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B nacrostieit pabore paccMOTpeHbl HEKOTOPbIE aCIIeKThl JUHAMUKHI MaTe-
PHUATBHBIX YaCTHIL (JIEKTPOHOB, HEITPOHOB) IIPU UX B3AUMOJIEHCTBU C s1/Ipa-
MM aTOMOB MUIIIEHH, KOTOPasi IIPEJICTABISIET COOON YIIOPSIOIEHHYIO aToOMap-
HYIO PemIéTKy. Y ITeHbl KJII0UeBble (DAKTOPHI, BIAUSIONINE Ha TPACKTOPHIO da-
CTHIIBI, & UMEHHO 3aKOH 0OpaTHBIX KBajpaToB (3akoH Kymona), dusmaeckoe
coyJlapeHue Hocdlllee, Kak yupyruil, Tak U Heyupyruil xapakTep, a TaKzKe
3 dekT majiennsi CKOPOCTU, COITPOBOZKIAIONINIICT TOPMO3HBIM U3JTy YCHUEM.

AHaJ13 10JIy YeHHBIX PE3YJILTaTOB MaTEMATHIECKOIO MOJIEIMPOBAHIS PAC-
CesTHUsI MaTepUaJIbHBIX YacTHI] Ha aTOMApPHON PEIETKe, MO3BOJIUI 000CHO-
BAHHO YTBEP:K/IaTh, YTO YACTHUIII HE 00/Ia/1al0T CBOMCTBaAMU BOJIHOBBIX IIPO-
1eccoB, obpazyonux nnrepdepennuio nin jgudpaknuio. [Ipemioxena meTo-
JAUKa, ITIO3BOJIAIOIAd Ha IIPAaKTUKE, IIPOAEMOHCTPUPOBATH OTCYTCTBUE BOJIHO-
BBIX CBOMCTB, KAK y JIEKTPOHOB, TaK U y MHBIX MaTEPUAJIbHBIX TEJI.

KuimroueBbie ciioBa: paccesiiye MaTepHabHBIX YacTHUIl, BOJHA je Bpoiiss,
unrepdepeniius, audpaKiys, KOPIYCKYISIPHO-BOJIHOBON Jlyajin3M, UHEPIU-
oHHas Macca (poToHa.

1. IIpenamnoceliku

B 1923 rosy JIyu e Bpoiiin (Louis de Broglie) B cBoeii pabore [1] npeio-
JKIJT TUIIOTE3Y O TOM, 9TO MaTepuajbHbIe YACTHIIBI, a TaK ke 060jiee KpyIHbIe
MaTepuaJibHbIe TeJa, JO/KHBI B JIBUKEHUU IPOSIBJISITH BOJTHOBBIE CBOMCTBA,
JIOCTYITHBIE HAOJIIOIEHUIO0 M PETMCTPAINN. DTO MPE/ITOIOKEHNEe, KaK MUIIeT
ne Bpoitib B cBoeit kuure [2], 6110 ciaenano noj BiausgaueM pabor Asnbbepra
Aitumrreiina no dhoroaddexry [3]. B sroit pabore Diininreiin, st pernerust
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331841, IPEJACTABUII JICKTPOMArHUTHOE U3JIyYeHUe KaK MHOXKECTBO HE3aBU-
CUMBIX «CBETOBBIX KBaHTOB»EI, 00JIaIAIOIINX MEXaHHICCKUM UMILYJIbCOM, KO-
TOpBIE B JlajbHelieM ObLIN Ha3BaHbl (hoToHAMU. Tem caMbiM DWHIITEHH 110~
CTYJIMPOBaJI KOHIICIIIINIO KOPIIYCKYIAPHO-BOJIHOBOI'O JIyaJn3Ma — JABONCTBEH-
HOCTH (pOTOHA, OH MOXKeT ObITh BOJIHOW M MaTepHUaJIbHOI YacTHUIEll B 3aBU-
CUMOCTH OT OOCTOSATETHCTB.

AHaJIOrnIHO, HO 3epKAJIbHO, MOCTYIINI ¢ BPOoilib, BHICKA3AB IIPE/IITOJI0-
JKEHHUE O TOM, YTO JABUXKYIIAdACA MaTepUAJIbHAs YaCTUIA JIOJKHA POABIAATD
BOJIHOBBIE CBOMCTBA U YTO €fl COOTBETCTBYET CBOSA YCJIOBHAHA GOAHA-NUAOM C
JIJIMHON BOJIHBI:

A=h/mv, (1)

rje A\ — JIMHa BOJIHBI; h — KBaHT jieficTBus wim nocrosuuas [lnanka; m —
UHEPIMOHHAS MacCa MaTepHasbHOM JacTHIlbl; ¥ — CKOPOCTb YaCTUIbl. B oc-
HOBE paccyzKaenuii je Bpoiiis aeskuT paBencTBo, CyTh KOTOPOIo YIAIHO IPH-
Besena B kuure [ Mapka u P. Bupss [4] na crpanune 14.

i{{oAbayscb OCHOBHBIMH  TNOAOKEHHAMH TEOPHH OTHO-
CHTEABHOCTH M KBAHTOBOH TEOpPHH CcBeTa, MoAaraem

ml‘lcg = h vt_\-

3/1ech IpupaBHEHbI SHEPTHs (DOTOHA C YACTOTOM 1y U SHEPIHA, OIIPE/Ie/IsieMast
HEKOI MHEPIIMOHHON MaCCO’ 1.

MHoro4uc/ieHHbIE SKCIEPUMEHTHI 110 PpacCessHUio 3JIEKTPOHOB: Davisson
[5, 6], Thomson [7, 8,9, 10], Butepmasn [11],12], Jonsson [13], [14], Pozzi [15] 16,
17], Tonomura [18], ... ; weitrponos: Zeilinger [19], ... ; aromos: Kanitz [20];
mostekyJ: Nairz [21], ..., upussanubie HOATBEPIUTH MUIIOTE3Y Jie Bpoiiis,
[OKA3aJ/I1, 9YTO MaTepUuajbHble YaCTUIIbI TI0CIe B3AUMOICHCTBUS C MUIIEHBIO
(111€1b, TIPOBOJIOKA, OJIMKPUCTAINIECKas! IEHKA etc. ), GOpMUPYIOT Ha SKPaH-
JIeTeKTOpe M300parKeHne pacipeie/leHns NHTeHCUBHOCTH TTOTIAIaHI TacTHII,
KOTOPO€ BU3YAJILHO IOJI00HO M3BECTHBIM M300pazKeHusM Judpakind U UH-
tepdepentiuu B ontuke. OKuJIaeMO, MOCIEI0BAJ OJHOZHATHBINA BBIBOJ, UTO
runoresa Jie Bpoilig 0 HaJuYuu BOJHOBBIX IPOSIBJIEHUN Y MaTepUATbHBIX
JACTHUI[ BEPHA U BCE COMHEHMS JOJI?KHBI OBITH OTOPOIIEHBI. DTO cHOPMUPO-
BaJIO O0IIee OTHOIEHNE HAYIHOrO cOODIIecTBa K IIpodJieMe HEBO3MOZKHOCTH
[IPUMEHEHNUsT YPaBHEHUN HHIOTOHOBCKOIM MEXaHUKHU JJIs PACIETa TPAeKTOPUU
9JIEKTPOHA B aroMapHoil crpykrype [22]. Takxke, 310 oTHOIIEHUE, B NOJTHON
Mepe, XapaKTepPU3yeT CJIEYIONast [UTaTa:

Inem. das Lichtquant
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He nado dymams, umo do nonadanus ma IMYAsbCuo Yy nek-
MPoOHa ObLAG KAKAA-TNO HEUSBECTNHAA HaM mpaexmopus. Huka-
KUT Gu3uveckur yka3anuil na e€ peanvhoe CyuLecmaosatue Hem.
Haobopom, onwvimuvl mo pacceanuro aAeKmporos Ha Kpucmasiax
doKa3vL6aI0OM, YMO 0BUINCENUE UYEAUKOM MOOYUNAECTNCA CMAMU-
CMUNECKUM B0AHOBBLM NPOUECCAM, COBEPULEHHO HECOBMECTIVUMbBLM
¢ KAACCUMECKUM NOHATMUEM O MPAEKMOPUL.

A.C. Kommameern [23]],cTp.139

2. IlocranoBKa 3a1a4m

Hesb pammoit paboThl COCTOUT B TOM, YTOOBI, B paMKaxX 3aKOHOB KJIac-
CUYCCKON MeXaHUKU, UCCJICIOBAThL IIPUPO/LY U XapaKTep PacCedHUs 3JIeKTPOo-
HOB 1 HEA'TPOHOB Ha aTOMAapHOI PENIETKe, yIUThIBas KyJOHOBCKOE U yIapHOE
B3aUMOJICHCTBHE C si/IpaMU aTOMOB. BimsgHue MaruuTHOTO TOJIS JIBUKYIIErO-
Cd 3JICKTPOHA Ha €ro TPaeKTOPUIO IIPU B3aUMOICHCTBUU C AIpaMU aTOMOB
He paccMaTpUBaeTCd, TaK KaK 9TO Ka4eCTBEHHO HE OTPA3UTCd Ha KapTUHE
paccesgHUs 3JEKTPOHOB, HO YCJIOKHUT PACHET TPACKTOPUU BHYTPHU aTOMHOM
PEIETKN.

