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MpeacraBnerbl pesynbTaThl YNCAEHHONO MOAENMPOBAHNS N SKCMEPUMEHTANIbHBIX NCCNEA0BaHMUI NO hOpMUpo-

BAHWKO MMMNYJIbCHbIX N NMNYAbCHO-NEPNOANHECKNX BbICOKOMHTEHCUBHbLIX NMYYKOB WOHOB METANIZIOB U3 NNa3mbl

BaKyyMHOl ayru. HYucnenHoe mopenmposaHue BbINOAHEHO C ucnosb3osavnem kopga KAPAT. Wccneposanack

GannucTuyeckasi PoKyCUPOBKA TsHXKENbIX MOHOB npu Tokax nHxekuun ot 0.1 go 1 A. N3yuyeHo BnusHne nnot-

HOCTW MOHHOTO TOKA, YCKOPSIIOLLLErO HAMPSXXEHNSA 1 YCAOBWIA HEWTpanm3auny NpoCTPAHCTBEHHOIO 3apsaa ny4yka
Ha TPaHCMOPTMPOBKY M (POKYCUPOBKY My4Ka MOHOB BbICOKOUW NAOTHOCTM MowHOocTU. Onpenenerbl v M3ydeHsl
YCNOBUS BO3HUKHOBEHNUSI BUPTYasbHOMO aHOAA. YCTAHOBMIEHO, YTO npu BonbLmnx AnnTenbHOCTSX hopMupoBa-
HNS NYYKOB WOHOB MPY HU3KNX JABJIEHWSIX OCTaTOYHOW aTMOCepbl BO3MOXHO MHOIMOKPaTHOE BO3HUKHOBEHUE
U NCYE3HOBEHNE BUPTYasIbHOrO aHOAA. JKCMEPUMEHTAsIbHO MOKa3aHa BO3MOXHOCTb banincruyeckoro dopmu-
pOBaHNSA OHULEHHBIX OT MUKPOKANENbHOW (hpaKUnNm MyHKOB MOHOB TUTAHA CYDMUNINCEKYHAHON ANNTENBHOCTH
C UMNYNbCHOW NNIOTHOCTBIO MOLHOCTbIO B COTHW KWJOBATT Ha KBaApaTHbI/i CaHTUMETP.
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1. BBEAEHUE

NMityibCHBIE MOIIHBIE ITyYKYU 3apsIyKEHHBIX TaCTHUIL
1 IIJIAQ3BMEHHbIE ITOTOKU HaXOUAT BCE 60ﬂbmee mnmpumMme-
HeHne Ayt MOAM(UKAIMA CBONCTB PA3IAYHBIX MAaTe-
puasnoB u mokpertmit [1-17]. HoBble MeTOmBI BBICOKO-
UHTEHCUBHON WMILTAHTAIMA C TPUMEHEHUEM IIy9YKOB
HOHOB HU3KOI SHEPIUH, HO BBICOKOHN IIJIOTHOCTU MOIII-
HOCTH [18-20] IeMOHCTPHPYIOT BO3MOMKHOCTH HOHHO-
ro JIETUPOBAHUs MATEPUAJIOB Ha TJIYyOMHAX B JIECAT-
KA MHKPOMETPOB IpH (PIIOEHCAX MOHHOTO OOJIyIeHUs
1019-102! non/cm?. IpenmymiecTsa MeToIa, ObECTICH-
BAIOIIEr0 IJIyOOKOE HOHHOE JIETUPOBAHKUE MATEPUAJIOB B
Psi/1€ EPCIIEKTUBHBIX IIPUMEHEHWI, HUBEJIUPYIOTCS Ha-

* E-mail: oskar@tpu.ru

I'PEBOM BCEro obpasiia JI0 BbICOKUX TEMIIEPATYD, IIpH
KOTOPBIX HAOIIOMAETCS YXY/AIIEHHe MHUKPOCTPYKTYPBI
MarepuaJa u3-3a 3Ha4MTeJIbHOro pocta 3epHa. B pabo-
Te [21] onrcan HOBBIH METOJ, HATIEJIEHHBIH HA pellleHne
910it pobsembl. CyNIHOCTD METO/IA 3aKII0YAEeTCs B UC-
MOJIb30BAHUH JIJIsT BHICOKOMHTEHCUBHOW MMILITAHTAIH
MyYKOB WOHOB CYOMMJIIUCEKYHIHON IJIMTEIHHOCTH C
[JIOTHOCTBIO MOIIHOCTH OT JIECATKOB /[0 HECKOJIBKUX CO-
TEH KWJIOBATT HA KBAAPATHBIN caHTUMETD. VIMITyIhCHO-
MEPUOAMYECKAs WMILIAHTAINS C UCIOJIH30BAHUEM Ta-
KUX HMOHHBIX IIyYKOB MOXKET 00ECHeYUuTh UMILYJIbCHBIH
pa3orpes JIOKAIBHON 00JaCTH BOTH3U MMOBEPXHOCTH C
MOCJIEAYIONM OBICTPBIM OTBOJIOM TEIJIa BHYTPH Ma-
Tepuasia MurieHn. TakuMm 06pa3oM, JTOCTHUTAETCA BbI-
COKasl TeMIIepaTypa B HOHHO-JIECHPYEMOM CJIO€ U OfI-
HOBPEMEHHO MCKJII0YAETCs] HAJIMYNE BBHICOKOHN TeMmepa-
TYphI BO BceM obbeMe obiytuaeMoro marepuasa. Bor-
COKasl TeMIEepaTypa U BBICOKAs ILIOTHOCTH HOHHOIO
TOKa, CIIOCOOCTBYIOT PaJMAIMOHHO-YCHIEHHONR muddy-
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3UU MMILUIAHTUPYEMbBIX ATOMOB, ODECIIeYuBasi MOHHOE
JIETUPOBAHUE MATEPUATIa Ha DIyOMHAX, CYIIECTBEHHO
MTPEBBIMAIIINX TPOEKTUBHBIN poder noHOB. DdderT
BBICOKOCKOPOCTHOTO OXJIAYKIIEHUS TPUITOBEPXHOCTHOTO
cost OymeT crocobCTBOBATH YIYUIIEHUIO MAKPOCTPYK-
TyPbI HOHHO-JIETUPOBAHHOIO CJI0s. BbICOKast JIOTHOCTH
MOHHOTO TOKA, 3HAUYUTEIHHASA JJINTEIFHOCTh WMITYIh-
COB W YAaCTOTHBIN pPeKUM (POPMHUPOBAHUS HMILYJIHCOB
JIOJIZKEH ODECIEeYnTh BBICOKYIO CKOPOCTH Habopa ¢JIio-
€HCA MOHHOTO O0JIydeHus, HeOOXOAMMOro I TIIyOOKO-
IO MOHHOI'O JIEFUPOBAHUST MATEPUAIIOB.

Hacrosimasi craTbst TOCBSAIIEHA YHUCJIEHHOMY MO-
JIEJITMPOBAHUIO W YKCIEPUMEHTAJIHHOMY HCCJIEI0BAHUIO
bOpMHUPOBAHUS MOIHBIX TYyYKOB HOHOB METAJIJIOB Cy0-
MUJUTHCEKYHIHOW JIJTATETLHOCTH, HA MNPUMEPE HOHOB
TUTAHA, U3 IJIA3Mbl BAKYyMHOW Iyru, C HMITYJIbCHOM
MJIOTHOCTHIO MOIIHOCTBIO IO CTa, KMJIOBATT HA, KBAIPAT-
HBI CAHTUMETP.

2. METOJMKU YN CJEHHOT O
MO/JIEJNPOBAHUS 1
SKCIIEPUMEHTAJIBHOT O
VICCJIEJJOBAHUSI

s 1eTaabHOrO TIOHUMAHUS BCEX TPOIECCOB U TMO-
CTPOEHUS TEJOCTHON MOJIeU ObLI IPOBEIEH KOMILIEKC
HCCJIEIOBAHUM € TIOMOIIBI0 YHCIEHHOIO MOJETHPOBa-
Hust mocpeacreoMm koma KAPAT [22, 23]. OcHoBoit Ko-
Jla ABJIIeTC pernenue ypapaenuii MakcBesia uim, Kak
B JIAHHOM HCCJIEJOBAHUM, KOTJA MOXKHO OTPAHWYUTH-
Cd TOTEHIMAJBHON MOebio, ypaBuenusi Ilyaccoma.
[T10THOCTH TOKA WM 3apsiia BBIUUCISAETCS METOIOM
kpynubix gactur, — Merogom PiC (Particle in Cell).
Jl1s pa3HbIX COPTOB YACTHIL UCIIOIb3yEeM PA3HBIE COPTA
PiC-gacTuir, 9T06BI OTCACIUTEH POJIH HOHOB U 3JEKTPO-
HOB, UMEOIIUX PA3JIMIHOE MPOUCXOXKIeHne. B onuchbr-
BaEMOIl CepHHI pPacueToB Macca MOHOB BhOpama 10° m,
T7e M — MacCCa JIEKTPOHA. UCII0 y3/I0B CETKU B KaXK-
JoM HanpasseHuu He Menblne 100, u Bcerga mar CeTKu
BHAYUTENHHO MEHbIIE JTI0O0TO XapaKTEePHOro pa3Mepa
cucremMbl. UHUCIO YaCTHUIl KAXKIOTO COPTA HE MEHbIIE
10-100 B kak/0ii siueiike B BaKHbIX (DU3UIECKU OO-
macTsax cucreMbl. KoHTpoupyeTcs OanaHc SHEPTUU B
CHUCTEME.

