 NYUKA 8 OCHOBHOMY i 30)Y0)CEHOMY NONAX 3ATUMUAIOMBCS NOOIOHUMU MA CIIUKUMU.

Kniouosi cnoea: enekmponnuti ny4oxk, MazHemporHa 2apmama, OUHAMIKA eleKMpOoHie, 2padienmue obypene mae-
HimHe none, Mamemamuyne MoOem08anHs, O0CIIOHI OaHi.
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MODELING OF ELECTRON TRAJECTORIES IN THE MAGNETIC FIELD
OF THE MAGNETRON GUN DISTURBED BY RANDOM INTERFERENCE

The paper considers the motion of electrons in the cylindrical magnetic field with variable strength along the field
axis. The numerical model is used for the distribution of the magnetic field of the magnetron gun, in which the main field
experiences random disturbances, as well as an algorithmic transformation of the experimental field data by analytical
functions. In the algorithmic model, the normal random number generator with zero mathematical expectation and the
variance, the value of which varies, is used as interference. The purpose of the work is to obtain the characteristics of the
electron beam with energy of 20-30 keV in the longitudinal and radial directions during its transportation in the disturbed
magnetic field of the solenoid of the magnetron gun. The algorithm is synthesized, on the basis of which the software tool
is built, the use of which made it possible to simulate the main dependencies of the electron beam motion in the given
disturbed solenoidal magnetic field. The article presents the results of numerical modeling of electron trajectories in the
main magnetic field of the gradient-type magnetron gun with the secondary-emission cathode disturbed by interference.
The formation of a beam with energy of 20-30 keV in the working volume of the gun during its transportation in the
solenoidal magnetic field with large gradient is considered. The main characteristics of the electron beam are obtained.
The influence of initial conditions during electron emission is studied. The basic characteristics of the electron beam were
obtained during the simulation calculations. The limiting modes of the particle beam during their motion along the trans-
portation axis were determined. The root-mean-square spreads of electrons along the vertical and vertical angle were
chosen as the quality criterion. The dependence of the formation of the resulting particle distribution on the amplitude
of the random magnetic field disturbance along the system axis was investigated. The dependence of the longitudinal
scatter of particles on the amplitude of random disturbances along the vertical and vertical angle was obtained. It was
shown that with the existing root mean square of the magnetic field spread disturbance in magnetron guns during particle
motion, the characteristics of the electron beam in the main and excited fields remain similar and stable.

Key words: electron beam, magnetron gun, electron dynamics, disturbed gradient magnetic field, mathematical
modeling, experimental data.
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IHocTanoBka npodiaemMu