Harme ucciemoBanue 3akjiodaeTcd B peIIEHUN Psjia KIIOYEBBIX 3a/1ad,
CXOJIHBIX C peaJIbHbIMU aKCHepI/IMeHTaM, a UMEHHO, paccedHue 3JIeKTPOHOB
Ha ABYX IIEJAX, Ha gpe aToMa, Ha «IIOJUKPUCTAJINYECKON» CTPYKTYypE, Ha
ounpusme. Tak ke 1pejCcTaB/IsieT UHTEPEC MPOIECC PACCESTHUS HEUTPOHOB U
OTPpaKCHUA JICKTPOHOB OT PErYJIAPHON aTOMapHON CTPYKTYPHI.

PesynbraroM KaKJ10ro YUCJACHHOTO SKCIIEPUMEHTA SBJIACTCH IOJIYYCHHE
paclpeaeaeHnsd MHTEHCUBHOCTH 10118 JaHud YaCTULl Ha 3KPaH-1eTeKTOP U 110-
CJIeJIYIONINIT ero aHaju3 Jijis OTBeTa Ha BOIPOC, UTO Mbl HAOJIIOJAEM, KJIaC-
CUYECKOE paccedHre WIN IIPOABJICHUE «BOJIHOBBIX» CBOWCTB MaTepUaJILHBIX
9aCTUIL O KOTOPBIX FOBOPUT Jie Bpoiiib B cBoeii crarwe [I].

3. PacuérHass Moaesib pacceaHUs YacCTHUIL

3.1. T'eomerpus

Ha puc. [l npejicraB/ieHo B3auMHOE pACIIOIOKEHHIE 3JIEMEHTOB PACIETHON
CXeMBbI JIJIsl UCCJIeIOBAHUs paccesdHus MaTepUaJIbHBIX YaCTHUIl Ha PA3JIUYHbIX
BapHaHTax aToMapHOil permérku G.

2Thomson [7} [8, 9] [10]; Davisson [5} [6]; Bu6epman |11, [12]; Jonsson [13] [14];
Pozzi [15] [16, [I7]; Tonomura [I8]; Zeilinger [19]
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Puc. 1. Pacuérnag cxema JJIA UCCJIeIOBaHUsA paCCedHUA MaTepHaJIbHBIX YaCTUIl Ha

vumrern G. Yepes @), , @, D) o6osHATEHDI TPAEKTOPUU TPOOHBIX IJIEKTPOHOB.

Pacuérnas cxema BkjodaeT B cebs Karoj K, muadparmy D, aTromapHyio
periéTky (G, JiBa OTPAXKAIONINX, JIEKTPUIECKN HEHTPAJLHBIX, OTPAHUIUTE-
s C'u 1Byx skpan-jerekTopos SF u SK. 'eomerpus u pacrosiokeHue sJje-
MEHTOB KOHCTPYKIINU 3aJIaHbl B JIeKapTOoBOil cucreme koopjunar Ozyz. Ha-
JaJi0 cucteMbl Koopyaunar O coBmerrieHo ¢ rnentpom Katoja K. [omoxenne
u opueHTanns peméTkn (G XapaKTepu3yeTcsi CBSI3aHHOM ¢ HEll JIOMOJTHUTE Th-
HOIl cucremoii koopunar Ax'y'z'. Touka A pacrosiozkena B cpejiuHe HUXKHER
rpanu pemérku G. Bekropa fi, fo, f3 MOKa3bIBAIOT HAIIPABJIEHUE UCXOHOTO
[IOTOKA OJMHOYHBIX JIEKTPOHOB, SMUTHPOBAHHBIX KaTOIOM K, U Xapakrep
€ro (POKYCHUPOBKH.

[TocemoBaTeILHOCTD OJIMHOTHBIX IJIEKTPOHOB €, € 33 JaHHBIMU HAYA b
HBIMU YCJIOBUSIMHU, PACCENBAETCS MPU B3AMMOJEHCTBUN C sIIPAMU aTOMOB,
obpazytorux peretky G. Vcnosib3oBanne 0IMHOYHBIX 9JIEKTPOHOB CHUMAET
BOIIPOC O B3AUMOJIEHCTBUN JIEKTPOHOB MEXKY cOOO# B IydKe. DJIEKTPOHHI,
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[IPEOJIOJIEBIIINE MIPENSATCTBUE B BUE penéTku G WiIn OTPA3UBIIUAECT OT Heg,
durcupytores aByMs skpan-jgerekropamu SF u SK, rem cambiM hopMUDYS
pacripejie/ieHrie MHTeHCUBHOCTHU IOTAJIAHN JIEKTPOHOB B 3aBUCUMOCTH OT
KOODJIMHATHI ¥, TIPEJICTABJISIEMOE COOTBETCTBY MMM Ipadukom [ (y) u n300-
paXkeHreM B BHJIE 1ceBodoTorpadun.

3.2. Mozaenapb aTomMma

Ha npumepe aTtoma 3010Ta AU paccMOTPEM YIPOIIEHHYIO, HO (OyHKIIO-
HaJIbHYIO MOJesb aroMma (puc. ). B kadecTBe sipa aroma paccmaTpuBaet-

Anpo (sapsx Q) O6/1aKO 3IEKTPOHOB
(sapan Q™)

Rp

Puc. 2. Mogens aroma

e cdepa ¢ paguycom Ry u sapsagom QF, OKpy:KEHHas ApPOBBIM CJIOEM —
9JIEKTPOHHBIM 00JIAKOM KOHEYHO TOJIIUHBI ¢ PABHOMEPHO PACIPEIEIEHHBIM
3apsIJIOM B CyMMe PaBHBIM ()~ U KOTOPBIH 10 MOJIYJIIO PaBEH 3apsly sapa

O =%, @ =10 (2)

Bremnuit painyc mapoBoro ¢jiosi 00Jiaka 3JIEKTPOHOB OIPEIETIAET PAJIyC
atoma Rp. C HEKOTOPBIME JIOIYIIEHUSAME, MOXKHO CUYUTATH, YTO KYJOHOB-
CKUIT 3apsj| siIpa MOJHOCTBIO KOMIEHCUPYETCA 3apSAIOM 3JIEKTPOHHOTO 00-
JIaKa ¥ BHEITHUI 3JIEKTPOH, MPOJICTAIONIUN BHE aTOMa, He «IyBCTBYET» €ro
BIMSHAE, TIOKA HE MEePecedéT MOBEPXHOCTD ¢hephl ¢ pajuycoM Ry, TO3TOMY
Oy/leM CUUTATH, YTO CYMMAPHBIN KyJOHOBCKHUI MOTEHIMAN (0 siipa U IJIEK-
TPOHHOIO 00JIaKa, BHE TPaHUI] aToMa Ry, paBeH HyJI0. A BHYTpH aroMa,
KyﬂOHOBCKI/Iﬁ IIoTeHIMaJI OIIpeaesdeTCd TOJIbKO ITOJOZKHUTEJIbHBIM 3apdAdJ10M
spa Q1 To ectb p(r) > 0 mo Becemy o6béMy aroma. IToreHnumast mapoBoro
ciost (0bsraka 9JIEKTPOHOB) BHYTPU aTOMa PaBeH HYJIIO.

Béabias jJeranusanus MOJEIN aToMa, 3a CUET yUéTa CTPYKTYPhI 3JIeK-
TPOHHOIO OOJIAKA, TEXHUIECKU, YCJOKHUT 3aJ1ady [0 PACUETy TPAEKTOPHU
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BHEIIHEro JICKTPOHA B KYJIOHOBCKOM II0JIC aTOMa, HO NPUHIAIINAJILHO HE U3-
MEHHT XapakTep paccessHusi. Mbl Bceria MoxKeM, IIpU HeOOXOANMOCTH, IIPe]I-
CTaBUTH 00JIAKO 3JIEKTPOHOB B BH/IE IIIAPOBOT'O CJIOSI ¢ PABHOMEPHO pacIipejie-
JIEHHOU MaTepueil 1 3JIEKTPUIECKUM 3aps0M U TEM CAMbIM YUECTh €10 KyJI0-
HOBCKWII IIOTEHIHAJI IPA PAcUYE€Te TPAEKTOPHUU BHEITHETO 3JIEKTPOHA BHYTPHU
aToMa B IIpejesax IapoBOro CJI0dd.