Uccnenopamach  TMIa3MEHHO-UMMEDCUOHHAST — CH-
crema (OpMUPOBAHUSI, BIEPBbIE 3JKCIEPUMEHTATHLHO
anpoOWpOBAHHAA [JI TOJYYEHUS OaJIINCTUIECKU-
chOKyCUPOBAHHBIX UMITYIBCHO-TTEPUOTUIECKIX MY IKOB
HOHOB METaJIIOB ¢ IIOTHOCTBIO ToKa 10 1 A/cm? mpm
AMILIATYIAX HOTEeHImaaa cMmellenus 10 3 kB [18].

Wcxonss w3 KOHCTPYKIUU PEAIbHOTO yCTPONCTBA,
[IPU MOJIEJTUPOBAHUU PACCMOTPEHbl Tpu obsactu. Bo-

mepBbIx, 0bslacTh (POPMHUPOBAHUS ITOTOKA HOHOB U3
ILUTA3MbBI JYTOBOTO PAa3Psia, C XapaKTEPHOW 0COOEHHO-
CTHIO B BHUJE BBICOKOIl MJIOTHOCTH ILIA3MBI, BO-BTOPBIX,
00JIaCTh TIPOXOYKIEHUST MOTOKA MOHOB CKBO3hL cdepu-
9eCKyI0 CeTKy W, B-TPETbHX, ODJACTh Oasmucrude-
CKOil (DOKYCHPOBKM YCKOPEHHBIX WOHOB HA MUIIEHBb-
KOJUIEKTOD B PA3JIMYHBIX VCJIOBUSAX IUHAMUYIECKOM
KOMIIEHCAIMN ¥ JIEKOMIIEHCAIMHU IIPOCTPAHCTBEHHOTO
3apsiia MOHHOTO Iydka. JI7s ympoIeHus MHoIydeHus
PEe3y/IbTATOB TEPBOHAYAILHO OTJEIHHO PACCMATPUBA-
JIaCh KaxKJas U3 3TuxX obsacreil.

OKCIIEPUMEHTAIHHBIE UCCIEIOBAHUS TPOBOIUINCH
Ha KOMILJIEKCHOW YCTaHOBKE JJI MOHHO-JIy4€BOH u
UOHHO-IIA3MEHHON 00paboTku Marepuasos [24]. ®op-
MHPOBAHWUE UMITYJIbCHBIX U MMITYJIbCHO-TTEPUOIUIECKIX
I[yYKOB MOHOB THUTAHA OCYIIECTBJISJIOCH C HCIIOIH30Ba~
HEeM MOAUMUIMPOBAHHOIO UCTOYHUKA WOHOB W IIIA3-
mbl «Pamyra 5» [25]. Cucrema mnuTaHWs WMITYJIbC-
Horo tpancdopMaropa OblLiTa MOAEPHU3UPOBAHA Ta-
KM 00pa3oM, d9TOObI (POpPMHUPOBATH IIYIKH WMOHOB
Pa3IuYHONW AJUTEIbHOCTH B Auama3one oT 150 1o
500 mkc. Ilna3MeHHBI TOTOK (OPMUPOBAJICS HETpe-
PBIBHBIM BaKyyMHO-IYTOBBIM DPa3PSI0M C TOKOM [Iy-
ru 160 A. [lyist 09nCTKH MIa3Mbl OT MUKPOKATEIbHOM
dpakimu BMECTO MIa3MEHHOTO (BUIHTPA KATIOZUITHO-
ro Tuia ObLIA UCIIOIH30BAHA CHCTEMA «COJIHEYHOIO 3a-
TMEHUs» BIEPBbIE NpeiokKeHHas B pabore [18].

st popMupOBaHUs IMydIKa MOHOB C BBICOKOH HM-
IIyJIbCHOM TIJIOTHOCTHIO MOIITHOCTH HCII0JIb30BaJIACh (ho-
KYCHDPYIOIIAasi CHCTEMA, MPeICTaBJISIONIast coboil ceTod-
HBI 3J1eKTPOJ B Bue dactu cdepnl paguycom 120 Mmm
C 9KBUIMIOTEHITUATBHBIM TPOCTPAHCTBOM JJIs TPAHCIOP-
TUPOBKM U (DOKYCHPOBKH WMOHHOTO TydYKa. B 3Kcre-
PUMEHTaX HUCIOJb30BAIUCH TPHU CETOYHBIX DJIEKTPOJA
C pa3auIHbIME pa3mepamu gdeex: 0.5 X 0.5, 1 x 1 u
1.4 x 1.4 Mm2. JIUCKOBBIH 3JI€KTPOT, TIPEIIATCTBY FOITIII
IPAMOMY ILPOJIETY MHKPOYACTHL], IIPOJAYKTOB B3PbIB-
HOI 97IEKTPOHHO 3MUCCHH, ¢ paboUeil TOBEPXHOCTH Ka-
TOZA B 001aCTh (DOKYCUPOBKY MyUKa, YCTAHABIMBAJICS
Mo TEHTPY (POKYCHPYIONIErO 3MeKTPOIa. JKCTPAKITHS
HMOHOB OCYIIIECTBIIAIACH CO CBOOOIHON IPAHUIIBI METAJI-
JIMYECKON TJIa3Mbl, TEHEPUPYEMOil JYTOBBIM Da3PsIIOM
TIPU TIOTEHIINAJIAX CMEIEHHsT aHola B Iuara3oHe oT 9
1o 30 kB.

B mportecce axcnmepnMeHTOB MPOBOAWINCH M3Mepe-
HUSl YCKOPSIOIIEr0 HAIMPSKEHUs, TOKA HA CETOYHBII
9JIEKTPOJI, TOKA MOHHOIO ITyYKa M IOJHOIO TOKA I'eHe-
paTopa WMITYJILCOB HAMpsiyKeHus. /11 n3mepenns pac-
[pe/iejieHns IJIOTHOCTH MOHHOT'O TOKA 110 cedeHuio ¢ho-
KyCHPYEMOrO MOHHOTO IIYyYKa HCIOJIB30BAIUCH IIECTh
pPaMaIbHO YCTAHOBJIEHHBIX KOJLJIEKTOPOB TLJIONIA/IHIO

2 x 2 mM2. B [IPOIIECCE HUCCJIEJOBAHUM U3MEHJIACh
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AMIJIUTY/Ia UMILYJIbCHOTO HAIIPSAXKEHUdA, JIJIATEIbHOCTb
AMIyIbca. VIMIyIbC MOHHOTO TOKA IyYKA OTJIHYIA-
Csl 3HAYUTEIHFHONW BBICOKOYACTOTHON MOIY/ISIIUHEH. DTO
3aTPYAHAIO OINEHKY peaJbHON aMILINTY/IbI TOKA W ee
MIJIOTHOCTHU 7, KaK CJIEJICTBUE, JOCTUTAEMOU IIJIOTHOCTHA
MOIITHOCTH B MOHHOM Tydke. B 310l cBA3M A71d yBe-
JIMIEHNS TOYHOCTH M3MEPEHUS aMIINTYIbl TOKA WC-
MIOJIb30BAJIOCH MATEMATHIECKOEe CrakKuBaHue. B oT-
JEeTBHBIX CIyYdasdX TPUMEHSIOCh YCpeAHEeHWe WUMITYIb-
COB TOKA W HAMNPSKEHUA MO 15—25 OCIHIoOrpaMMaM
C UCIOJIb30BAHMEM MATEMATHYIECKOTO AIIapaTa OCIUJI-
morpada LeCroy.