MarHeTpoHHi rapMaTH 3 XOJIOIHUMH BTOPHYHOEMICIHHIMHU KaTOJaMH MEPCIIEKTUBHI [T BUKO-
pUCTaHHS MM Yac CTBOpeHHs NoTyxHuX HBY-mpunanis, mpuCKOproBaJIbHOI TEXHIKH y 3B 3Ky
3 BUCOKOIO IIUIBHICTIO CTPYMY, KOHCTPYKTHBHOIO IPOCTOTOO, CTAOUIBHICTIO €MiCii KaTo[iB TOLIO
[1; 2]. Ha ocHOBI MarHeTpOHHOI rapMaTH 31 BTOPUHHOEMICIHHUM KaToIOM OyJI0O CTBOPEHO MPHUCKO-
pIOBau €JIEKTPOHIB, SIKUH BUKOPHCTOBYE OCHOBMH €JIEKTPOHHUI Iy4OK Ul ONPOMIHEHHS MeTale-
BUX MimeHen [3]. SIk 00’€KT IOCHiPKeHHsI MarHETpOHHA rapmara Mae Ty IepeBary, 110, 3 OJHOTO
00Ky, BoHa MOXke OyTh Moau]ikoBaHa Ui MPOBEACHHS EKCIIEPHUMEHTIB PI3HOTO THILY, a 3 1HIIOTO
OOKYy, HE3BaKalOUYH HA CKJIQIHICTh BUKOHAHHS aHAJITUYHOTO JTOCHIHKSHHS, 111 OTPUMAaHHS KUTbKIC-
HUX 3aJ1€KHOCTEH LIJIKOM MOXIINBE 3aCTOCYBAaHHS 00UMCIIIOBAILHUX METOIB T MOPIBHAHHS YUCIIO-
BUX pEe3yJbTaTiB 3 JaHUMU ekcriepuMeHTy. OO0’ €eKTOM poOOTH € BUBYEHHSI TapaMeTPiB €JIEKTPOHHOTO
My4Ka, PO3MOIIJICHOTO i Yac eMicii B IJIOMIKHI, MEPIICHIUKYISIPHOT 0CI CHCTEMH, HOTO TPaHCTIOP-
TYBaHHS B OCHOBHOMY 1 IHTEHCHMBHOMY T'paJliEeHTHOMY MarHiTHOMY IIOJIi COJICHOifa, sike 30ypeHe
BUIIQ/IKOBIMH TIEPEIIKOAaMH HOPMAILHOTO TUIY 3 HYJIBOBUM MaT€MaTUYHUAM CIIOJIBaHHSAM Ta JIUC-
NEepCi€r0, BEIMYMHA SIKOT BapIlO€THCS. 3a JOIMTOMOT00 OOYA0BaHOT MOJIEIN PYXY €JIEKTPOHIB Y TAKOMY
Mar"iTHOMY TOJIi CTBOPEHO OOYUCITIOBAIbHE CEPEIOBHUIIE, 10 MOJEIIOE PyX €NEKTPOHHOTO TTOTOKY
B 00yacTi 3pocTaHHs nmojsi. MeToro NociiIKeHb OyJ10 CTBOPEHHSI MaTeMaTUYHOT MOJIEN1 PyXy €JIeK-
TPOHHOTO ITy4Ka 3 €HEPri€lo B 1€CATKU KeB y rpagieHTHOMY MartiTHOMY I10J1i, PO3IJISL]] 3aJ1€KHOCTI
(opMyBaHHS Ta CTIHKOCTI TPAEKTOPIN €IEKTPOHIB My4yKa BiJ PO3MOALTY MAarHiTHOTO TOJIS B3JIOBXK
oci cucteMu. Y po0OoTi 3 ypaxyBaHHSIM raMiIbTOHOBOTO (hopMasizMy pyxy €JIeKTPOHIB y MarHITHOMY
I0JII CHHTE30BaHO MPOrpaMHUil 3aci0, 1110 Ja€ 3MOr'y MPOBECTH YHCEbHE MOIEIIOBAaHHS AMHAMIKU
€JIEKTPOHHMX MOTOKIB B OCHOBHOMY MAarHiTHOMY IOJIi cojieHOina. HaBomsThCs pe3yabTaTH 4nceb-
HOTO MOJIEIIIOBAaHHSI PYXy €JIEKTPOHHOIO MOTOKY. OTpuMaHi pe3yibTaTd MOJEIIOBAHHS MOKa3ylTh
MEX1 CTOXaCTMYHOI CTIMKOCTI pyXy €J1eKTPOHHOTO ITy4Ka.

EnexTpoHHi my4Kku pi3HOI KOH(piryparmii Ta IHTEHCUBHOCTI HIMPOKO 3aCTOCOBYIOTHCS B €IICK-
TPOHHO-TTPOMEHEBUX TEXHOJIOT15X, BUCOKOBOJIBTHIN iMnyabcHIH HBU-enekTpoHili, mpuckoproBab-
Hilt TexHiui touo [1—4]. Kono 3aBnanp, Ha BUPIIIEHHS SIKUX 3aCTOCOBYIOTHCS €JIEKTPOHHI IMyYKH,
MOCTIHHO PO3MIHMPIOETHCA. [IpOBOAATHCS TOCIIKEHHS 3 €IEKTPOHHUMH MyYKaMH 3 Pi3HHUMHU €HEp-
TisSIMH Ta IPOCTOPOBOIO KOoHpirypairiero. ToMmy cTae CyTTEBUM MUTAHHS PO CTIMKICTh PyXy IydKa 3a
YMOB MOXKJIMBHX 30ypeHb ITPOBiHOro MarHitHoro nons rapmari. Y HHI[ XTI BukopucToByroThCS
JDKepella eeKTPOHIB 3 XOJIOMHUMU KaTo/laMU, 1110 MPaLOI0Th Y peXUM1 BTOPUHHOI eMicCii, OMIIIeH]
B CXpELICHI €JIEKTPUYHI Ta MArHiTHI MOJIs, IPU LbOMY SIK JKEpPeso €JIeKTPOHIB BUKOPUCTOBYETHCS
MarHeTpoHHa rapmara. BropuHHoeMiciiHUI MeXaHi3M reHepalii myyka B TaKUi rapMati BHACIIIO0K
Horo crmabko pyHHIBHOI Jii HA MaTepiay KaToja 3yMOBIIOE 30€pEKEHHS €MICIMHMX BIIACTHBOCTEH
€JIEKTPOHHOI'0 JIXKepesia MPOTAroOM TPHUBAJIOrO 4acy. YJOCKOHAJEHHS MarHeTpOHHOI IapMaTH, II0
MOJISITA€ Y 3aCTOCYBAaHHI IHTEHCUBHUX MarHiTHHUX TIOJIIB 3 MiJBUIIEHUM T'PAJIEHTOM iXHBOI HaIpy-
KEHOCTI, IPUBOJIUTH 10 HEOOXIAHOCTI PO3MISHYTH MUTAHHS MPO CTIHKICTH €BOJIOLIT €JIEKTPOHHUX
My4KiB. Y poOOTi AOCHIIKYETHCS BIUIMB MEPEIIKO/, 10 00ypIOIOTh MPOBiJHE MarHiTHE MOJIE B Mar-
HETPOHI, Ha TUI TPAEKTOPi EIEKTPOHIB.