Peanbnoe pacupejiesienue 1onajianus JIEKTPOHOB Ha KpaH-JIeTeKTOp,
ABJIAETCA, B OCHOBHOM, HE€ DPE3YJIbTaTOM TOJIBKO BEPOATHOCTHOI'O CTPOCHUA
aTOMOB MHUIIEHH, HO U COBOKYIIHOCTBIO TaKHX (baKTOpOB, KaK HEYETKOCTDb
HAaYaJIbHBIX YCJIOBUI SMUCCUU JIEKTPOHOB U3 KaTO/A, IMOIPEITHOCTb B (hop-
MHUPOBAHUU €TI0 TPACKTOPUH JI0 IONAJaHus B MUNIICHDb U II0CJIe, & TaKXKe pas-
pelieHne SKpaH-IeTeKTopa.

Tak Kak IIaHupyeTcs yUUTHIBATH HEIEHTPAJIbLHOE CTOJIKHOBEHHUE 3JIEK-
TPOHA MJIM HEHTPOHA C APOM aToMa B Buje cdepbl, TO BRIOUPaeM IIpUeMJIe-
MBIl pajuyc gjpa Ry, TO3BOJIAIONINI YUCJIEHHO CMOJIC/IMPOBATH CTOJIKHOBE-
HUE 3JIEKTPOHA C siIpOM Ha (DOHE KYJIOHOBCKOI'O IMPUTAXKEeHUA UaIn O0e3 Hero B
caydae HefiTpoHa. ¥YBeaundeHne (GU3NIECKUX Pa3MepOB sapa aroMa B 00JIb-
IIYIO CTOPOHY, JIJIs YA00CTBa pacdéTa, TpeOyeT COOTBETCTBYIOIIETO IePecIeéTa
ero 3apsjia U3 yCJI0BUs PABEHCTBA HAIIPSI2KEHHOCTHU JJIEKTPUUECKOT'O 110JIsI Ha
IIOBEPXHOCTH dJipa aTOMa U HaHpH}KéHHOCTI/I Ha ITOBEPXHOCTH dAJpa MOIAEJIN
aroma:

2
Q+ /{:Q+ Ry
N N N
Bnmech k — macmmabHbIE MHOXKUTENB, Ry — paanyc sjapa MOJETN aToMa;
R} — peaJibHBLT pajiyc s1/ipa, BeJIMYUHA KOTOPOI'O PACCYUTBIBAETCS 110 CJIe-

JLyIOIIet SMImpuyieckoit popmy.ie:

Riy~13VA -10°[A], A=Z+N, (4)

rje A — MaccoBoe 9uciio aroma u3 Tabsuibl Menjeneesa; Z — aTOMHOE UUC-
J10 (amcsio poToHoB B sijpe); N — 1ucao HeiiTpoHOB B sjpe. s 3010Ta Au
maccoBoe ducyio A = 197, a qucso nporonos Z = 79. CiegoBaresibHO, CO-
rinacHo (), paguyc spa aroma 30i0Ta pasen Ry ~ 7,5 - 10_5[1&], KOTOPBIi
BeCbMa MaJI 0 CPABHEHWIO C PAINYyCOM CaMOTO aToOMa 30/10Ta,
pasHoro ~ 1,44[A].

Taxkum obpaszom, seeg koabdurnment k npu Q1 B dbopmyse ([B]), mbl mo-
JIyIHJIA BO3MOYKHOCTD YUUTHIBATD IMOYTH PEATLHOE KYJTOHOBCKOE BJIUSTHUAE HA
TPAEKTOPHIO SJIEKTPOHA IIPK €0 COJMKEHUN C sI[POM aToMa.
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3.3. BzaumogeiicTBue 4acTUI C AaTOMOM

Mojiesib paccesdHusi MOCIEI0BATEIBHOCTH OJUHOYHBIX SJIEMEHTAPHBIX Ya-
CTHUII, TAKNX KaK JICKTPOH, IIO3UTPOH U HEHTPOH Ha LPEIATCTBUN B BUJIE Pe-
IYJISIPHON aTOMapPHOI TPOCTPAHCTBEHHON CTPYKTYPBHI (PEIIETKH), BKIIOYAET
caeymomniue (PaKTOPbl: KYJIOHOBCKOE B3aUMOJIEICTBHE C s/IDOM aTOMA, IIPSIMOe
duznueckoe CTOJIKHOBEHUE C si/IPOM, TeMIilepaTypHbie 3 deKTh aToMapHOit
PEIIETKH.

BazoBble BapuaHThl BJIUSHUE TOJIOXKUTEIHLHO 3apPAKEHHOTO dpa aToMa,
Ha TPACKTOPUIO JIEKTPOHA, IIO3UTPOHA M HEHTPOHA IIPU COOTBETCTBYIOIINX
HAYa/IbHBIX YCJIOBUSAX TOKa3aHbl Ha puc. [Bl

1)

UCMOYHUK UCMOYHUK UCMOYHUK

Puc. 3. OcHOBHBIE BADUAHTHI B3aUMOJEHCTBUST YACTHI] C SIIPOM aToMa. 1) KyJIOHOB-
CKO€ TPUTSZKEHNE 3JIEKTPOHA € ; 2) KYJOHOBCKOE OTTAJKUBAHUE MO3UTPOHA €7 ;
3) coymapeHue ¢ HEATPOHOM 7.

Coynapenne. Ha puc. 4] npeacrapiena cxemMa yIapHOTO B3aWMMOICHCTBUS
MaTepHraJIbHON JacTUulbl P ¢ sg1poM aToma, IpeacTaBIeHHOIO OKPYZKHOCTHIO
¢ eHTpoM B Touke A m paguycom Ry. Ilpuanmaem, 9To sapo atoma mpu Cu-
JIOBOM B3aUMOJIEICTBUH C 9JIEMEHTAPHON JaCTUIIEH OCTAETCS HEIOIBUKHBIM,
TaK KaK ero WHEepPIMOHHAsl Macca 3HAYUTETBHO IPEBBLIINIAeT MacCcy HaJjeTa-
fomeit gactuibl P. Touka coypapenns 4acTuibl P ¢ MOBEPXHOCTBIO sIIpa
obosnaueHa depe3 B. Hactuma P obajiaeT MeXaHUIeCKUM HMITYJIbCOM PaB-
HbIM my. Hampasiienne oTcKOKa 9acTUIlbl (UMITYIhC my’) XapaKTepus3yercs
ko3 dbunuentamu k,, k,; Mpu HOPMaJILHON U TaHME€HIIMAJIHLHON KOMIIOHEHTaX
ckopoctu v. Ecim paccMaTpuBaTh ujeasibHoe coyjapenue, 1o k, =k, =1, a
B obmeMm ciaydae k, < 1, k. < 1.

3.4. D9ddekT moTepu CKOpoOCTH YacTUIlEi
MS OKCIIEPUMEHTOB 110 Pa3rOHYy 3JIEKTPOHOB Ha YCKOPHUTEJIAX HU3BECTHO,

4TO IPU JIBUXKEHUU 110 KPUBOJMHENHHON TPAeKTOPUHU, JIEKTPOH MHUIUUPYET
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AP0 aToMa

A — ueHTp siapa aroMa
P — nHajeraiomasi 4acTuI@a ¢ Maccoit m
/ B — Touka coypapeHusi 9acTuipbl P u sinpa

Puc. 4. Henenrpanbaoe ymapHoe B3anMOAEHCTBAE MATEPUAIBHON dacTuisl P ¢ sii-
poM aToma. XapakTep coyIapeHus 3aaaércst Koadpdumuenramu ky,, k.

[IIMPOKOIOJIOCHOE U3JIyYEHUE SJICKTPOMATHUTHBIX BOJIH, T€PAd CBOIO JIMHEH-
HYIO CKOPOCTB, B CBSI3M C 9TUM 9TO M3JIydeHUE HA3BAHO TOPMO3HBIM. VHBIMI
CJIOBAMU, JIEKTPOH COBepIIaeT paboTy HaJ UeM-TO WU, YTO-TO COBEPIIaeT
paboTy Ha L HUM. DTO Ke siBJIEHNEe HAOJIIOIAeTCS U IIPH IBUKEHIH 3JIeKTPOHA
BOJIM3K sJipa aToMa. J[JTUTeIbHOCTD UMITYJIHCA TOPMO3HOTO IJIEKTPOMArHUT-
HOI'0 U3JIy4Y€HUsd, B 3TOM CJIydae, OllpeJesdeTcsd NHTEPBAJIOM BPEMEHU KYJIO-
HOBCKOI'O B3aMMOJIECHCTBHUS JIEKTPOHA C siipoM aroma. OTcroma u JUCKpeT-
HOCTb 3JIEKTPOMAIrHUTHOI'O U3JIyYECHUS.

it MozemupoBaHust 3TOr0 (PU3NIECKOIO sIBJIEHHUS, B Hallleil pacuéTHO
cxeMe, BBeJIEH KO MUITMEHT JIMCCUTIAIINN 1) HEKON YCJIOBHOM CPeJIbl, OKPY2Ka-
fomreit spo u cam arom. Kosaddurment 7 mo3Bosisier ecrecTBEHHBIM 00pa30M
O0Tpa3uTh (paKT YMEHBIIEHUsT CKOPOCTU JIEKTPOHA U TEM CaMbIM 0003HAYNTD,
YTO YACTh €r0 KHHETHIECKON SHEPIUHU 3aTPainBaeTcs Ha (hOPMUPOBAHUE OTH-
HOYHOT'O UMITyJIbCa TOPMO3HOI'O U3JIyUYEHUA UJIA IPOCTO JIECKTPOMATHUTHOTO
UMITyJIbCa — (POTOHA.