3. MOOEJINPOBAHNE ®OPMVNPOBAHUA
ITYYKOB MOHOB 13 I1JTA3MbI

WcrounnkoM WOHOB B 9KCIEPUMEHTAX ObLIA ILIa3-
Ma BaKyyMHOI ayru. MoaeanpoBaHue BBIMTOJIHSIOCH B
OCECHMMETPUIHOM [PUOIMAKEHUN B IUIUHIPUIECKOM
rz-reomerpun. C TpaHUIBI MEpBOH 001aCTH, COOTBET-
CTBYIOIIIEH TPAHUIE TIA3MBI, 33aBAJICS MOTOK MOHOB
C ompeneneHnoi mwioTHocTbio ToKa. OmHa u3 ocoben-
HOCTEl TLIa3Mbl BAKyyMHOU JyTW COCTOUT B HAJTHIUH
Y MOHOB 3HAQUUTEJIbHOM HAYAJILHON SHEpPruym HAIpaB-
JleHHOro aBuzkenus. 1lpu MomesmpoBanuu HadagbHAA
SHEPI'Us HAIPABJIEHHOIO JIBUXKEHUS MOHOB 337]aBAJIACH
pasmuoit 50 3B. OmHOBpEMEHHO C MOHAME 3AIMTyCKAJICS
MTOTOK 3JIEKTPOHOB, CKOPOCTh KOTOPBIX COBIAAATIA CO
CKOPOCTBI0 MOHOB. Takmm 00pa3oM, OCYIIECTBIISAIACD
WHXKEKIUS HeHTPAJIM30BAHHOIO 110 3aPsTy MOTOKA, Jac-
tur. Ha puc. 1 007aCTh WHXKEKIUU COBIIQIAET C Jie-
Boit rpanuneii z = 0. Ha cdepuueckuii snexkrposn mozxa-
€TCsd TOTEHINAJI CMEIIEHUsT OTPHUIATEIHHON MOJISPHO-
CTH, KOTOPBIH 00ECTIEINBAET YCKOPEHNE NOHOB 10 HY K-
uo#t suepruu B upeznenax 3-30 k3B. Ilpu noasere gac-
THI] K JIEKTPOY SJIEKTPOHHBIH MOTOK TOPMO3UTCS, a
MOHBI YCKOPSIOTCS B (hOPMUPYIOIMIEMCS CJIOE pa3Jiesre-
nus 3apanos. Ha puc. 1a m300parkeHbl BEKTOPHI CKO-
pocTu HeDOJIBINOH YaCTU UCIOIB3yEMbIX B MOJIETUPOBA-
uun PiC-uonoB. BuaHo, Kak MOTOK yCKOPEHHBIX MOHOB
MPOHWKAET B HKBUIOTEHIINATIHLHOE MPOCTPAHCTBO OAaJI-
JINCTUIECKOM (POKYCHUPOBKHU 9€pPe3 CeTIATDIN ITEKTPO/I.
Ha puc. 16 m300paKeHbl 3JIEKTPOHBI, MEXKIY KOTO-
PBIME ¥ 3THUM 3JIEKTPOIOM MMEETCS 3a30p, B KOTOPOM
YCKOD#AIOTCsl nOHBI. VX 9HEprusi cCOOTBETCTBYET IOTEH-
nuasty cerku. [lepBoHadaIbHO TPOBEIEHO MOIETUPOBA-
HU€ BJIUSHUS OTIEIbHBIX JIEMEHTOB, 8 B 3aBEPIIECHUN
paccMorpena obiasi 3aa4a CO BCEMU JJIEMEHTAMU.
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Puc. 1. (B ugete oHnaiin) PacyetHasi obnacte: a — none cko-
pOCTeli NOHOB; 0 — MOJIe 3NEKTPOHOB

4. MOAEJINPOBAHUE IMPOXO2XKJEHM 1
VOHHOTO IIYYKA CKBO3b CETKY

Bropas obsactb, ¢ TPOXOXK/IEHHEM HOHOB CKBO3b
CeTKy, MOJIEJIUPYeTCs B ILIOCKO#N Tz-reomerpuu. lua-
mMeTp Kpyribix npoBosiok pasen 0.01 cm. Hckaxkenwme
GdOopMBbI ¥ HAMpaBIEHUS BEKTOPOB CKOPOCTH YACTHIIL
CBSI3aHO C PA3HBIMK MaciTabamu mo ocsim  u y. [ToTok
ILTA3MbI, COCTOSAINEH U3 MOHOB U 3JIEKTPOHOB, HAIIPAB-
JIeH BJIOJIb HampasieHus —x (puc. 2).

Ha puc. 2a m306pakeHbl TOYKAME HOHbBI B 3JIEKTPO-
wbl. [Ipu maHHbBIX TApaMeTpax JIeKTPOHBI HE TIPOBUTA~
foTcst B 00acTh & < 1.5 cm. Mexk iy ceTkoii u 3J1eKTpo-
Hamu 00JIACTH yCKOpeHust noHos. Ha puc. 26 misa gactu
CUYETHOH 0OACTH M300parKeHbl TOMHKO HOHBI. BuIHO,
KaK YacTh MOHOB TIOIVIOIAETCs HA MPOBOJIOKAX, & TPO-
LIEJIINe HOHbI OTKJIOHSIOTCSH JIEKTPUIECKUM I10JIEM

1006



XITD, vom 162, BEIm. 6 (12), 2022

®opmMuUpoBaHME NYYKOB MOHOB TUTaHA CyOMUNNNCEKYHAHOW ANNTENLHOCTN. . .

X, CM
2.0 !
1.5 4 &
0.1 4 £
0.5 | |
I | |
0 0.5 0.10 0.15 0.20
Z, CM
a
X, CM
] 2 1 1 1
0.8 4 L
0.4 | B
0
| T T T
0.04 0.08 0.12 0.16
zZ,CM
7]

Puc. 2. (B ugerte oHnaiit) lMosoxeHne 371eKTPOHOB 1 MOHOB

Ha CYeTHOW 06NacTn: a) 3eNeHble TOYKM — MAKpOHaCTULbl,

MOZEIMPYIOLLNE STIEKTPOHbI, KENTble TOYKN — MOHbI; §) none
CKOPOCTEell MOHOB Ha CHETHOI 4acTu

mpoBOJIOK. Bo3HuKaroImas Beinanaa, pa3dpoca yInuThI-
BaeTCd HA CJedyiomeM drare uccienopanus. Hanuuaue
9KCTPAKTOPA HOHOB C CETOYHON CTPYKTYPOH yCJIOXKHSA-
€T MpOoIece MOIeIMpoBanus. B To xKe BpeMs, MOCKOJIb-
Ky MOJEJIUPYIOTCH IPONECChl TPAHCIOPTUPOBKU U (Ho-
KYCHPOBKHY IyYKa MOHOB C HAYATIBHON IJIOTHOCTBHIO, HE
npesbimatomeii 10 MA / cM?, TIpH YCKOPAIOIMINX HATIPS-
XKeHnax B aumamna3one or 3 g0 30 kB mmpuna citos
pasesienus 3apsiioB (YCKOPSIONHii 3230P) MHOTOKPAT-
HO TPEBBITIAET XapaKTEPHBIN pa3Mep TIeeK CeTOTHOTO
37EKTPO/A. DTO O3HAYAET, UYTO TOHKAS CTPYKTYpa CeT-
K{ OKa3bIBAET HE3HAYUTE/IbHOE BJIMSHUE HA TPAEKTO-
pun ornenbHbIX MOHOB. CyIIeCTBEHHOE BJINSHUE CET-
KN CBS3aHO C €e TPO3PAvYHOCTHIO, OT KOTOpO# 3aBu-
CAT NOTEPH MOHHOI'O IyYKa HA 3JIEMEHTAX CETOYHOrO
SMEKTPOA. SHAYUTETHHOE BIUAHUE HA JTUHAMUKY (DO-
KYCUPOBKH W TPAHCIIOPTUPOBKH MOHHOTO TTyYKa MOYKET
OKAa3bIBATH Pa3Mep A4Y€eK CeTKu. depe3 a4eiiKu Cerku

IEKTPUIECKOE TI0JI€ YCKOPSIOMIEro 3a30pa IMPOHUKAET
B MPOCTPAHCTBO JApeiida MOHHOTO MyYKa HA PACCTOS-
HU€, CPABHUMOE C PA3MEpPOM S9e€HKU. ITO MPOHUKHO-
BEeHME HAPYIAET SKBUMOTEHIINAIHLHOCTH TPOCTPAHCTBA,
u crnocobcTByeT (POPMUPOBAHUIO KAHAIA YTEIKH IJIEK-
TPOHOB B YCKODSIOIIHiT 3a30D, BJIUsisi, TAKAM 00pa3oM,
Ha, JEKOMITEHCAIWIO MPOCTPAHCTBEHHOTO 3apsijia IMyd-
Ka. DTHU MPOIECCHI HE MOJICTTUPYIOTCA B pAMKAX JTAHHOM
CTATHH.

5. MOJEJINPOBAHUE BAJIJINCTUYECKOM
POKYCHUPOBKMN IIYUYKOB TOHOB

Paccmorpum Tperbio 061acThb, 061acTh hOKYCHPOB-
ku. MomennpoBaHue BBIMOJIHEHO B OCECUMMETPUIHOM
MpUOIMKEHUH B 12-reomMerpur. HopMaabHO MOBEPXHO-
ctu cepbl BHYTPb WHXKEKTAPYETCs MOTOK NOHOB. B pe-
AJIBHOM KCIIEPUMEHTE JJI UCKIIOYEHUS TTPSIMOTO PO~
JleTa MUKPOYACTHUIL BEIIECTBA W3 0DJIACTU BAKyyMHOM
JOyru B 00JacTh (POKYCHPOBKH HMOHHOTO IyYKa IEH-
TpabHAS YACTh CETKY 3aKPbITA CIJIONTHBIM THCKOBBIM
SJEKTPOAOM. B MOIeIMpoBaHuu 3TOMy COOTBETCTBYET
OTCYTCTBHE WHKEKIMH WOHOB BOJM3U OCH.

Hanmas pabora nMeeT CBOEH IEJIbI0 00ECIeINTh Ha,
KOJIJIEKTOPE-MUIIIEHA MHOTOKPATHOE YBEJIMYEHHUE [LITOT-
HOCTH MOIIHOCTH ¥ SHEPTUM HOHHOrO mydka. s mo-
CTUXKEHUS JTON eI WUCIOJb3YETCH CEeTOYHBIN 3JJIEeK-
Tpod B BuIe Chepbl PAAUYCOM 7, TPETHAZHAUCHHBII
It POKYCHPOBKY MOHOB B IEHTP ChEPBI, T/Ie YCTAaHOB-
JIEH KOJIJIEKTOP. DTO MBI Ha3bIBAEM OAJIITUCTUIECKOI
dboxycuporxkoit nonon [18].