AHaJi3 OCTAHHIX pe3yJIbTaTIiB Ta myOsikamin

Ha ocHOBI MarHeTpoHHOI rapMaru 3 BTOPHHHOEMICIHHUM KaToOOM CTBOPEHO €NEKTPOHHMN
MIPHUCKOPIOBaY, Y SIKOMY BUKOPHCTOBYETHCSI OCHOBHUI €JIEKTPOHHUHN IMyYOK JUIsSi ONIPOMiHEHHS MeTa-
neBux MimeHeil [3; 4], 3 mepcrneKTUBO OMPOMIHEHHS BHYTPIIIHBOT IHIIHAPUYHOI MOBEPXHI 3a
JIOTIOMOTOI0 pajiianbHOro myyka. [loOynoBaHo mporpaMHuii 3aci0, BUKOPUCTAHHS SIKOTO Ja€ 3MOTY
IIPOMOJIEIOBATH OCHOBHI 3aJIE)KHOCTI PyXYy €J€KTPOHHOTIO ITy4YKa y 3aJJaHOMY COJICHOIAAJIbHOMY Mar-
HiTHOMY 1odi [5; 6]. ¥ pobotax [5; 7] moka3aHo, 1110 MPOLEC TeHepallii eeKTPOHHOTO MyyYKa Xapak-
TEPU3YETHCS LIYMaMH, SIKi 3’ SBISIOTHCS Ha IMIYNbCI CTPyMYy IydKa. AMIUTITY/Ia IIyMiB Jocsrana
20% BiA aMILTITYIH CTPYCY IydYKa, a Mepio]l HIyMOBHUX KOJIMBaHb CKJIaJaB OJUHUII HaHOCEeKyH/. Lle
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IIOB’A3aHO 31 B3a€MOJIIEI0 €JIEKTPOHIB 3 €JICKTPUYHUMU IOJIIMH, 110 BUHUKAIOTH I11]] Yac KOJIMBAaHb
IIPOCTOPOBOTO 3apsTy, 1110 MPU3BOAMUTH J0 3MiH iX eHeprii.

Meta gocJaiKeHHs

VY po60oTi HaBeEHO Pe3yNbTaTH JAOCHIKEHHS JUHAMIKU €JIeKTPOHHOTO ITy4YKa, PO3IO/iIIEHOTO
I1J] 9ac eMicii B IJIOLIMHI, NEPIEHIUKYISPHIA 0Cl CUCTEMH, B XO/1 TPAHCIIOPTYBAaHHS B OCHOBHOMY
IHTEHCUBHOMY KaHaJli cucTeMu. Po3misaaeThes rpafieHTHE MarHiTHe Moje, sike 30ypeHe Meperko-
JaMH{ HOPMAJIBHOTO TUITY 3 HYJIbOBUM MAaTeMaTWYHUM CIIOJIBAHHAM Ta JUCIEPCIE0, BEIUYNHA SKOi
BapIIOETHCS, @ TAKOXK PE3YJIbTAaTH YUCEIbHOTO MOJIETIIOBAHHS PYXY IIJIOCKOTO €JIEKTPOHHOIO MOTOKY.
Mertoro JOoCiIKEeHHs € 00K BIUIMBY MEPELIKO/, 1110 00ypIOI0Th OCHOBHE MAarHiTHE I0Jie B MarHe-
TPOHI, HA TUII TPAEKTOPIN EIEKTPOHIB Ta CTIHKICT IXHBOTO PYXY.