Ha puc. [l mokazana TpaekTopus ssekTpona © BOIM3M f1pa aToMa C
yuéroM jccunanuu 7 > 0, a IyHKTUPOM OTMedeHa TpaekTopus upu n = 0.
DJIEKTPOH, TIOIaB B 00J1aCTh JIefiCTBUST KYJIOHOBCKHUX CHJI si/[pa aTOMa (MOMEHT
BpEMeHH t1), HAIMHACT TE€PSTh CKOPOCTh, UTO COMPOBOXKAETCS TeHepaIieil
AMIIYyAbCa MMAPOKOIIOJOCHOTO TOPMO3HOTO U3JIIyYEeHUA JTANTEAbHOCTHIO
At = t3 — t1, rae t3 — MOMEHT BblLIeTa U3 00JIACTH BIUSIHAS ATOMA.

lo(2)]

> Ju(?)]

t=t1

()

t=ts3

Y4ér nuccurianum yBeJmduBaeT BPpeMs CHJIOBOIO B3aMMOJIENCTBUS 1TPOJIeTa-
IOIIIEro JIEKTPOHA C AJPOM aTOMa, YTO OTparKaeTcd Ha KOOPAMHATAX TOYKU
€ro BbLIETA U3 aToMa M Ha JaJbHEHIIe TPacKTOPUU.
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nepuyenmp

n>0

(A)

7y “'D"‘
9' | xamoo

Puc. 5. Bauaaune napamerpa guccumarum 1 Ha TPAEKTOPHIO JIEKTPOHA IIPU €r0 JIBU-

2KEHUHM OKOJIO ¢]ipa aTOMa. ( — IIPUIEJIbHOE DACCTOSHUE. @, @, D o6osHAuAIOT
MIPOOHBIE JIEKTPOHBI U UX TPAEKTOPHUH.

3.5. YpaBHeHUEe JIBUKEHUS IJIEKTPOHA

B paMkax HbIOTOHOBCKO#I MexaHUKH, 3anuIieM JuddepennuaibHoe ypas-
HEHHe JIJIsl OIpeJie/IeHIsI TPAeKTOPUU JIEKTPOHA €~ CPead HEeIOIBUKHbBIX
dJIep aTOMapHON PENIETKN ¢ yIE€TOM KYJOHOBCKOI'O B3aMMO/IECTBUs, COY/Ia-
peHuil U JUCCUIIATUBHON CpeJibl. DJIEKTPOH MOXKET OJHOMOMEHTHO B3auMO-
JIEHCTBOBATH TOJILKO C OJIHUM WJIM JIBYMsI aroMamu (ciaydaii, Kormga obactu
JeficTBUsT aTOMOB IlepecekatoTcsi). B ekaprosoii cucreme koopauaar Oxyz
ypaBHEHUE JTUHAMUKHU, JIJIsT YACTHUIIBI C MACCON M U 3apsjioM e~ IPUMeT BUJI:

N
i} 1 Qe A, 2 U
mi = — E Oi N el
FS e A A ™M

5 — 0, ectm A; > Rp e Aot
11, ecmm A; < Rp 2 =t s =

3/tech m, r — Macca u PaJnyc-BeKTOP 3JIEKTPOHA COOTBETCTBEeHHo; N — 1uc-
J0 aromoB B mumrenn; Q1 — sapan aapa aroma; Rp — pamuyc JeilcTBus
aroma; €~ — 3apsij] JIEKTPOHA; I'*; — PAJINYC-BEKTOD -0T'0 s/Ipa aToOMa; 0; —
napaMeTp olpeJe/dionuil BAusdHle KYJIOHOBCKOM CHUJIBI 4-0T'0 s/Ipa aToMa Ha
9JIEKTPOH; ¥ = I" — BEKTOP CKOPOCTU YACTHUIIbI; 7] — HapaMeTp JUCCUIIAIUN;
€9 — JUIJIEKTpUIecKas MOCTOsTHHASA BaKyyMa.

Hauasnbable yeiosust fuist () 3anucbiBarorcs Kak

r =T, 7_“ =2, (7)
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e ro — paJdlyC-BEKTOD IJIECKTPOHaA Ha KaTode B MOMEHT BPEMEHU t= O,
Up — BEKTOp HayYaJIbHOM CKOPOCTHU 9MUCCHUU dJIEKTPOHA.

3.6. YuéTr TemnepaTypbl aTOMapHOIl peIrneéTKu

TemmepaTtypa Murenu, Kak BO3MOXKHBIN (paKTOp BJIMIAHUA HA TPAEKTO-
PUIO YACTUIIbI, PeaU3yeTcs depes3 ciIydaiiible He3aBUCUMbIE KOJIeOaHus KO-
OP/IMHAT KaxKJIOTO sjipa aroma peméTku. [Ipm 3Tom KaxKIblii SMUTHPOBAH-
HBIIl 9JIEKTPOH PaCcCeMBaeTCs Ha YCJIOBHO «HOBOM» IpendTcTBuu. Temmepa-
Typubiit addexrr (T > 0°K) BU3yaabHO NPOSABISIETCA B BHJIE PA3MbBITHS HH-
TEHCUBHOCTH IO/ IaHUA 3JIEKTPOHOB Ha siueiiku 9KpaH-JeTekTopa. Ha puc.
MMOKA3aHO, KaK JIBe CUMMETPUIHbIe, OTHOCUTEThHO ocu Oz, TIOCIe10BaTe/TbHO-
CTH OJMHOYHBIX 3JIeKTPOHOB @ 1 (B) 0CTaBIAIOT Pa3MBITHIC CJICIbI Ha SKPAH-
serektope SF| BCIeJACTBHE CIydallHbIX KOJeOAHUI KOODJIUHAT sIpa aToMa,
KOTOPbIe MOJIETUPYIOT ero TeMieparypy 1' > 0°K.

3.7. OnTudecKasi COCTaBJIAIONIAsT PACYETHOMN CXEeMBbI

DTa COCTABJIAONIAS IPEICTABIISIET CODOM YCIOBHBIN ONITHIECKU TTPUOOP —
nuTepdepoMeTp, COCTOAIINI U3 UCTOUYHUKA MOHOXPOMATUIECKOTO JIEKTPO-
MarduTHOTO U3JIy4YeHUsl W JBYX IIejieil, (popMupyommx uHTepdepeHImo-
HYIO KapTUHY Ha SKpaH-jerekrope SF Ipu 3aJaHHbIX NapaMerpax. DTOT
unTepdepoMeTp HeOOXOUM JIJIst aHAJIN3a [IEHTPAILHOM 00/1aCTH pacipe/ieie-
HUsl paccestiust dacTuil [ (y) Ha npeMeT BblsgBieHus narepdepennuu. V3 om-
TUKHN U3BECTHO, 9TO paclipe/JejieHne NHTCHCUBHOCTHU KOT'€PEHTHOI'O CBETOBOI'O
IIOTOKA, IIPOIIEJIIIETO MPEIITCTBUE B BUJIE HECKOJIBKUX ITesIeil, B 00IIeM CJTy-
1ae, OIpPEJIEIseTcs Caeayomneit popmyJioii:

. 2 .
sin u sin Nv

(8)

[*<y> = [const + [ma:v ;
u SIn v

rie
b wd
U= STY, VST (9)
Bnece N — [wmcsio mesteit; b — mupuHa 1men; d — pacCTOsSHUe MeXK Ty IeH-
Tpamu Imeseit; L — gucraHupudg A0 dKpaHa; A — JJIMHA I1a/1afolneil BOJIHBI,
L nae — MaKCUMaJIbHAS UWHTEHCUBHOCTD;, [ onst — IMOCTOSTHHAST COCTABJISIOIIAS
UHTCHCUBHOCTU.
Pacemorpum corywait aByx mieseit N = 2, Toria Beipaxkenue (§]), mocie
VIPOIIEHUSI, IIPUMET BHU/I

. 2
I*(y) = Leonst + 4lmax (%) cos?v. (10)
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0

Puc. 6. 9dderr Bimsanus Temmeparypbl sapa aTOMa MPU PACCESTHUU ONMHOYTHBIX

JIEKTPOHOB U3 JIBYyX IOCJIE/I0BATEILHOCTEN @ u B ma AIpe aToMa ¢ 3apanoM Q.