B MopenupoBaHuy B Ka4eCTBE MEPBOTO IIAra UCCIIE-
JIOBaJIaCh TPAHCIOPTUPOBKA U (POKYCHPOBKA HOHHOTO
My4YKa B YCJIOBUSX BAKYyMa, T.e. TPU OTCYTCTBUM HEii-
TpAJM3ANUU €ro IMPOCTPAHCTBEHHOrO 3apsijia. [Ipu un-
JKeKIUH mydka noHos ¢ TokoMm 0.01 A, aro coorBeTcTBO-
BAJIO HAYAJILHOM TIoTHOCTH TOKa 4 - 107* A /em?, non-
HBIM IIyI0K HEIIOXO (DOKYCHPYEeTCs, XOTd n3-3a Jeii-
CTBUsI TPOCTPAHCTBEHHOIO 3apsija TPoduib Mydka B
dokaabHOI 00IaCTH OKa3bIBAETCS Pa3MbIThiM. 110 ocu
MyYKa IMJIOTHOCTH MOHHOTO TOKa B (POKyce BO3pacTa-
er 10 0.035 A/cm?, T.e. yBeMIMBaeTCA MOYTH Ha JBA
mopsinka. OIHAKO MIOTHOCTH MOIIHOCTH TAKOTO My9Ka,
He mipeBbIaer 2.5 KBt/ cM?, 9To He 0becIeunBaeT BO3-
MOYKHOCTH PEAJU3AINN CUHEPTUU BHICOKOMHTEHCUBHON
HUMILIAHTAIMA WOHOB U OJIHOBPEMEHHOI'O €ro SHepreTH-
YECKOrO BO3IEHCTBUST HA MOBEPXHOCTH B COOTBETCTBUU
C METOJIOM, IIPEe/JIOKEeHHbIM B pabotre [21].

[Mosromy B 1esix m3ydeHus: BO3IMOKHOCTH JTOCTH-
JKeHHUst 00Jiee BBICOKUX ILJIOTHOCTEH MOIIHOCTH B WOH-
HOM IIy9YKE U C y9eTOM CO3JAaHHS PA3IUIHBIX YCJIO-
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BHIl JIJIsI KOMIIEHCAIUU €ro MPOCTPAHCTBEHHOIO 3apsi-
Jla, UCCJIEJIOBAHBI 3aKOHOMEPHOCTH TPAHCIOPTUPOBKY W
bOKYCHDPOBKY TIOTOKA MOHOB C TOKOM WH¥KeKImu 1 A,
YTO COOTBETCTBOBAJIO HAYAJBHON MJIOTHOCTH TOKA OKO-
70 41073 A/em?.

[TepBoHAYAIBLHO MCCAETOBATIACH WHIKEKITUS TAKOTO
toka nouoB ¢ 3ueprueit 30 k3B. IIpu sTux nmapamer-
pax B YCIOBHUSX BaKyyMa, KaK BHUIHO Ha PHUC. 3, J€ii-
CTBUE MPOCTPAHCTBEHHOIO 3apsa MyYKa MPUBOIUT K
BO3HUKHOBEHUIO BUPTYAJIbLHOIO aHOIA M CPBIBY TPAHC-
mopTupoBku mydka. Ha puc. 3a m3o0parkena reomer-
pusi CYETHO 00JIACTH M BEKTOPHI CKOPOCTH MOHOB. Ha
puc. 36 mpencraByIeHO PacCIpejeseHne norennuaia. B
HEKOTOPOI 00JIACTH AMILIUTY/IA TOTEHIAAJA JTOCTUTAET
3HAYEHUS] PABHOTO AMILIUTYE YCKOPSIOIIEro MOTEHIU-
ajia. 9To 06JIaCTh BUPTYATBHOTO aHOAA. BUIHO, 9TO HA
BUPTYaJbHOM AHOJIE MOHBI paccemBaiorTcsa. Ha puc. 36
n300pakeHa MJIOTHOCTh TOKA HA KOJIJIEKTOPE, CBUIE-
TEJILCTBYIOIIAS, UTO HUKAKON (DOKYCHPOBKY HE TTPOUC-
XOJIAT.

6. MOAOEJINPOBAHUNE TPAHCIIOPTUPOBKMN
N ®OKYCHUPOBKUM NMOHHOT'O IIYYKA B
YCJIOBUSIX HEVMTPAJIN3AIIUN
ITPOCTPAHCTBEHHOTI'O 3APAJA

IIpu 3HAYeHWSX TOKA, WHTEPECHBIX [Jis TPAKTH-
9eCKUX MPUJIOXKEHUH, KaK BUAWM W3 TOCJIETHEr0 Ba-
pUaHTa, IJEKTPUUECKOE 110JIe 11yYKa MOHOB BbI3bIBAET
X 1eOKyCUPOBKY. YJIydIeHuio HhOKYCHUPOBKHU TOJIK-
HO CIOCOOCTBOBATH CO3/IAHWE YCJIOBUN [JIsi YaCTUY-
HOI WM TOJHOIT HeliTpaam3alnuu TpOCTPAHCTBEHHOTO
3aps/a WOHHOIO IIy9YKa, YTO MOXKHO ODecrneduTh I0-
CTATOYHBIM KOJIMYECTBOM 3JIEKTPOHOB BHYTPU HOHHO-
T'0 TTOTOKA, PA3JINIHBIME criocobamu. Bo-miepBhix, B mpo-
CTPAHCTBO npeiida mydra MOXKeT ObITh IPEeIBAPUTETb-
HO WHKEKTHPOBAHA IJ1a3Ma. BO-BTOPBIX, I HAPAOOT-
KU JIOTIOJTHATEIHHOMN MJIA3MbI MOXKET OBITH WCITOTH30Ba~
Ha MOHU3AIMs ra3a B obsactu apeiida HOHHOrO Iy dKa.
B-1tperbux, nCTOYHUKOM 3JIEKTPOHOB MOXKET OBITH BTO-
pUYHAS IMUCCHUST HJIEKTPOHOB TP MOMAJAHUN WOHOB HA,
MUIeHb. J[OMOTHUTEIbHBIE 3JEKTPOHBI MOTYT CO3a-
BaThCAd U C IMOMOIIBIO JOMOTHUTEIHHOIO TEPMOIMUT-
tepa. llpu 9ucieHHOM MOIEIMPOBAHUU €CTh BO3MOXK-
HOCTH PAa3JeIbHO PACCMOTPETh BJIUSHUE PA3TAIHBIX
dakTOpOB.

Haunem ¢ paccMOTpeHUs BIWSIHUSI HAJIWYWSA, B Ha-
JaJIbHBIN MOMEHT, BHYTPH JAPeiioBOil 00/1aCTH ILIa3Mbl
¢ mrotHocThio 3 - 107 e 3. VMoHBI mIasMbl MOTETHPY-
iorcst PiC-gacTumamu copra r, OTJIMIHOTO OT Ty IKOBBIX
HOHOB Y.

—p—

6.0

4.0 -

2.0

0 4.0 8.0

Z, CM

0
J» MA/em?
12.0 1 1 1 1 | 1 1
8.0 =
4.0 | -
4 4 1}
—_r L gy o _‘_,_-—"JJ_
T T T T T T T
0 2.5 5.0
7, CM

Puc. 3. (B uygere oHnaiin) PesynbtaThl MOAEnMpoBaHusi npo-

LLeCCOB NMPU NHXXEKLNN MOHHOTO ny4ka ¢ Tokom 1 A, aHeprueii

norHos 30 k3B B Bakyym: a — BekTOpbI CKOpOCTEl MOHOB; 6 —

pacnpegesienne NOTEHUMANA B NPOCTPAHCTBE Apelidpa ny4ka;
6 — pacnpegesieHne nAOTHOCTN TOKA MO CEHEHMIO My4Ka

Ha puc. 4a m306pazkena IuHAMHUKA N3MEHEHUS IUC-
JIa JACTHII, & UMEHHO, T — YHCJI0 MOHOB IJIA3MBbI, § —
YUCITIO HJEKTPOHOB TITA3MBI, §f — YUCJIO HOHOB TydKa. K
100 MKcC cucTema JIOCTUTTIA CTAIMOHAPHOIO COCTOSHHUS,
B KOTOPOM HOHBI IJIA3MbI IOKAHYJTH CIETHYIO 00JIaCTh,
a 4acTb 3JIEKTPOHOB (puc. 46) OKa3ajach 3aXBadeHa B
LOTEHUMAJIbHOE 10J1€ UOHHOrO 10ToKa (puc. 46). Ilo-
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reruuas gocruraer 20 kB (puc. 42), 1.e. BUpryasbHblii
anom He obpasyercs. IIIOoTHOCTH TOKA MOHOB HA KOJ-
jekrope (puc. 40) yBeJIuIniach B CPABHEHUU C TIPEJIbI-
nymum crydaem ¢ 12 MA /em? 10 0.2 A /em?.