BukJiag ocHOBHOTo Marepiajy J0CaiIsKeHHs
MaremaTnuHa MojaeJ1b
[Tin yac moOynoBM MareMaTU4HO! MOJEINI PIIMIEHHS CKOPUCTAEMOCS aKClaJIbHOIO CHUMETPI€l0
3apnanHs. ToMy mpairoBaTUMEMO B MOJSPHiN cHCTeMi KOOPAUHAT (r, 2,8). ["aMisIbTOHIaH PO3IJIs-
HYTOI 3aj1a4i B Hill Ma€ BUTIISI:

po+p. 1 (p ’
H =4 "1 +—(—9—60A] , (1
2m 2m\ r

1€ e,, m —3apsj 1 Maca IIOKOO €JIEKTPOHa, p,, p., Py, — KaHOHIYHI IMITyIbCH, A — MarHITHAN
noteHian. Foro 3 ypaxyBaHHsIM a3MMyTaIbHOI CHMETPii HOKHM 3amuimeMo y Buriisni: A(r,z) = Brf(z),
ne f(z) — ¢yHKUiA MO3I0BXKHBOI KOOPAMHATH, SKOIO0 PO3MOPSAMMOCS HUXKYE, B — Hampy>KeHIiCTh
MarHiTHOTO TIOJISl B TOYIII, IO PO3IIISAAETHCS.

VY raminbsTOHOBIN GOpMI PIBHSHHS PYXY JUIsl KOOPAUHAT Ta IMITYJIbCIB MalOTh 3arajibHUN BUIIIS:

(2)
pr =i(&—eOBI’f(Z)j(p—f—f-eoBf(z)j,

m r r

1(p
B m

[——eoBrf(z)j(eoBrgf(z)j,
=0.

B pesynbrari 3HaX01KeHHS YaCTUHHUX MOX1JHUX OTPUMAEMO CHCTeMY 3 6 piBHSHB. Y Hill mepeii-
JIEMO, BUKOPHCTOBYIOYH MIBUIKICTH CBITJIA BiJl IOTOYHOTO Yacy ¢ 10 3MiHHOI S =ct (11 BeTU4HHA
MpoMnopLiiHa MIIAXY, IKUN MpOoiIla YyaCTUHKA B3/I0BXK TPAEKTOPIi), MOX1JHY IO Hill MO3HaYaTUMEMO
mwTpuxoM. I KaHOHIYHMX IMITy/bCIB 311HCHUMO 3aMiHy p, =e,Bq , p. =¢,Bq., p, =¢,Bq, . Ilicas
MEPETBOPEHb JOXOJMMO CHCTEMH PiBHSIHb:

z
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r'=ng,,
z'=pq.,
8 =gy /7~ f(2)),
4, =wr(qy !’ = f())gy /7’ + f(2)),
q.=wr(qy ! r’ = f(2))df (2) /] dz,
s =0,

)

y K f(z) — monpoBa (QYHKIIiSI TO3IOBKHBOT KOOpAUHATH, df (z)/ dz —noxigHa GyHKIil f(z).

V piBusHHAX (3) w=¢,B/mc, Bf (z) — QyHKuis, 110 ONUCY€ HANPYKEHICTh MArHITHOTO OIS
B3JIOBX OCl z . AMIutiTyny B BHOupaemo Tak, 11100 MokHa Oynio KopucTyBaTHcs QyHKIiero Bf (z)
Ha BCbOMY 1HTEpBaJIi MOXJIMBUX 3Ha4eHb Zz . J{o piBHsIHB (3) HEOOX1JHO IPUETHATH TIOYATKOBI YMOBH
s 1y, Z,, 9,, @ TAKOXK VI q,,, .o, qg,- CTIMKICTb QITOPUTMY pIIIEHHS I10OB’s3aHAa 3 KPOKOM
As pimeHHs Ta mapamerpoM W. Tomi ymoBa pAs <<1 Oyme BukonyBarucs, skmo As << 0.0001 wm.
OT1xe, 3 00YMCITIOBATILHOT TOUKH 30PY 3aBJIaHHS MOKe OyTH c(hopMyIbOBaHA SK MONTYK PIIEHHS CUC-
TEMU 3BHUYAHHUX TU(DEepeHIialbHUX PIBHIHD 13 3aJaHUMU TToYaTKoOBUMHU yMoBamu. ChopMyaboBaHa
3anmada Komri Moske OyTH BHpIIIICHA 32 YMOBH, 1110 3a0e3MeueHa MOKITUBICTh Ha KOXKHOMY KPOITi iHTe-
rpyBaHHS piBHIHB (3) BUKOpHCTOBYBaTH QYHKIT f(z) Ta df (z)/dz ax aHamiTU4H1 QYyHKIT].

MarnitHe moJie

CrpykTypa MarHeTpoHHOI Trapmaru Oyiia onvcaHa, HampuKIad, y Jokepenax [5; 7]. BaximBum
(haxkTopoM, 110 BU3HAYA€E i1 poOOTY, € BHJ BUKOPHUCTOBYBAHOTO COJICHOIATFHOTO MAarHITHOTO TOJIS
(puc. 1, 2), mo Boofie MUIIHAPUUHOIO cuMeTpieto. Lle 1ae 3Mory BUKOPUCTOBYBAaTH CHCTEMY PiB-
HsHB (3) AU aHaJi3y Ta YUCEbHOTO MOICTIOBAHHS.