Boipakenne (I0) BbImoJIHSET POJIb AHAJUTHYECKOTO HHTEpdQEpoMeTpa st
nocTpoeHusi nHTepdEepeHInOHHON KapTuHbl 1*(y).

Unrepdepomerp (I0) mpoermpyer nzobpakenne uarepdepenimn 1*(y)
Ha 9KPaH-JIETEKTOD C pacipejie/leHneM WHTEHCUBHOCTH PACCeTHUS JIEKTPO-
o [y). ®ukcupyiores mapamerps! naTepdepomerpa ([0) Tpu KOTOPLIX ero
unrepdepeniontas Kapruaa [*(y) 6yaer MakcuMasIbHO MoJI00Ha pacpe/ie-
sennto [ (y). Crenens 1o100ust ONEHUBAECTCS BEJIMINHON KOIDPUIMEHTA KOP-
pessI 7. DTO JIeJIaeTcs ¢ MEeIbI0 TPOBEPKU HA COOTBETCTBHE PACIIPEIeie-
HUsT WHTEHCHBHOCTHU PACCEsTHUs 3JIEKTPOHOB MHTEPMEPEHITMOHHON KapTuHe,
10 BHENTHUM TPU3HAKAM.
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4. PaccesiHue 3JieMeHTapHBIX YaCTHI]

O6muM 1711 Bcex 3a/ad sIBJIIETCST PACCMOTPEHNE TPAEKTOPUI JaCTUIL B
mwtockoctu Oyz, pu Temmeparype murnern 1 = 0° K.

4.1. DaemMeHTapHOE ABYyXINeJIeBOe IIPENATCTBIE

PacuérHas cxema 9MCIIEHHOTO SKCIIepUMenTa moka3ana Ha puc. [7] (crp. [I4).
Ha myTu mocseioBaTeIbHOCTH OJUHOYHBIX JIEKTPOHOB, UCITYCKAEMbIX KaTO-
oM K| pazmerniena muiiiedb (G, IPeJICTABISIONAs COOON OJIHOMEPHYIO pe-
MIETKY U3 TPEX ATOMOB, PACIOJIOZKEHHBIX B OJIUH PsiJl TakK, 9TO ObI 00pa3o-
BaJIOCDh JIBA OJIMHAKOBBIX 3a30pa, MOJIEIUPYIONIUX JIBE dJIEMEHTAPHbBIE IIEJIH.
JL1s MCKJTIOYEHUs U3 PACCMOTPEHU 3JIEKTPOHOB, KOTOPbIE OY/IyT OTparKaTh-
¢ B CTOPOHY KaToJIa, UCIOIb3yeTcd nojeBad jguadparma D. Pesyibrar pac-
CesTHUS 9JIEKTPOHOB (puKcupyercs 3KpaH-jgerekropom SF. [lenrpanbaas 06-
JIACTD, TIOJIYIE€HHOI'O U300PaKeHUs, PACIIPE/Ie/ICHIS NHTEHCUBHOCTH 10TIa/1a-
HUS 9JIEKTPOHOB HA 9KPAH, XOPOIIIO AIIPOKCUMUPYETC HHTEPMEPEHITMOHHOT
KapTuHON [*(y), MOJy9IeHHON ¢ TIOMOIIBIO AHAJIUTHIECKOrO HHTEpGhEpoMeT-
pa (I0), aro noxreepxKaaer kKodddurment Koppessmuu r = 0,999 .

4.2. IloaynjgockocTb

Ha puc. 8 (crp. [[H) npusesena pacuéraas cxema Jjisi pACCMOTPEHUS BJIU-
AHUA Kpas HEIIPOHUIIAEMON TIJIACTUHBI Ha TOCJIEI0BATE/ILHOCTD YOS I0YCH-
HBIX 9JIEKTPOHOB, SMUTUPOBAHHBIX KaTojoM K. B KadecTBe Kpasi BLICTyIIaeT
SAJIPO OJIMHOYHOIO aTOMA, IEHTP KOTOPOT'O PACIOJIOXKEH HAIPOTUB IIPABOTO
kpas karoga K. Pesynbrar dbukcupyercs skpan-jerekropom SF. Pacrpe-
JIeJIeHIe UHTEHCUBHOCTH [(y) MMeeT HEeKOTOPYIO CXOXKECTb C Pe3yJIbTaTaMu
KJIACCHYECKOI'O OIbITa — UM paKIiisg MOHOXPOMHOI'O CBETOBOI'O MOTOKA Ha
Kpato nosymiockoern (audpaknnsg Openesis).

4.3. ATromapHasi peryJjsspHas peIneTka

PacuérHas cxema 9MCIIEHHOTO SKCIIepHMenTa mokasana Ha puc. [ (crp. [IH).
Ha myTu o uHOYHBIX 3/IEKTPOHOB pa3MeleHa Muiierb (G, MpeIcTaBIsIoNast
cO0OI PeryJIIpHYIO PElIéTKy, COCTOAILYIO U3 7 ATOMapHBIX CJI0EB, B KaXKIOM
cioe 1o 11 aToMoB. ATOMBI YaCTUYHO IePeceKaloTcst, obpasysi 00JIaCTH COB-
MECTHOI'O BJIMSTHHUSI Ha 9JIEKTPOH. Pe3ybrar paccesHus 3JeKTPOHOB (DUKCH-
pyercst 3KpaH-jerekTopoM SF'. I3 Bcero dmcia SMUTHPOBAHHBIX 9/IEKTPOHOB,
upeogoesnn pemérky 77%. Lenrpanbnas obaacTh n300pazKeHus pacipeie-
JIEHUI MHTCHCUBHOCTH IIOIIaJaHUA PpaCCeAHHBIX 3JICKTPOHOB Ha dKPaH XOPO-
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1o onuckiBaeTcst anajutudeckoit popmystoit (1), uTo nokaspiBaer 3HaUCHUE
koddburmenta koppessiun r = 0,997 .

4.4. bunpusma

Ha puc. [0 (crp. [I7) npusesena pacuéraas cxema ¢ OUIPU3MON, Ipe-
CTABJISIONIEH CODOM IOJIOKUTETHHO 3aPsizKEHHOE $1JIPO OJIMHOYHOIO aToMa,
KOTOPBI pasjie/igseT SMUTUPOBAHHBIC KATOJAOM [ 3JIEKTPOHBI HA JIBA CHUM-
METPUYHBIX MTOTOKa. PaccMaTpuBaeTcss MHOYXKECTBO OJIMHOYHBIX 3JIEKTPOHOB,
KOTOpBIE [IOCJIEI0BATE/IBHO BBLIETAIOT C OAHON M TOH Ke HadaJIbHOU CKOPO-
CTHIO U3 33/[AHHBIX U3HAYAJLHO TOUYEK SMUCCHM Ha KaToje K .

Pesynbrar paccesinust 371eKTpOHOB (DUKCUPYETCsi 9KPaH-JIeTeKTOpoM S F'.
[enTpabHast 06/1aCTh MOJIYYEHHOTO paciipe/iesietnsi uarencusuoctu I (y) ar-
npokcumvupyetcst hopmysioit (I0) ¢ kosdbdurnmentom koppessrun 7 = 0,999 .

B pamkax sToii Ke 3aa49u ¢ OUIPU3MOIi, PACCMOTPEH €I U BapUaHT, KO-
IJ1a Pas3JIessionias MOTOK 3JIEKTPOHOB IIPOBOJIOKA OUIIPU3MBI IIPEJICTaB/ICHA,
B CBOEM CeueHHH, KaK aroMapHas permrérka (G, BIUCAHHAS B OKPYKHOCTD.
DTO TO3BOJIUJIO PACCMOTPETH XapaKTeP PACCEedHUS JIEKTPOHOB C YIETOM I10-
BEPXHOCTHOl IMPOHUIIAEMOCTH aTOMapPHON CTPYKTYPbI CEYEHUs ITPOBOJIOKH.
Pesynbrar mosemmposanust nokasan #a puc. [ (erp. [8). Dxpan-gerekTop
npocturio 36% m3 Beex SMUTUPOBAHHBLIX 3JEKTPOHOB. LlenTpasbHas obaacTh
[IOJTy Y€eHHOTO PACIIPEJIEJICHIsT WHTEHCUBHOCTH (%) XOPOIIO KOPpeJupyer ¢
urTepdepenimontoit kaprunoit I*(y), paccunrannoit o dopmyse ([I0), xa
49TO U YKa3biBaeT Kodddumment mopodbus r = 0,999 .