B cnenytommem BapuanTe m00aBIseM HOHU3AIMIO Ta-
3a, B KA4eCTBe KOTOPOrO BBbIOpAH a30T ILJIOTHOCTHIO
10'? cm~3. YUHTHIBAIOTCH TPOIECCH YIPYTOTO pacce-
AHUSA 3JCKTPOHOB HA HEATPAJbHBIX YACTHIAX U HOHU-
3ampsg ATOMOB 3JEKTPOHAMH, YCKOPEHHBIMHA B IIOJIE TIO-
TOKa MOHOB. VICTIONIB3YIOTCS CEUeHnst HOHU3AIWHN, TIPE]-
CTaBJIEHHbIE B crpaBouHuKe [26]. BosHukaiomiue noHbI
copra r ApeiidpyIoT Ha CTEHKH, a BO3HHKAIONIAE 3JIEK-
TPOHBI COPTA, ¢ KOMIIEHCUPYIOT 3aPsJ MOHOB Iy 4Ka, COP-
Ta y. Takxke ObLIa PACCMOTPEHA MOHU3AINSA HOHAMU
mydka ¢ cegenmem 5 - 10716 em? [27], KoTopas He oka-
3aJ1a BMHUS Ha TPOLECC (POKYCUPOBKU.

Ha pwuc. 5a mpencrapieHa JAWHAMUKA W3MEHEHWUS
YHCIA PA3HBIX 9aCTHI. Terneph B CTAIIMOHAPHOM COCTO-
SIHUW 3apsifl MOHOB ITy9Ka KOMIEHCHPYIOT 3JIEKTPOHBI
COpTa ¢, & HJIEKTPOHBI HAYAIBHOM MIa3Mbl ¢ YIILUIK HA
creaku. [Torennuan (puc. 56) ymenbruica jgo 12 xB.
[I1OTHOCTH TOKA HA KOJJIEKTOPE W3MEHUIACH HE3HAUU-
TebHO (puc. 52). Pucynku 56 u 52 JIE€MOHCTPUDYIOT,
YTO XOTSI W JOCTHTAETCST JOCTATOYHO BHICOKAS TIIIOT-
HOCTb MOHHOTO TOKA IO OCH IIy9Ka, €ro (POKyCHPOBKA
elre He ONTHMAJIbHA.

Crnemnyiommuii BapuaHT OIEHUBAET TOJIBKO BKJIAI
BTOPHYHON 3MHCCHU 3JEKTPOHOB COPTa b C IOBEPX-
HOCTH KOJIJIEKTOPA, IMUTUPYEMBIX MOCJTIE MOMATAHHS
nOoHOB Tydka y. Koadduiuent BTOpUYHON sMuCCHU
BbiOpan pasubiM 1 [28]. Ilo panubiv puc. 6a BuuHO,
9TO cHCTeMa OBICTPO BBIXOAWT Ha crarumoHap. Iloren-
muast we 6osbiie 800 B (puc. 66). Ilyuok xoporo ¢dho-
kycupyercs (puc. 66). [II0THOCTH HOHHOTO TOKA, Ty YKa,
Ha KoJTekTope npubmnkaerca K 3 A /em? (puc. 62).

B crenyroniem BapuaHTe HCCIIEI0BAHO JeiCTBHE
BCEX PACCMATPUBAEMBIX 3(PPEKTOB KOMIIEHCAIUN 3a-
Ps/ia MOHOB, a UMEHHO, HAJIMYUE HAYAJBHOW I1a3MbI,
HMOHHO-3JIEKTPOHHAST IMUCCHST, HOHU3AIUS HERTPATHHO-
ro raza. [lo maHHBIM puc. 7a BUIHO, YTO CHCTEMA K
10 HC pocTuraer CTAMOHAPHOIO COCTOAHHS, B KOTO-
POM HMOHBI Ty9YKa COPTA Y KOMIIEHCUPYIOTCS BTOPUYHbI-
MU 3JIEKTPOHAMU COPTa b, a MPOAYKTHI HOHU3AIIH ra3a
COPTOB P M ¢ KOMTIEHCUPYIOT MO 3apsiay ApyT apyra. [To-
Ternmas B obmactu oxycuposku He npesbimaer 50 B
(puc. 7g). IlnoTHOCTD MydYKa HA KOJLUIEKTOPE OKA3bIBa-
eTcs MakcUMabHOl (puc. 72) u npesbimaer 3 A /em?.

Takum oOpa3om, COBMECTHOE BJIHSHHAE BCEX pe-
AJIbHBLIX (PUBUYECKHUX IIPOIECCOB KOMIIEHCAIUU 3aPIIa
MOHHOTO ITyYKa 00ECIeInBaeT HANOOIBIIYO TIJIOTHOCTH
TOKa MOHOB Ha MuileHu. MakcumaiabHasl ILJIOTHOCTb

n, 1012 1/em?

[ N T Lo L

0 50 100
1, MKC

6.0

8.0

j» 102 MA/em?

L ) L

20

1.0

Puc. 4. (B ygere oHnaiin) Bausnne npeasapntensHoil nHkek-
TUPOBaHHOW B NPOCTPAHCTBO Apelicha nnasmbl C NAOTHOCTHIO
3-10° cm™® Ha xapaKkTepucTMKi NOHHOFO nyuka: a — au-
HaMNKy U3MEHEHWsSI NJIOTHOCTM 3NEKTPOHOB (g), MOHOB nnas-
mbl () n noHos nyuka (y); 6 — BEKTOPbI CKOPOCTEN MOHOB
B MPOCTPaHCTBE Apeiidpa; 6 — pacnpeneneHne 3/1eKTPOHOB B
NpoCcTpaHCTBe apelicdha; 2 — pacnpeneneHue noteHumnana; d —
pacnpefeneHne NAOTHOCTM MOHHOrO TOKa
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Puc. 5. (B usete onnaiin) Moaenuposatne BnsaHuA nHxXek- Puc. 6. (B ugere onnaiin) Mogenuposanue BnnsiHns BTOpny-
TMPOBAHHOI NNa3Mbl M MOHN3auuN rasa (a30Ta) Ha xapakTe- HOl 3MWUCCUN 3/IEKTPOHOB HAa XapPaKTEPUCTUKM NOHHOrO ny4-
PUCTNKN NOHHOrO ny4kKa: & — AWHAMWKY N3MEHEHUA NNAOTHO- Ka: ¢ — ANHAMWKY W3MEHEHNS MJIOTHOCTN 3MUTUPOBAHHbIX
CTN 31eKTPOHOB (g) M MOHOB (') MHXKEKTMPOBAHHONM MIa3Mmbl, anekTpoHoB (b) u noHos nyuka (y); 6 — BEKTOpbI CKOPOCTE
3N1eKTpoHOB () n MoHOB (p) NNasMbl MOHM3OBAHHOIO rasa u MOHOB B MPOCTpaHCTBe Apeiicha; 6 — pacnpeneneHne noTeH-
noHOB nyqKa (y); 6 — BEKTOPbI CKOPOCTEl MOHOB B NPOCTPaH- umana; 2 — pacnpefeneHune naoTHOCTU MOHHOFO TOKa MO Ce-
CTBe Apeiidba; 6 — pacnpepeneHne noTeHUmana; 2 — pacnpe- YEHNIO MyYKa

AeneHne NNOTHOCTN NOHHOrMO TOKa
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Puc. 7. (B ysete onnalin) Mogenuposanue COBMECTHOrO BN~
SIHUSI NHXXEKTUPOBAHHOM MIa3Mbl, MOHM3ALUM ra3a U WOHHO-
3NIEKTPOHHON 3MUCCMM HA XapaKTEPUCTUKA NOHHOTO Myd-
Ka: @ — AMHAMUKY M3MEHEHUS! MIOTHOCTUA 3NeKTPOHOB (g)
M VOHOB MHXXEKTWPOBAHHOW nnasmbl (1), 3nekTpoHos (c) n
MOHOB NAasmbl MOHM30BAHHOrO rasa (p) u moHos nyyka (y),
3MNTUPOBaHHbIX 3nekTpoHoB (b); 6 — BEKTOPBI CKOPOCTEN
MOHOB B NPOCTPaHCTBe apelicha; 6 — pacnpepeneHne noTeH-
uMana; 2 — pacnpefeneHne nNAOTHOCTM UOHHOMO TOKa

MOIIIHOCTU HMOHHOI'O IIyYKa B 3TOM CJIy4Yae JOCTUTAET
100 kBt /cm?.

B peanbHOM 3KCIEpUMEHTE yYTEHHBbIE (DU3UIECKUE
3P EKThI MPOSABIAIOTCS BCETIA U UX HEBO3MOMKHO OT-
kmounThb. [lepeiimeM K paccMOTpeHHIO BIUSHUA (DH-
3UYECKUX MMAPAMETPOB, KOTOPhIE PEATHHO MEHSIOTCSH B
sKcrnepuMenTe. B mepByo ouepenn, 3TO SHEPrUsi HOHOB
[IPX BJIETE€ B MPOCTPAHCTBO (POKYCUPOBKH.