I,
e

OISR <
&
0. “

Z.m Z

Puc. 1. Jocaigni nani marnitnoro noas H B rapmari Puc. 2. O0’emua koHpirypanis marnitHoro nmonsa H

Jl1st mpoBeIEHHS YMCEITLHOTO AOCIIIKEHHS ITPH IbOMY HEOOX1THO Ha ITiICTaBl MACHBY 3 JIOCIII-
HUX JJAHUX Ha OCl TPAHCIOPTYBaHHS €JIEKTPOHIB fz »H j} BITHOBUTH aMILTITyAy f(z) MarHiTHOro
noJs Ta ii moxifnHy df (z)/ dz ax aHamiTHaHI QyHKIIT O3I0BXKHBOI KOOpauHaTH (puc. 3, 4) i BUKO-
puctanHns ix y cuctemi (3). Lle 3a6e3neunsio MOKJIMBICTh OTPUMAaHHS pillieHb cucTeMH (3) y BUITISII
6-MipHUX MacHBIB, 1110 ONUCYIOTh TPAEKTOPIi YACTUHOK TA YUCEIbHO BUBUYUTH JUHAMIKY PyXY €JIEK-
TPOHIB Y MarHiTHOMY IOJ1 COJIEHOIAA.
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Puc. 4. Anpoxcumanis noxignoi dH/dz

Puc. 3. Anpoxcumanis ammiaitynu H
MATHITHOTO IOJIS

marnitHoro moys H

3a/1s JOCIIPKEHHS BIUIMBY HEPELIKO/, 1110 00YPIOIOTh OCHOBHE MarHiTHE I10JIE€ B MarHETPOHI
Ha THIl TPAEKTOPIN €IEeKTPOHIB Ta CTIHKICTh IXHBOIO pyXy, OyJO0 CKOHCTpyHOBaHE MOAEIbHE Mar-
HiTHEe noje. [ToTouHI 3HaUeHHs aMIUTITY/IX IIOTO 1oJIst OyIi 30ypeHi BiIHOCHO HOMiHAJIBHUX (puc. 5,
puc. 6) mepemkoaaMu HOpMAITLHOTO TUITY 3 HYJIbOBHM MaTeMaTHYHUM CIIO/IiIBaHHSIM Ta CepeTHbOKBA-
JpaTUYHUM BIJXUJICHHSM, BIIHOCHA BEIMUYMHA KOi gocsarana 5%.

S
<><><S><>
<
0.2 e
— L) \»'
- S < 4
0.5 & ©
0%
0 0.1 02
Z.m
z
Puc. 5. 306ypene marniTae nmosie H B rapmari Puc. 6. O6’emHa koHpirypauis 30ypeHoro

marniTHoro mous H

Pe3yjbTaTu 4nceIbHOT0 MOIETIOBAHHS
Hwxde HaBeneHO pe3ysbTaTH YUCEIHHOTO MOJEITIOBAHHS TPAEKTOPIN €JIEKTPOHIB 3 €HEPTI€I0

E=20 xeB B rpanieHTHOMY MarHiTHoMy mnomi [5; 6]. SIk mouarkoBi ymoBH Oynu BuOpaHi Taki:
¥, =6 MM, PO3IOLI O a3UMYyTaJIbHOMY KyTy — piBHOMIpHUil (0< 9, <2n), E, =511 xeB — enepris
MOKOIO eyiekTpoHa. Jlami:

1 [.E
- 250,q9|0=r02f(20)- (4)

Ha puc. 7 HaBeneHO MpUKIIaau TPAeKTOpil €IEKTpOHa MiJ 4ac HOro pyxy B3AOBXK OCl z SK
GbyHKLIT TPORACHOTO NUIAXY S, SKUI MPOKIIIIA YacTKa B3JOBXK CBOTO pyXy st eHeprii £ =20 xeB
y BUNAJIKY, KOJIU BIIHOCHHH PO3KUJ MarHiTHOro nois cucreMu 0yB G, =0% Ta o, =5%. 3 pucyHky
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MO)KHA MMOOAYUTH BIUTMB 30ypeHHsS Ha pyX 4acTHHKU. OCOOIMBO 1€ BUSBISETHCS B 00aCTI MaKCH-

MaJIbHUX 3HAYCHb aMI'IJ'IiTy'I[I/I T10JI4.