4.5. PaccessHne HeiiTpOHOB

Ha puc. 12 (crp. 19) npusenena pacuérras cxema JIjisl aHAJIN3a PACCESTHIS
HEHTPOHOB Ha IPEHATCTBUM, KOTOPOE YACTUIHO MEPEKPBIBACT IMJINHIPUIC-
CKMil KaHaJ U TeM caMbIM (OpMHUPYeT JBa MOTOKa HedTponos. B kauecTse
HPEISATCTBASA PACCMATPUBACTCA AJIPO aTOMa. PacuérHas cxema, B IEJIOM, CO-
orBercTByeT peaibroMy dKkcrepumenty [19]. Pesynabrar paccesinusi veitrpo-
HOB OoTOOpaykaercst Ha SKpaH-jerekTope SFE'. Pacupejesienne nHTEHCHBHO-
cru I(y) B €€ meHTpaJIbHON YacTu MOM00HO pacupejeneHuto [*(y) , Bbrauc-
aensomy 1o dopmyste ([I0)), koaddunument koppensnuun r = 0,999 .
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skpan SF (100%)

S[R1C3]-e-AAA / 7 smBapsm 2026 T.

obsiacTh AeUCTBUSA
KYJIOHOBCKHUX CHJI s1ZIpa

Q+

nuadparma D

\

r=0,999 —— I , paccesinue

—— I, unrepdepennus

0

Puc. 7. Paccesiiue 3/1eKTPOHOB Ha 3JIEMEHTAPHOM JBYXIIEJIEBOM IIPEIATCTBIH.

@, ®, ®), ® — rpaekTopun MPOGHBIX IEKTPOHOB. II0KA3AHO COBMEIIEHHE PACIIpe-
nesternst I(y) ¢ unrepdepennueit [*(y), Berauciaennoii mo dbopmysie ([IT).
| Onucarue 6 nodpasdese [{1], cmp. [12 |
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2€

obJiacTh JiefcTBUs
KYJIOHOBCKHUX CHJI

karon K

nexabps 2025 T

-e-Q-Edge / 28

N([R1C1]

SF (99%)

I(y)

0

Puc. 8. Paccesnue mociie1oBaTeIbHOCTH 3JIEKTPOHOB HA KPAIO IOJIYIIJIOCKOCTH

(saapo aToma). @, ®, ©, © TPAEKTOPUU MPOOHBIX JIEKTPOHOB.
| Onucanue 6 nodpasdene[{.3, cmp. 12 |
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skpan SF (77%)

aps 2026 T.

G[R7C11]-e-Fab1949-v2 / 7 sa=B

pemérka G

r=0,992 —— I , paccesinue

—— I'*, uarepdepenius

T
0
Puc. 9. Paccessinre oMHOYHBIX 3JIEKTPOHOB HA PETYJISIPHON aTOMAPHOH

pemérke 7 x 11. @, , @, @, ® — TPAEKTOPUH ITPOOHBIX 3JIEKTPOHOB.
TTokazano cosmMerrnenue pacupezenenus I(y) ¢ uarepdepennueit I*(y),
sbruncsennoit o dopuyrte ([[0). | Onucarue 6 nodpasdene[f.3, cmp. 12 |

16
Kupvan JI.T., Kupvan I.B. | (icsp7-v9.8) A.5.1 | — 10 despass 2026 r.



skpan SF (100%)

/ 7 susaps 2026 T.

S[R1C1] -e-biprism-Q-v1

1
—— I |, paccesinue

—— I'*, unrepdepenus

r=0,999

0

Puc. 10. Pacuérnasa cxema ¢ OUIIPU3MOI, IJie MHUINEHBIO BBICTYIIAET sJIPO ATOMA C

sapsagoMm Q1 (cedeHme yCIOBHOM TIPOBOJIOKH). @, ©, @, () — rpaekTOpHE MPOGHBIX
a/1eKTpoHOB. | Onucanue 6 nodpasdese cmp. 13 |
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skpan SF (36%)

S[R20C20] -e-biprism-SectionCircle / 7 smBaps 2026 r.

CevYeHHue IIPOBOJIOKH G

karon K

—— I |, paccesinue
r=0,999

—— I'*, unrepdepennus

0

Puc. 11. Pacuérnast cxema ¢ 6unpusMoil (MUIeHb — cevdeHne IPOBOJIOKH, Ge3 BHeIII-

HEro II0JIOXKUTEJILHOIO HOTEHIMAJIA, B BUJIE aTOMAPHON PENIETKM), KOTOpas JETUT

MIOTOK 3JIEKTPOHOB Ha JBa. Jlo skpana mosereno 36% wactwm. @, , @, @, ® —
TPaeKTOPHHU MPOOHBIX 3MEKTPoHOB. | Onucarue 8 nodpasdeie cmp. |
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skpan SF (100%)

S[R1C1]-n-biprism-Q / 7 smsaps 2026 T

ompasicarouul Kanan

ceYeHue NpPo8oaoOKU

ey
A
YA

R A
LYYy

N
UCTNOYHUK HEUMPOHOS8 T
nuadparma D
O .
Y
1
r=20,999 | ] | paccesnue

—— I, untepdepenius

1

0
Puc. 12. Paccesnue HelTpOHOB Ha NPENATCTBUU B BHIE KPYIJIOIO CedeHHs (IIPO-
BOJIOKa). Pesysbrar paccesiHust oroOparkaercsi Ha dKpaH-jeTekTope SF. @, © —
TPAEKTOPUU TPOOHBIX HEHTPOHOB, & TPACKTOPUN , © s10 npumep (POHOBBIX Tpa-
€KTOPHUil MCKJ/IIOYEHHBIX U3 paccMOTpeHus moJieBoit muadparmoit D. Ilenrpanbras
06J1aCTh pacIpe/ieJIeHNs] HHTEHCUBHOCTH paccesiHusl HeiTpoHoB I () anmpoKeuMupo-

Bara dopmyioit (I0). |Onucarnue 6 nodpasdese [{.5, cmp. [13 |
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4.6. Nurepdepernns BoJH WIN paccesHUE YaCTUIL!

Heocriopum ToT bakTt, 9T0 Takue siBjaeHus Kak Judpakiinsg U uHTepde-
PEHIUS PUCYIIU BCEM BOJIHOBBIM IIponeccaM. MOXKHO M HPHHSATD, HOJIy-
4aeMble B MHOTOYUCJICHHBIX PEAJbHBIX SKCIEPUMEHTaX, PACIpeIeIcHue MH-
TEHCUBHOCTHU PACCesiHUsI MaTePUAIbHBIX YaCTUIL (3JIEKTPOHOB) Ha MUIIECHH 34,
U paKIo Wil HHTepGMEPEHINIO, U3BECTHYIO HAM U3 KJIACCUIECKUX OIbITOB
1o onrrke? BHelHee CX0KeCTh, eIé He OCHOBaHME JIJIsT OJHO3HAYHOI'O BHIBOJIA
0 TOM, UTO 3TH MaTEPUAJIbHbIC YACTUILI IPOSBUIIA CBOU BOJIHOBBIE CBOICTEA,
KOMMM UX HAJIeJIU Jie Bpoiiib, onmpasics, B CBOIO 09epeb, Ha IUIOTe3y DiiH-
HITeiiHa O KOPILYCKYJISIPHO-BOJIHOBOM JIyasii3Me 3JIeKTPOMArHUTHOIO UMITYJIb-
ca (dorona) B paMKax KOTOPOii, (DOTOH MPOSIBJISIET CBONCTBA MATEPHAJBLHON
YACTUIIBI C UHEPUUOHHOT MACCOU, 3aBUCSINEH OT YaCTOTHI U3JTyYeHUs.

Ha npumepe paccesinusi neitrponos (puc. [[2]) pacemorpum Bbramciien-
HOE pacIpe/ieJieHie NHTEeHCUBHOCTH Tonajannii meiirpornos [(y) ma sKpar-
JIETEKTOp ¢ moMolbio anajgurudeckoro unrepdepomerpa (). das sroro
pPacCMOTPHM MEHTPaJIbHYIO 00siacTb pactpejesenus I (y) . [logbupaem mapa-
merpol uarepdepomerpa ([I0) rakumu, aro 661 unTepdepentus [*(y) (cunss
JHUs) coBrasa ¢ pacupesenerueM [(y). Pesyabrar coBmerenusi nokasaH
Ha rpaduxe (puc. [12).