YmenbmmM HadadbHyIo dHepruio ¢ 30 mo 10 k3B.
Kak cienyer n3 maHHBIX YUCIEHHOTO MOIEINPOBAHNS,
[IPE/ICTABJIEHHBIX HA PHUC. 8, YMEHBbIIEHUE SHEPIUU C
30 1o 10 k3B me MpWBOAWT K KAYECTBEHHBIM W3Me-
merusiM. VoHHBIH TTOTOK (DOKyCHUpyeTcs Ha KOJLIEKTO-
pe, BUPTYaJbHBIN AHO/, HE BO3HUKAET, 1 MAKCHMAJIbHAS
IJIOTHOCTH MOHHOT'O TOKA Ha KOJJIEKTODE IPEBBIIIAeT
3 A/em?.

VYmenbieane 3uepruu nonosB ¢ 10 g0 3 k3B mpu-
BOJUT K APAMATHYE€CKOMY MU3MEHEHHUIO IMPOIECCOB B CHU-
creme. IIpefcraBiieHHbIE NCTOPUH MTOTEHITAANIA B TOYKE
BHYTPH HPOCTPAHCTBA Apeiida u MCTOPUHU YUCIIA Yac-
THI] TOKA3BIBAIOT, YTO CUCTEMA HE BBIXOIUT HA CTAIHO-
Hap (pwuc 9).

B mHeii BO3HUKAIOT OCHMILIALIMHA C LEPUOIAOM OKO-
g0 40 mkc. XapakTepHas OCOOEHHOCTb ITHUX KoJeba-
HUW TpY BRIOPAHHBIX TMAPAMETPAX COCTOUT B TOM, UTO
B TeYEeHHE [IPUMEPHO IIOJIOBUHbBI [1€EPUO/IA CYLIECTBYET
BUPTYyasabHbIN aHoA. V13-3a HAKONIIEHUS JIEKTPOHOB OH
pa3pyiaercs, My40K MOHOB JIOXOAMT JI0 KOJIJIEKTOPA |
OJTHOBPEMEHHO CHOBA HAYWHAET HAPACTATH TIOTHOCTD
noHOB. Bupryanbubiii ano BHOBb dopmupyercs. Cire-
Ayromuit puc. 10 COOTBETCTBYeT BpeMeHU CyIIeCTBOBa-
HUsI BUPTYAJbHOTO aHOAA, KOTJA TOTOK MOHOB pacce-
MBAETCH U IUIOTHOCTH TOKA MOHOB HA KOJJIEKTODE Ma-
sa. Ha puc. 10 moka3zanbl pacipeiesieHus MOTEeHIIHAA,
CKOPOCTeil MOHOB M TJIOTHOCTU MOHHOTO TOKA.

Ha puc. 11 npuBemenbl JaHHBIE, COOTBETCTBYIOIIHE
OTCYTCTBHIO BUPTYAJIBHOIO aHOJA, KOTJA MOTEHITHAT B
00JIaCTH BUPTYAJIHHOTO aHOA CHUYKACTCS ¥ MOHBI JT0XO-
JISAT 10 KOJLIEKTOPAa, HO nX (POKyCHPOBKA maoxasi. Mak-
CUMAJIbHAS [JIOTHOCTH TOKA B IyYKe B 9TOM CJIydae He
npesbimaer 80 MA /cm?.

7. 9 KCIIEPIMEHTAJIBHOE
NCCJIEJOBAHUE ®OPMUWUPOBAHUA
IIYYKOB MOHOB TUTAHA BBICOKOU

IIJIOTHOCTHU MOIIIHOCTN

IlepBonaganbHO OBLIM POBEAEHBI IKCIEPUMEHTHI
C CETOYHBIM 3JEKTPOoAoM pammycoM 120 MM ¢ pa3me-
pom sueitku 0.5 x 0.5 MM2 IpPH TOKE HETpPEPLIBHOTO
JAyroBoro paspszga 160 A. D1or TOK B KOHKPETHBIX
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Puc. 8. (B usete onnaiin) MogennposaHune COBMECTHOTO B~
SHNST NHXXEKTUPOBAHHOM MIa3Mbl, MOHM3ALMK ra3a U NOHHO-
3/1EKTPOHHON SMUCCMN HA XAapPaKTEPUCTUKA NOHHOTO My4Ka C
sHeprueii novos 10 kaB: a — guHaMunKy nsmeHeHusi NnoTHOCTM
3N1EKTPOHOB (g) 1 MOHOB (7°) NHXKEKTUPOBAHHOM NNA3MbI, /€K~
TPOHOB (C) U MOHOB Na3Mbl MOHU30BAHHOTO rasa (p) n NOHOB
ny4ka (y), 3MUTUpPOBaHHbIX 31eKTPOHOB (b); 6 — BEKTOPbI CKO-
pocTeli MOHOB B NMPOCTpaHCTBE Apeiida; 6 — pacnpepeneHune
NOTEHLMaNa; 2 — pacnpeaeneHne naoTHOCTN MOHHOIO TOKa

o

Puc. 9. (B ysete onnalin) Mogenmposanume COBMECTHOrO BN~
AHNA VIH)KeKTVIpOBaHHOﬁ nna3mbl, NOHN3aUNN rasa N NOHHO-
3}'IeKTpOHHOﬁ OMNCCNN Ha XapPaKTEPUCTUKN MOHHOrO ny4ka C
sHeprueli noHos 3 k3B: ¢ — AnHaAMUKY n3MeEHeHns NOTeHUwW-
ana B NpOCTPaHCTBe Apeliha BO BpemMeHn; 6 — ANHAMUKY W3-
MEHEHMS MNOTHOCTU 3NEKTPOHOB WHXKEKTUPOBAHHOM NAa3Mbl
(g), NOHOB MHXXEKTNPOBaHHOI Na3mbl (), 3J1EKTPOHOB NJIa3-
Mbl MOHU30BaHHOrO rasa (c), WOHOB NAa3Mbl MOHU30BAHHOIO
rasa (p) u noHos ny4ka (y), SMUTUPOBAHHBIX 31eKTPOHOB (b)

YCJIOBHSX SKCIEPUMEHTa ODeCIeduBas IIa3My THTA-
Ha BOJU3M CETOYHOTO JIEKTPOJA C IJIOTHOCTHIO MOH-
HOTO TOKa HachImenus okonao 4 MA /cv?. OpuHouHbIE
OCIUJLTIOIPAMMBI MMITYJIbCA TOKA (POKYCUPYEMOIO MOH-
HOPO TyYKa JEMOHCTPUPYIOT 3HAYUTESHHYIO MOJLYJIsi-
U0 AMILUIUTYIbl B TEYEHHE BCEH [JINTEILHOCTH WM-
nynbca (puc. 12). Dta momynsanus 00yCIOBICHA Kak
3aKOHOMEPHOCTSME SMUCCUU UOHOB U3 KATOIHOTO TAT-
Ha BaKyyMHO-JIyTOBOTO pa3psijia, BIEPBbIE OMMCAHHDI-
mMu B pabore [29], Tak 1 ocobeHHOCTSIMI TTPOIIeccoB hop-
MHUPOBaHWS U TPAHCIOPTUPOBKH BHICOKOMHTEHCHBHOI'O
My 9IKA HOHOB.

XapakTepHble OCIUJLIOIPAMMbBI UMITYJIbCA HAIIPS-
JKEeHUsl, TIOJTHOIO TOKA BBICOKOBOJIBLTHOIO TpancdOopMa-
TOpA ¥ TJIOTHOCTH MOHHOTO TOKA B (DOKAIHHOI 001acTH
IO OCH IIy4YKa, YCPEJHEHHbIE IO 15 mMIlyiabcaM, Ipej-
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Puc. 10. (B ugete onnaiin) Pacnpepenenne noteryvana (a),
CKOpOCTEli MOHOB B MPOCTpaHCTBE apelicpa (6) m naoTHOCTU
MOHHOFO TOKa Ha KonnekTope (6) B MOMEHT CylLeCTBOBaHUS
BUPTYaNLHOrO aHoAA

crassens Ha puc. 13. Ha ycpemgrennsix ocrusiorpam-
MaxX 3HAYUTETbHAS MOMIYJSANNS MHOTOKPATHO YMEHDb-
TMAETCs, YTO MO3BOJAET TIOCTATOTHO TOTHO OTIPEIETIATE
AMILIUTY/Ly UMIIYIbCOB.