<1077 81077
7107 7107
107 107
g g
T sea0d 3107
4107 1074
gl , . . . 1eq . . . .
310 01 02 03 04 . 01 02 03 04
S m S.m

Puc. 7. Tpaekropii eaexTpona mix 4ac iioro pyxy; £=20 keB; nisopyu G, =0%, npasopyu G, =5%,

Ha puc. 8 HaBeneHo mpHKIagy €BOMIONII CepeHbOKBAIPATUYHUX BIAXWIEHb IMy4yKa Iif 4ac
Horo pyxy B3A0BX oci z i eHeprii £ =20 keB y Bunazaky, Konu BiIHOCHUI PO3KHUJ MarHiTHOIO
nons cucremu O0yB G, =0% (3Bepxy) Ta G, =5% (3HU3Y). MokHA 6a4uTH, 110 3MIHM AUCIEPCIH pO3-

MOJIUTY MyYKa MO BEPTUKAIL Ta KyTy MPHOJIM3HO MOBTOPIOIOTH OAHI 0fHMX 3a pi3HuX CKB 00ypenns
TOJI.
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Puc. 8. 3anexkHicTh cepeHBOKBAAPATHYHOTO PO3KHMY NMOTOKY €JIeKTPOHIB BiJ mpoiineHoro muisaxy, £=20 xeB;
3Bepxy G, =0%, 3uusy G, =5%, aisopy4 — CKB no noB3aoB:xHboi KOOpAMHATH Z ,
npaBopyY — N0 KyToBiii moxianiii z’
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Ha puc. 9 HaBeneHo nmpuKiIaau €BOMIONIT CepeIHbOKBAPATUYHOIO BIIXWICHHS ITydKa ITiJ] Yac
fioro pyxy B3A0BX oci z s eHeprii £ =30 keB y Bumanxy, Koiu BiIHOCHHH PO3KH] MarHiTHOTO
nons cucremu 0yB G, =0% (3Bepxy) Ta G, =5% (3HU3Y). TyT 32 E =30 KB Taxox OCHOBHi TeH/IEH-
i 3MIHM TUCTIEPCIH PO3IMOALTY MTydKa MO BEPTHKAII 1 KyTy IPHOIM3HO MMOBTOPIOIOTH OJTHI OJHHX 3a
pizaux CKB o0ypenHs mosi.
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Puc. 9. 3anexkHicTh cepeHLOKBAAPATHYHOTO PO3KMY NMOTOKY €J1eKTPOHIB BiJ mpoiinenoro nisaxy, £=30 xeB;
3Bepxy G, =0%, 3uu3y G, =5%, aisopy4 — CKB no noB310B:xHb0i KOOpAMHATH Z ,
1paBopyY — 10 KyToBiii moxianiii z’

[Tig gac pyXy 4acTMHOK y 30ype€HOMY MarHiTHOMy Toii (OpMyBaHHS iX TPa€eKTOPid B3ITOBXK
MIPOIIEHOrO NUIAXY Mae iHTerpauiiinuii xapakrep. dmykryauii moas 3aBAsKU IXHbOMY 3HAKO3MiH-
HOMY XapaKTepy B3a€MHO KOMIICHCYIOTHCS Ha KOXKHUX MOMEPENHIX 1 HACTYITHUX KPOKaX TPAEKTOPIi.
JlJig MarHiTHUX IOJIIB y TapMmarax, 1o AitoTh, po3mip CKB o0ypeHHst nosst He MOXKe MepeBUIILyBaTH
oAuHULB BiACOTKIB. Tomy 3a Takux CKB B pe3ynbTari iHTErpyBaHHS MiJl Yac pyxy XapaKTepUCTUKU
My4YKa B OCHOBHOMY 1 30y/’KEHOMY MarHiTHOMY IOJISIX 3aJIUIIAIOTHCS MOIIOHUMHU.