Habromaerca npakTudeckn uieaabHOe coBIIaieHne, Koppessius r=0,999 ,
UHBIMHU CJIOBAMU, ONTHYECKash MHTEPMEPEHIrs COBIaa ¢ Paclpele/eHueM
HEeHTPOHOB I10 9KpaHy. DTOT (PakT, B HAIIIEM YUCTEHHOM SKCIIEPUMEHTE, MOZK-
HO OBLIO OBl IPUHATDH 3a IPOABJICHNE HEHTPOHAME CBOMX BOJTHOBBLIX CBOHCTB,
HO pacuéTHasi MOAEIb BKJIIOYAeT B ceOs TOIBKO MaTEPUAJbHBIC YaCTUILI, U
oHmn 6e3 KaKux-JInb0 BOJIHOBBIX CBOMCTB. [loaTOMy, paccuurannoe pacupe/ie-
JieHne HedTpoHoB [ (y) 1o 9KpaHy HpaBWIbHEe Ha3BaTh ncesdounmepgpeper-
yued.

WsBecrro, uro nHTepdepeHInonHas KapTUHa B OIBITAX CO CBETOM, 3TO
PE3YJIbTAT HAA0MHCEHUA B TPOCTPAHCTBE JBYX U 0OJIee KOIMEPEHTHBIX BOJI-
HOBBIX IIPOIECCOB, KOTOpast onuckiBaercst BoipazkerneM (). IIposepum, aro
npousoiiér ¢ pacupespenenusvu [ (y) u [*(y) upu usmeHenun Gu3nIecKo-
ro pa3pemeHH;% 9KpaH-JerekTopa B 4 u 16 pas, coxpaHss HEU3MEeHHbLIMU
BCE OCTAJIbHBIE TIapaMeTpPhl 33/Ia49K, BKIOYas U HACTPONKHU AHAJUTUIECKOTO
unrepdepomerpa (I0). [losyuentbie pe3ynbTaThl IpPEeJICTABICHBI HA PUC.
B BUJIe 3-X rpaduKOB.

BujHo, 9To 110 Mepe yBeJimdeHus paspelenust SKpat-jgerekropa SF, un-
repdepennmontast kapruna [*(y) , paccanrannas o dopmylie (1), ocraéres
HEM3MEHHOW (CHHsA JIMHUS), a pacupejesenne nonaiannii neiirponos I(y)
peTeprieBaeT 3HAYUTEIbHYIO TpaHncdopmanuio (YépHas jmHust). B mpese-

3 ®uzmuaeckoe paspelieHue sKpaHa (DPI)7 3TO YUCJIO MUKCeJeld Ha oM.
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Puc. 13. Biiusiaye BeslMunHbl pa3pelenust SKpaH-JeTekTopa (KpaTHoCTh X 1,x4,%x16)
Ha XapakTep PACIpEJIeeHNs] NHTEHCUBHOCTH MATePHAIbHBIX dacTull [ (y) u coBMme-
IMIEHHOM ¢ IeHTPAIBHON 06JacThio nHTepdepernun [*(y).

JIe, KaxKJash 9aCcTUIa 3aiiMET TOJBKO OJHY PErHCTPUPYIONLYIO SICHKY IKpaH-
JIETEKTOPA.

Urak, nnrepdepentust 1*(y) BoaroBbix mporieccos (puc. [I3]), oxkumaenmo,
He 3aBHCUT OT pa3pemiaionieil crocobHOCTH 3KPaH-IeTeKTOpa, 9TO OUEBH/I-
HBIM 0oOpazoM ciemyer u3 camoii dopmyssl (§). B To ke Bpems, Bum pac-
npejiesiennst HHTeHcuBHOCTH [ () momaanusi HeHTPOHOB HA SKPaH-JeTeKTOD
SIBHO 3aBHCUT OT €ro (PU3NIECKOTO Pa3PEIIeHNUs.

Takum 00pa30M, YUCIEHHBIE SKCIIEPUMEHTDI [IPH PA3IUIHBIX 3HAUEHUAX
pasperiennst skpan-jerekropa (puc. [[3]) mokazanm, 9To HEHTPOHBI, KaK U
UHbIE MaTepHaJbHbIE YaCTUIbI, HE IPOSIBJISIOT BOJHOBbIE CBOWCTBA, OT CJIO-
Ba COBCEM. Buj paccessHMst 9acTHI[ Ha MUIICHH SABJISETCS HCKJIIOYUTEIHHO
CJIEJICTBUEM HAYAJbHBIX YCJIOBUIL SMUCCHN, BHENIHUX YIIPABJIAIONINX U [apa-
SUTHBIX (DUBUIECKHUX IOJIe, HEYETKOIO OIUCAHUsS CTPYKTYPbI MUIIEHU U eé
TEMIIEPATYPbI, & TaK Ke Pa3pelieHns 1 9yBCTBUTEILHOCTH KPaH-/I€TEKTOPA.

CiiejtyeT OTMETUTD JIBORCTBEHHOCTb 3KPaH-JIETEKTOPA, B CJIydae BOJIHO-
BBIX IIPOIECCOB OH OTOOpazkaer ((bUKCUPYeT) Ha.a024cerue BOJIH B IPOCTPAH-
CTBE, HO HE YYaCTBYET IIPU 9TOM B UX CyMMHUPOBAHNH, & B CJIydae PACCesHUS
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MaTepUaIbHbIX YaCTHIl, SKPAH-IETEKTOP CYMMUPYEM YaCTUIbl, TO €CTh Ha-
KalimBaeT. Takum o6pa3oM, hbyHKIIMOHAIbHAS POJIb SKPAH-/IETEKTOpa, 0TOD-
paxkaThb WU CYMMUPOBaTh, OIPEJIEISIeTCs TTOCTAaHOBKOM 3a/1a91.

OKoHYATEIbHYIO TOYKY B WHTEPIIPETAINN MPUPOJIbI PACCETHUST HEHTPO-
HOB WJIA 3JIEKTPOHOB Ha aTOMAapHOI CTPYKTYPE MUIIEHU, MOXKET MTOCTABUTH
experimentum crucisH. CyTb KOTOPOT'O 3aKJII0YAETCs B IIPOBEJIEHUN CEPUN
9KCIIEPUMEHTOB 110 PACCEeAHUIO YACTHUIL [IPU PA3JIMYHbIX 3HAYCHUAX pa3pele-
HUSI 9KPaH-JIeTEKTOPA.

5. OTrpaxkeHue 3JEeKTPOHOB

PaccmoTpumM niporiece oTpazkeHust MOC/Ie/10BaTeIbHOCTU OJINHOYHBIX JI€K-
TPOHOB OT MOBEPXHOCTHU MUIIEHU, MTPEJCTABICHHON C/I0EM PABHOOTCTOATIINX
aToMoB. Pabouas cxema Moje/Iu IoKasaHa Ha puc. [14]

B ocHoBe miporiecca oTpazkeHust JIEKUT KYJTOHOBCKOE B3aNMOJIEHCTBIE J/T€K-
TPOHOB C sjpaMu aTOMOB perniéTku. Kak BemyT cebs 3JIEKTPOHBI, IOIaast
HA «IIOBEPXHOCTH» MUIIEHU, OPUEHTUPOBAHHON IO/ YIJIOM (¥4 K ILJIOCKOCTH
skpana S K7 HacTb 37/eKTPOHOB OTPA3UTCsI, OruOast siIpo aTOMa C COILYTCTBY-
FOIIIIM TOPMO3HBIM H3JTyI€HUEeM, 110 aHAJIOTHH C ITPOTIECCAME B PEHTTEHOBCKOI
TPYOKe, a ocTajbHuble 00pa3yioT (DOH, TO €CTh OY/IyT XA0TUYIHO OTPaXKeHbl 0e3
IPeoOJIa/IAIONIEr0 HAIIPABIECHUS U PACCESHBI 110 00bEMY aTOMAPHON PENIETKN
MUIIIEHN.

st paceMoTpenusi MeXaHU3Ma OTPAXKEHUST 3JIEKTPOHOB OT MOBEPXHOCTHU
MUIIIEHH, OBLIM BBIOPAHBI U3 BCEX SMUTHUPOBAHHBIX KATOJOM K 3JIEKTPOHOB
TOJIBKO Te, KOTOPBIE B IPOIECCE B3AUMOJIEHCTBYSA C sIIPAMEI ATOMOB YTIOPSIIO-
YEeHHO 0TPa3dATcsd U chOPMUPYIOT HA SKPAH-IETEKTOPE UePey PABHOOTCTOSs-
IUX TI0JIOC, BUJ KOTOPBIX IOJIHOCTHIO OOYCJIOBJIEH HAYAJIbHBIMUA YCJIOBUSIMU
9MUCCHH 3JIEKTPOHOB KaTO/IOM K U mapamerpamu atomMapHoil perérku G.

4B mepeBojie ¢ JATHIHM, 3TO O3HAUAET «PEIIAOIIHI OIBIT> MM «KPHTUUIECKU SKCITe-
pumentT». Tepmun BBEN Francis Bacon (1561-1626).
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Puc. 14. OTpaxkeHnne 3/IeKTPOHOB OT MOBEPXHOCTU B BUJE PETrYJISPHOI
aTOMapPHOIl CTPYKTYPHI. ¢ — HPUIETbHOE PACCTOSHUE.