PesynabraTe! nccienoBannsa BAUSHUS YCKOPSIOIIETO
HaNpSKEHUsT Ha pachpeseieHne TJAOTHOCTH WOHHOTO
TOKa, TI0 CEYEHUIO IMydKa aeMoHcrpupyer puc. 14. Ilpn
AMILIUTY/I€ TTOTEHIINAIA aHOJIA U, COOTBETCTBEHHO, M0~
TeHImaaa mia3Mbl 9 KB MJIOTHOCTH MOHHOTO TOKa B
MaKCHMyMe JIOCTHraer okosto 2.75 A /cm?. Pacipenese-

6

Puc. 11. (B ugete onnaiin) Pacnpegenerne notenynana (a),

CKOPOCTEli NOHOB B MPOCTPaHCTBe Apeiicpa (6) m naoTHOCTU

MOHHOrO TOKa Ha koanekTope (6) npu OTCYTCTBUM BUPTyanb-
HOro aHoza

HU€ IJIOTHOCTH TOKA IO CEYEeHUIO0 OKA3bIBAETCs JI0CTa-
touno y3kuM. [[lupuna mydyka Ha MOIyBBICOTE HE IIpE-
BhImaer 5 MMm. JlajbHeiilee yBeinuenne HAMPSAKEHUS
10 16 kB npuBoauT K pocTy MAKCUMAJIBHOW ILJIOTHO-
cru ToKa 710 3.25 A /cm?. Bamerum, 4TO ¢ y4eToM MHO-
r03apsiI0BOTO COCTABA TUTAHOBOW TIJIA3Mbl HENPEPHIB-
Hoit Bakyymuoil ayru [30, 31] cpeanss sHeprus MOHOB
TUTaHa B 3TOM ciaydae Oymer okomo 30 k3B, uro co-
OTBETCTBYET MAaKCUMAaJhHON SHEPTUH, UCIIOTH30BAHHOM
[IpY 9UCJIEHHOM MojenupoBanuu. Ilpu sTom mHabsoma-
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Puc. 12. Ocunnnorpamma umnynbca TOKa, NOAYHEHHAst npw
amMnauTyae yckopsitowiero HanpsixeHust 20 kB

Puc. 13. OcunnnorpaMmbl MAOTHOCTU MOHHOrO TOKa B ¢ho-

KasibHOU 0B1aCTM N0 OCK MyHKa, UMMYAbCA HANPSKEHNS 1 NON-

HOrO TOKAa BbICOKOBOJIBTHOIrO TPaHCOPMaTopa, YCPeaHEHHbIe
no 15 nmnynecam

eTCcsd HE3HAYUTEIbHOE YIITUPEHUe PACIpe/ieIeHus IJI0T-
HOCTH TOKa TIO CEYeHUIO MyYKa. XapaKTepPHO, YTO MpH
JaJbHedeM yBemwdenun Hamnpskenus g0 30 kB mo-
CTUTaeTcs MIOTHOCTb MomHocTH 0Kosio 100 kBt /cm?,
XOTsI MAKCUMAaJbHAsA aMILTUTY/IA TOKA B IEHTPE IIyYKa
HEMHOTO YMEHBINAETCd, a MUPUHA MYYKa HA TOJYBbI-
COTE BO3PACTAET.

Takoe moBejieHue PACHPEIEIEHUs LIOTHOCTH HOH-
HOT'O TOKA MOKET OBITH CBA3aHO C OCOOEHHOCTSIMH TIPO-
[IECCOB HEeHTpaJn3alyy 3apsiia HOHHOTO My9YKa B MPO-
crpancTBe apeiida. [lepBoHAYAIBHO TMPH IKCTPAKIUA
WOHOB W WX WHXKEKIUH B IPOCTPAHCTBO Apeiida 3d-
dexTuBHAA HEHTpAIU3ANNSA 3aAPAAA MTyIKa OCYIIECTB-
JISIETCS 32 CYET TPEIBAPUTEIHFHO WHXKEKTHPOBAHHOMN
B IPOCTPAHCTBO japeiida BaKyyMHO-IyTOBOH IJa3MbI.
Bpems meifiTpanuzanuu onpenensercs yXOoJOM HOHOB
mIa3Mbl W3 Mydka. Kak TMOKa3aju pe3yJbTaThbl UuC-
JIEHHOI'O MOJIEJIUPOBAHUsI B PAMKAX JIAHHOW CTATbH,
Kak u 1npu GOPMUPOBAHUU BHICOKOMHTEHCHBHBIX ITyY-
KOB WMOHOB METaJIJIOB HU3KOW 3Hepruu [14], 1o Bpe-
MsI HE TIPEBBINIAET HECKOJIbKUX MUKPOCEeKyH 1. Ha mep-
BOM 3Tame B pe3yJsibraTe yCKOPEHWsl MOHOB WX ILIOT-
HOCTB B ITy9Ke HA BXO/I€ B IPOCTPAHCTBO Apeiida moaru
Ha, MOPSIIOK MEHBIIE TJIOTHOCTH 3JIEKTPOHOB B TLIA3ME.
910 obecrednBaeT XOPOIIYI0 CTENeHb HERTPATU3AIUN
3apsa MyYKa MWOHOB KAaK BOJIM3U CETOYHOTO JIEKTPO-
Jla, TaK W HA 3HAYUTEIHLHOM DACCTOSTHUU B MPOCTPAH-
crBe apefida mpu ero GoKyCHPOBKE C IPOHOPITHOHAT -
HBIM YBEJTHYEHHEM ILIOTHOCTH uoHOB. OJHAKO mOCTe
TOrO KaK BOJIM3M CETOYHOTO JIEKTPOIa (opMmupyercs
CJI0H pa3ienenust 3apsiJia, B KOTOPOM HIPOUCXOIUT YCKO-
PEeHEe HOHOB, MOCTYILJIEHHE [Ia3Mbl, 00ECIIeInBAOIIEH
ITOCTABKY 3JIEKTPOHOB B TPOCTPAHCTBO peiida, mpe-
Kpairaercs. PocT 4nciia 3J1eKTPOHOB B ciry4dae hOpMu-
POBaHUS JJIMHHBIX UMITYJIbCOB, KaK IMOKA3aJI0 YUCJIE€H-
HOE MOJE/JWPOBAHNE, BO3MOXKEH MPENMYIIECTBEHHO 33,
CYET MOHHO-3JIEKTPOHHON SMUCCHU C 3JIEMEHTOB KOH-
CTPYKIIUU CHCTEMbI (POPMUPOBAHUS IydKa, a4 TAKIKE
6narogapst (pOPMUPOBAHUIO IIIA3MBI 33 CUYET HOHM3A-
MM ATOMOB OCTATOYHOHN aTMochepsI.

UccnenoBanns BAUSHUSA JIUTEILHOCTH WMITYJIHCA,
YCKOPSIOIIEro HAIPSKEHUs pH aMILiaTyae 22 KB Ha
MaKCUMAaJbHYIO TIJIOTHOCTh HOHHOTO ITYYKa, HEe BBISIBUJIO
3HAYUTENIHLHBIX ocobennocreit. Ha puc. 15 npemcrasie-
HBI OJMHOYHDBIE OCIIUIIOIPAMMBI UMITY/IbCOB TOKA, IIPH
gnurenbHocTaX or 150 10 500 Mxc. M0OKHO OTMETHTD,
YTO YBEJIUYEHUE JITUTEIHHOCTH MMTTYIHCOB COMPOBOK-
JAETCs MOCTEIEHHBIM YMEHBITEHHEeM aMILTUTYIbI TOKA,
9TO MPEIIOJIOKUATETLHO CBA3aHO C MOCTEIIEHHBIM yXY/I-
IMeHueM YCJOBUN HEUTPANIM3AINA MPOCTPAHCTBEHHOTO
3apsana myvIka u ero 1eOKyCUPOBKOIA.

Ucnonb3oBanme CETOYHOTO 3IJIEKTPOAA PATAYCOM
120 MM ¢ pasmepom sueiikum 1 x 1 Mm% mOBIHAIO
Ha 3aKOHOMEDHOCTHU TPAHCIOPTUPOBKUA u (HOKYCHPOB-
KM IyYKa WOHOB TWUTAaHA. lIpu ycKOpSIOeM Hampsi-
JKeHnn okojao 16 kB mommblii TOK Tpancgopmaropa

Bo3pacras 10 3 A.
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Puc. 14. (B ugeTte oHnaiiH) PacnpegeneHnsi naoTHOCTU WOH-

HOrO TOKA MO CEYEHMIO My4YKa AJst CUCTeMbl (DOPMUPOBAHMS C

CETOYHBIM 3NeKTpogoM paanycom 120 MM ¢ pasmepom s4eii-

kn 0.5 x 0.5 MM? Npy TOKe HEMpepbIBHOTO AyroBoro paspsga

160 A npn yckopsifownx HanpspkeHusix B gmanasoHe ot 9 fo
30 kB

Puc. 15. (B ueTte oHnaiin) OanHo4YHbIE OCLUANOrPAMMbI UM-
nynbCOB TOKa npu anutenbHoctax ot 150 go 500 mkc npwm
aMNANTYAe YCKOPSIOLWEro HanpsikeHns 22 kB

OcrumorpaMMbl, JeMOHCTPUPYIOIINE W3MEHEHUE
IJIOTHOCTEH TOKOB HA TPeX KOJJIEKTOPAX, PACIOI0KEH-
HBIX Ha PACCTOAHUM 2.5 MM JpPYyr OT Jpyra, HoKa3a-
JIM, 9TO TIJIOTHOCTH TOKA Ha HUX OCTABAJIACH TTPUMEPHO
OJIMHAKOBOH € HE3HAYUTEIbHON MOAYIAIUEH B T€YeHUE
uminyiabea (puc. 16). Ypeauuenue yCKOPSIOMIEro HAPsi-
XKeHus 10 25 KB compoBoXK1aI0Ch HEKOTOPHIM YBEJIH-
YeHueM MO/LyJISUU, KAK II0Ka3aHo Ha puc. 17. B atom