BucHoBkn

[Tig gac emicii Ta pyxy B KaHaJi TPaHCHOPTYBAaHHS IydYKa MOTIK €JIEKTPOHIB 3a3HAE MEPETBO-
PEHHS MUTBHOCTI pO3MOALTY Y (ha30BOMY MPOCTOPI, M0 BU3HAYAETHCS BUIOM I'PaJIEHTHOTO MarHiT-
HOTO IOJIsl B KaHaJll MarHETPOHHOI rapmMaru. 3aCTOCOBAHO YHCENIbHY MOAEb JJs PO3MOALTYy Mar-
HITHOTO IOJISi MAarHETPOHHOI rapMary, B SIKii OCHOBHE TI0JI€ 3a3HA€ BUMAJKOBHX OOYpEHb, a TAKOX
QJITOPUTMIYHE MEPETBOPEHHS JOCHITHUX AAHMUX TMOJS aHATITHUYHUMHU QYHKLIsMH. SIK mepemnikona
3aCTOCOBAaHMN JAaTYMK HOPMAJIbHUX BMIIAJKOBUX UYHMCEIN 3 HYIbOBUM MaT€MaTH4YHUM CIOJIBaHHSAM
1 Aucnepciero, BEeTMYMHA SIKOT BapilOETHCS 3151 OTPUMAHHS XapaKTEPUCTHUK EJIEKTPOHHOTO IMydKa
3 eHepriero 20—-30 keB B m0310BKXHROMY Ta pajlialbHOMY HalpsMKax Iij] 4ac HOTo TPaHCTIOPTYBAHHS
B 30ypeHOMY MarHiTHOMy IoJji rapmatu. HaBoasThCsl pe3ysibTaTH YUCEIbHOIO MOJEIIOBAHHS PyXY
My4YKa, EMITOBAaHOTO Y BUIVIA/I MPSMOKYTHOTO IOTOKY. B pe3ynbrari MOJeNtoBaHHS PyXy €NeKTpo-
HHOTO TIOTOKY BUBYEHO BIUIMB CEPEAHHOKBAIPATUYHOTO BIIXHWIICHHS TiJ Yac eMicii eJIeKTPOHIB Ta
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OTpHUMaHi1 TPAEKTOPHI PO3B’SI3KM YACTUHOK ITydKa IiJl 4ac IXHBOI'O PyXy B3JIOBXK OCl TPaHCIOPTY-
BaHHA. JlochikeHo 3aieXHICTh POPMYBaHHS PE3YJIBTYIOUOTO PO3MOALTY YaCTHHOK BiJl BEJIUYMHU
aMIUTITyAH BUIAJKOBOrO OOypEHHSI MAarHiTHOTO MOJIS B3JIOBXK OCl cucteMu. OTpUMaHO 3aJ€KHICTh
M03/I0BKHBOT'O PO3KUAY YaCTHHOK BiJ] aMIUTITYyAM BUIIQJIKOBHUX 30ypeHb 110 BEPTHKAJIl Ta BEPTUKAJIb-
HoMy KyTy. ITokazano, mo 3a HasBHuX CKB 30ypeHHsI MarHiTHOTo 1oJisi B MAarHeTpPOHHHUX rapMarax
I1J] Yac pyXy YaCTMHOK XapaKTEPUCTUKHU €JIEKTPOHHOTO Iy4YKa B OCHOBHOMY 1 30y/PKEHOMY HOJISIX
3AIMIIAOTHCS MOAIOHUMHU Ta CTINKUMHU.

Cnucox BUKOPHCTAHOI JiTepaTypu

1.  Dovbnya A.N., Lavrinenko S.D., Zakutin V.V. Surface modification of zirconium and Zr1%Nb
alloy by the electron beam of the magnetron gun-based accelerator. Problems of Atomic Science
and Technology. Series “Physics of Radiation Effects and Radiation Materials Science”. 2011.
Ne 2. P. 39-45.

2.  Ayzatsky M.L, Dovbnya A.N., Mazmanishvili A.S., Reshetnyak N.G., Romas’ko V.P,
Chertishchev ILA. Studies on formation of the radially-directed electron beam generated by the
magnetron gun with a secondary emission cathode. Problems of Atomic Science and Technology.
Series “Nuclear Physics Investigations”. 2016. Ne 3(103). 2016. P. 11-16.

3. Dovbnya A.N., Dovbnya N.A., Mazmanishvili A.S., Reshetnyak N.G., Chertishchev [.A.
Transport simulation of a high-current electron beam formed by the magnetron gun with a
secondary-emission cathode in a decreasing solenoid field. Problems of Atomic Science and
Technology. Series “Nuclear Physics Investigations™. 2015. Ne 6. P. 77-82.

4.  Mazmanishvili A.S., Reshetnyak N.G., Shovkoplyas O.A. Beam and sector modes of electron
flows in a cylindrical magnetic field of a magnetron gun. Journal of Nano- and Electronic
Physics. 2020. Vol. 12. No. 3. P. 03001-03006.

5. Dovbnya A.N., Dovbnya N.A., Mazmanishvili A.S., Reshetnyak N.G. Longitudinal-radial
motion of an electron beam in the solenoidal field of the secundary-emission magnetron gun.
Problems of Atomic Science and Technology, series “Nuclear Physics Investigations”. 2017.
Ne 6 (112). P. 96-100.

6. Mazmanishvili A.S., Reshetnyak N.G. Transformation of the data array of the cylindrical
magnetic field of the magnetron gun and the problem of radial motion of electrons. Applied
Problems of Mathematical Modeling. 2020. Vol. 3. No. 1. P. 108-116.

7. Volkolupov Yu.Ya., Dovbnja A.N., Zakutin V.V., Krasnogolovets M.A., Reshetnyak N.G.,
Mitrochenko V.V., Romas’ko V.P., Churyumov G.I. Generation of electron beams in a magnetron
diode with a metal secondary-emission cathode. Journal of Technical Physics.2001. V. 71. Ne 7.
P. 88-91.

References

1. Dovbnya, A.N., Lavrinenko, S.D., & Zakutin, V.V. (2011). Surface modification of zirconium
and Zr1%Nb alloy by the electron beam of the magnetron gun-based accelerator. Problems of
Atomic Science and Technology. Series “Physics of Radiation Effects and Radiation Materials
Science”. 2. 39-45.

2. Ayzatsky, M.I., Dovbnya, A.N., Mazmanishvili, A.S., Reshetnyak, N.G., Romas’ko, V.P., &
Chertishchev, I.A. (2016). Studies on the formation of the radially-directed electron beam
generated by the magnetron gun with a secondary emission cathode. Problems of Atomic Science
and Technology. Series “Nuclear Physics Investigations”. 3 (103). 11-16.

3.  Dovbnya, A.N., Dovbnya, N.A., Mazmanishvili, A.S., Reshetnyak, N.G., & Chertishchev, [.A.
(2015). Transport simulation of a high-current electron beam formed by the magnetron gun with
a secondary-emission cathode in a decreasing solenoid field. Problems of Atomic Science and
Technology. Series “Nuclear Physics Investigations”. 6. 77-82.

https://doi.org/10.32782/mathematical-modelling/2024-7-2-9
107



IIPUKIIAJTHI ITHNTAHHA MATEMATHYHOI O MOJAE/IFOBAHHA T. 7, Ne 2, 2024

4,

Mazmanishvili, A.S., Reshetnyak, N.G., & Shovkoplyas, O.A. (2020). Beam and sector modes
of electron flows in a cylindrical magnetic field of a magnetron gun. Journal of Nano- and
Electronic Physics, 12 (3), 03001-03006.

Dovbnya, A.N., Dovbnya, N.A., Mazmanishvili, A.S., & Reshetnyak, N.G. (2017). Longitudinal-
radial motion of an electron beam in the solenoidal field of a secundary-emission magnetron
gun. Problems of Atomic Science and Technology, series “Nuclear Physics Investigations”. 6
(112), 96-100.

Mazmanishvili, A.S., & Reshetnyak, N.G. (2020). Transformation of the data array of the
cylindrical magnetic field of a magnetron gun and the problem of radial motion of electrons.
Applied problems of mathematical modeling, 3 (1). 108—116. https://doi.org/10.32782/2618-034
0/2020.1-3.11.

Volkolupov, Yu.Ya., Dovbnja, A.N., Zakutin, V.V., Krasnogolovets, M.A., Reshetnyak, N.G.,
Mitrochenko, V.V., Romas’ko, V.P., & Churyumov, G.I. (2001). Generation of electron beams
in a magnetron diode with a metal secondary emission cathode. Journal of Technical physics.
71 (7). 88-91.

MasmanimBimi  Onekcangp CepriioBud — a.¢.-M.H., CTapmiuii HAYKOBHH CIIBpPOOIT-

HUK HamioHaapHOTO HAyKOBOTO IEHTPY «XapKiBCbKUH (PI3UKO-TEXHIYHUN 1HCTHUTYT». E-mail:
mazmanishvili@gmail.com, ORCID: 0000-0003-0373-0626.

Pemernsik Mukona ['puropoBud — K..-M.H., CTapiInii HayKOBHH CcriBpoOiTHUK HarioHaasHOTO

HAyKOBOTO IIEHTPY «XapKiBChKHM (Pi3uKo-TeXHIYHMM IHCTUTYT». E-mail: nreshetnyak@kipt.kharkov.ua,
ORCID: 0000-0002-2345-6789.

Mazmanishvili Oleksandr Serhiiovych — Doctor of Physical and Mathematical Sciences,

Senior Researcher at the National Science Center “Kharkiv Physical-Technical Institute”. E-mail:
mazmanishvili@gmail.com, ORCID: 0000-0003-0373-0626.

Reshetnyak Mykola Grigorovich — Ph.D., Senior Researcher at the National Science

Center “Kharkiv Physical-Technical Institute”. E-mail: nreshetnyak@kipt.kharkov.ua, ORCID:
0000-0002-2345-6789.

https://doi.org/10.32782/mathematical-modelling/2024-7-2-9

108