Puc. 16. OcuunnorpamMmmMsl MJIOTHOCTY MOHHOTO TOKA Ha KOJI-
JIEKTOPax B LEHTPEe NMy4Ka Mpu aMmanTyAe YCKOPSIIOLLEro Ha-
npskerunsi 16 kB

Puc. 17. Ocunnnorpammbl NJOTHOCT MOHHOFO TOKA HA KOJ-
NIEKTOPAX B LEHTPE My4Ka Mpu aMnanTyAe YCKOPSIIOLWEro Ha-
npsxeHust 25 kB

caydae IJIOTHOCTh TOKA Ha IEHTPAJIbHOM KOJIJIEKTOpE
JIPAMATUYHO YMEHDINAETCH. 3HAUMTEHHOE YMEHbIIe-
HHUE IJIOTHOCTH TOKa MMeeT MeCTO M Ha BTOPOM KOJI-
JIEKTODE.
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Takas quHAMUKA U3MEHEHUSI PACIIPE/IEICHIS 11JI0T-
HOCTHU MOHHOT'O TOKA TI0 CEYEHMIO IIy9YKA MPU yBeJndIe-
HUAW YCKOPSIOIIEr0 HAIPSIYKEHUS MOXKET OBITh 00bsiC-
HEHA YXYAITEeHUEM HEHTPATIN3aIny MTPOCTPAHCTBEHHOTO
zapsana nydka. Cucrema (HpOKYCHPOBKU U TPAHCIIOPTHU-
POBKH ITyYKa B UCXOJTHOM COCTOSTHUW MPEJICTABJSET CO-
00t SKBUMIOTEHITNAIBHOE TPOCTPAHCTBO. OIHAKO, KaK
[TOKA3aJIU [IPE/ICTABIEHHDIE BbIIIE PE3YJIbTAThl YUCJIEH-
HOTO MOJIETUPOBAHUS, JJTEKTPOHBI IJIa3Mbl, KOMIIEHCH-
pylotire MPOCTPAHCTBEHHBIN 3apsi/i MOHOB, MOTYT yXO-
JMTDb U3 IIy9Ka U3-33 UX PA30rPeBa B JUHAMUYIECKU H3-
MEHSIOIUXCS YTEKTPAIECKUX MOIAX TyIKa.

Baxkuo oTMeTHTH elre OJIMH KaHAJ YX0/1a, 3JEKTPO-
OB u3 my4ka. Hajmu4uue cerounoro ssiekrposa Hapyiia-
€T yCJIOBUE 3KBUIIOTEHIINAILHOCTU MPOCTPAHCTBA IPEii-
da u OTKpBHIBAET BO3MOXKHOCTH YXOJA JJIEKTPOHOB B
YCKOPSIIONTIUN 3a30p. DJIEKTPUYECKOE TOJIE YCKOPSIO-
IIIEero 3a30pa MPOHUKAET B IPOCTPAHCTBO Apeiida ue-
pe3 S9elKN CEeTKH U OCYIIECTBJISAET IKCTPAKIIAIO IJIEK-
TPOHOB, YXYIIIasg TeM CaMbIM HEHTPAJTM3AINAIO TPO-
CTPAHCTBEHHOT'O 3aPA/A IIy4YKa. Y BeJNYEeHUE AMIJIUTY-
JIbl YCKOPSIOIIEro HAMPSIKEHUS MOXKET COMPOBOXKIATH-
csl MHTEeHCUUKAIMEH YX0Ia JIEKTPOHOB U3 MPOCTPAH-
crBa apeiida, 49TO [O/KHO HPUBECTH K YXYIIIEHUIO
ycyioBuii POKYCHPOBKU MOHHOTO ITy9KA.

Amnajornynasi 3aKOHOMEPHOCTH (DOPMUPOBAHUS BbI-
COKOWHTEHCUBHOTO TTyYKa MOHOB HAOJIIOIAIACH C CETOY-
HBIM 3JIEKTPOJIOM pagmycoM 65 MM ¢ pa3sMepoM gdeiiku
1.4x 1.4 mm2. Ilpu yeKopsIoIeM HaIlpsKeHnn 5 KB mv-
MyJIbCHI TOKA Ha, KOJIJIEKTOPAX UMEJTN MAaKCUMYM TIJIOT-
HOCTU TOKa B IeHTpe ¢ aMmiauTymaoi g0 0.7 A/CMQ.
[Ipn yBenuyuennn aMILIUTYABI YCKOPSIOIIETO HAIIPSZKe-
HUSA 10 25 KB MJI0THOCTH MOHHOTO TOKA YMEHBITIAIACH
[IOYTHU JI0 HyJis, & HA BTOPOM M TPETHEM KOJIJIEKTOPAX
OT OCH ITy9IKa OCIAJIIIOIPAMMBI TOKA3BIBAJIN [IJIOTHOCTH
Toka 10 0.25 A/ cM? ¢ meproAnYecKoit MOJIyJAIHe /10
HyJI B T€YEHUE BCeH /JJINTEJIbHOCTHA MUMILYJIbCA.

8. SAKJIFOYEHUNE

YucsienHoe MOJEIMPOBAHUE B IOTEHIIUAIBHOM IIPH-
6mmkennn (GOPMUPOBAHUS Ty IKOB TSKEIIbIX HOHOB Me-
TAJIJIOB W3 IUIA3Mbl BAaKyyMHOH MIyIrW C IJIOTHOCTBIO
morHocTH A0 100 KBT/CM2 BBITIOJTHEHO TIOCPEACTBOM
kona KAPAT. IIpomonenuposanbl (pOPMUPOBAHKE II0-
TOKa WOHOB W3 TIJa3Mbl, MPOXOXKIEHNE €ro CKBO3b
TTIOTEHITNAIHLHYI0 MeTAJINYecKyio ceTky. MccmemoBana
GasmucTrdeckas (POKYCHPOBKA MOHOB IPU HAYAIbLHON
maoTHOCTH TOKa 10 4 MA /em?. Usydeno BiusHue Be-
JIMYMHBI KOHHOrO TOKa oT 0.1 mo 1 A, sHeprum MOHOB
or 3 10 30 k3B u ycioBuit Heiirpasm3anuu HpocTpaH-

CTBEHHOI'O 3apsi/ia IIy4Ka HA TPAHCIOPTHPOBKY u (o-
KYCHPOBKY Iy9YKa WOHOB BBICOKOW WMITYJIbCHOM MOIII-
moctu. OnpeneseHbl U U3y9YeHbl YCIOBUS BO3SHUKHOBE-
HUST BUPTYAJIHHOTO aHOJA. YCTAHOBJIEHO, UTO MPU OOTh-
MIUX JJIUTEIbHOCTAX (POPMHUPOBAHUS IIy9YKOB HOHOB
MIpY HU3KUX JTABJIEHUSIX OCTATOYHOM aTMOCHEPHI 1 HUA3-
KOIi 9HEPrur BO3MOXKHO MHOTOKPATHOE BO3HUKHOBEHUE
¥ UCYE3HOBEHUE BUPTYAJIHHOIO AHOJIA.

Brepsbie 3kcrepuMeHTATBHO MOKA3aHO, YTO IIPHU-
MEHEHHE HEMPEPHIBHOTO BAKYyMHO-IyTOBOTO pa3psi-
ga ¢ TokoM g0 160 A B coderanmm C aKCHaJIbLHO-
CHMMETPHIHON (POKYCHPYIOIIEil CHCTeMOil B BHIE Ce-
TOYHOTIO 3JIEKTPOIa 00ECIeUrnBaeT BO3MOXKHOCTEL (Hop-
MUPOBaHUA IIYyYKa MOHOB THUTAHA C IJIOTHOCTBHIO MOIIL-
HoctH, npubmmxKaomeiica K 100 kBt /cm?, ¢ cyommmm-
CeKYH/IHOH IJINTEIbHOCTHIO MMITysIbca. 1lokasana BO3-
MOYKHOCTh M€HEPAIINY UMITYJIBCHBIX MYYKOB MOHOB BbI-
COKO¥ IJIOTHOCTU MOIIHOCTHU C [JINTEJbHOCTHIO B A~
mazone ot 150 10 500 MKC. YCTaHOBJIEHO, ITO pa3Mephl
staeeK (POKYCUPYIOIIEro 3JIEKTPO/IA CYIIECTBEHHO BJIUSI-
0T HA JMHAMUKY HEUTPAIU3ALNUANA IIPOCTPAHCTBEHHOIO
3apsiia MOHHOTO MyYKa U, KaK CJIeJCTBUE, HA ero (POKy-
CUPOBKY U TpaHCIOpTUPOBKY. [lokazano, uTo npwu ompe-
JICJIEHHBIX YCJIOBHHAX PaCLpee/IeHre IJIOTHOCTA HOH-
HOTO TOKAa II0 CEYEHUIO IIy4YKa TPAHCHOPMUPYETCS U
CILJIOIITHOWM My9Y0K CTAHOBUTCS TTOJIBIM.

®dunancupoBanue. VlcciienoBanne BLITTOTHEHO 34
cuyer rpanra Poccuiickoro nayvsnoro domga Ne 22-19-
00051, https://rscf.ru/project/22-19-00051/
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