6. BriBoIbI

ITceBmountepdepennus. Buj pacrpeesiennss MHTEHCUBHOCTH IIOIIAIa-
HUsl MAaTepPHAIbHBIX YaCTHUIL Ha SKPAH-JIETEKTOP B 3KCIEPUMEHTAX C
sstekTponamu: Davisson [5] [6], Thomson [7, 8, O], 10], Bubepman [11], 12],
Jonsson [13][14], Pozzi [15], 16, 17], Tonomura [18]; Heiirponammu: Zeilinger [19];
aromamu: Kanitz [20] u monekynamu: Nairz [21], o cyru cBoeii ne siBJisi-
iorest uu audpakupeii, au unrepdepennueii. ITo dpaxTy, SKCIEPUMEHTATOPDI
bukcupoBan OpMHAPHOE PACCESTHAE MATEPUATBHBIX YaCTHIL (IICEeBIOUHTED-
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dbepennuio), Kak pe3yiIbraT UX COyIApeHuil u KyJIOHOBCKOIO B3aUMOJICHCTBIHSI
C dJIpaMU aTOMOB MUIIIEHH.

OTBeTuTh HA BOMPOC, UTO (PUKCUPYET IKPAH-IETEKTOP, KAPTUHY UHTEP-
depeHIMN WM paccessHre MaTEePUAIBHBIX YaCTHUIl, MOYKHO TOJBKO OIHUM
00 bEKTUBHBIM CIIOCOOOM, ITPOBECTHU experimentummn cructs Ipu Pa3HbIX 3Ha-
YEHUSX PA3PEIICHUTX IKPAH-IETEKTOPA.

OueBnino, 9To nnTepdepeHInoHHasi KapTHHa BOJTHOBBIX ITPOIECCOB MIPU
U3MEHEHUH pa3pelieHus SKpaH-JIeTeKTopa OCTaéTcd Hens3MeHHOW. B ciydae
JKe MaTepuaJIbHBbIX YaCTUIl, IIPOIeCC yBeJIWYCeHUd pa3perleHud dkpana DPI
MPUBOJIUT K POCTY JIETATM3AINH TI0JIsT PACCESTHUS M K BEIPABHIBAHUIO aMILIN-
TYJIbI pacipeiesienns narencusuoctu I (y) Ha sKkpan-jerekrope (puc. [[3)), B
peJjiesie aMILUINTy/a OyJIeT CTPEMUTHLCA K 1, T.e. OJIHO TONa/[aHue B PEIUCTPU-
PYIOIIYIO siueifiKy 9KPaH-/I€TEeKTOPA.

JLnst 6oJtee jeTaabHOrO 0O0CHOBAHUS, ITOYEMy THIIOTE3a Jie Bpoitis o BoJ-
HOBBIX CBOMCTBaX MaTepUabHBIX JaCTHUI] HEIIPUEMJIeMa, CJIeyeT KOCHYThCS
Takoro (heHOMeHa, KaK KOPIIYCKYJ/ISPHO-BOJTHOBOM JyaJIM3M, MOCTY/IUPOBAH-
HBII DUHIITEHHOM.

KopnyckynsspHo-BoaHOBOI ayann3M. [loj repmunom hoToH MbI TOHU-
MaeM OJIMHOYHBIN 9/IeKTPOMArHUTHDBIA UMITYJIbC, KAK PE3YJIbTaT TOPMO3HOTO
U3JIydeHusl 9JeKTPOHOM, ITPOTOHOM WJIM UHOW YACTHUIEH NPU JBUNKEHUU II0
KpUBOJIMHEHOM TpaekTopun. [IpuHgaTo cunrarh, 910 hoTOH 00/1a/1aeT HHEP-
IMAOHHON MaCCOM MOKa ABUZKETCA CO CKOPOCTBIO CBETA, & B IIOKOE €ro Macca
paBHa HYJIIO. 3/1eCh BO3HUKAET OYEBU/IHBII BOIIPOC, & UTO TAKOE NHEPIIUOHHAS
Macca ¢orona?

[Tonsitue maccol goroHa MOSBUIOCH B padboTax ditHrnreiina mo Gorodd-
dekry [3], rae o ycTaHOBH CBsI3b MeXKJly SHEPrHeil 3JIeKTPOMATHHUTHOIO
U3JIyIeHUsT U SMUCCUEN 3JIeKTPOHOB doTokaTomoM. s obbacuenus ¢porto-
spdekTa DitHINTEHH BBET B PACCMOTPEHUE TUIIOTE3Y O KOPITYCKYJISPHON MTPU-
pojie pOTOHOB, MPEJCTABUB UX MATEPUAJIHLHBIMU YACTUIIAMU, 0018 IAI0IIIMHI
MHEPIMOHHOI MACCO# IPH JBUKEHUU CO CKOPOCTBIO CBeTa. IDTO ObLIo HEe0ob-
XOJIUMO, KaK IPHUEM, JIJIT TOro, 4TOObI 00OWTH Ipob/IeMy, KaKUM 00pa3zom
HeMaTepHaJIbHbI (hOTOH (JIEKTPOMATHUTHBII UMITYJIbC) coBepiaer paboTy
HaJ| MATEPUAJIBLHBIM 3JIEKTPOHOM B (poTOKATO/IE.

Takum 00pazom, U3 IUIOTE3bl DWHIITEHHA O KOPILYCKY/ISPHO-BOJTHOBOM
JIyaJI3Me CJIEJIYeT, 9TO 3JIEKTPOMAIHUTHBIN UMITY b (doTon) ob1a aer nHep-
IIMOHHOM MAacCoil IPU JIBU2KEHUH CO CKOPOCTHIO cBeTa. Ho 910 nporuBopevnT
CHeNraaIbHON TeOPUH OTHOCHTETLHOCTH, B KOTOPOW DUHIITENHH MOCTYIHPO-
BaJI, 9TO HHU OJTHO MaTepHaJIbHOE TeJso, 00JIaatolee MHEPIIMOHHOM Maccoil,
HE MOXKET JOCTUYb CKOpOoCcTH cBera. Kpome Toro, st BBejieHUs MOHSATHUS
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MaCChl, 9€ero-jnd0 MaTepUaJILHOIO, B MEPBYIO OUYEPe/h HEOOXOUMO OIIpe/ie-
JINTh (BU3NIECKUN 00BEM, OrPAHUIUBAIONIUIT 9TO MaTepuaibHoe. A 0 KaKOM
00bEMe MOYKET UJITH PeIb MPUMEHUTEIBHO K 3JIEKTPOMATHUTHOMY MMITYJIbCY
(dorony)?

[To cBoeit IpUpPO/Ie ITEKTPOMATHUTHBIH UMITYJIBC (DOTOH) TIPUHIAITHAIb-
HO He uMeeT (PUBUIECKOTO 00bEMa U, CJIeJ0BaATE/]LHO, HE MOXKeT 00J1ajaTh
MHEPIMOHHOM MACCOii, OT CJIOBa COBCEM, U COOTBETCTBEHHO, HE MOXKET 00Jia-
JATh U MEXaHUIECKUM MMITYJILCOM (IIPOM3BE/ICHIE MACChl Ha CKOPOCTH).

[TosTomy orcyTcrBre 00bEMa y poToHa TpedyeT nmpu3Hanusd (akTa, ITo
doToH — 3TO He YacTUIIA C MACCOIi, a BCErO JIMIITH OE3MAaCCOBBIIl AJIEKTPpOMAar-
HUTHBIA UMILYJIC CO CBOEH aMILIUTY/ION, JUINTEILHOCTHIO u dacToroit. Ocra-
€TCsT OTKPBITHIM BOIIPOC, KAK 0€3MAaCCOBBII 3JIEKTPOMATHUTHBIN UMITYJILC I1e-
pPeJaéT CBOIO SHEPIUIO JIEKTPOHY, 00JI/IAI0NeMy WHEPIIMOHHOW MacCoi, B
sKcrrepuMenTax ¢ ¢porokaromom? Hyxkua «Touka omopbi». BozmoxkHO, HEOO-
XOJIUMO BBECTH B PACCMOTPEHHUE MAMEPUaIbHYI0 cpedy B KOTOPOW PacIpo-
CTPAHSIOTCA SJIEKTPOMArHUTHDBIE KOJIEDAHUs U CIIOCOOHYIO IIepeiaBaTh MeXa-
HUYIECKUI MUMITYJIbC MATEPUAIbHBIM YACTUIAM.

O runoreze JIyn ne Bpoiins. Bepuémcs k runorese jie Bpoitsist o BosiHo-
BBIX CBOMCTBaxX MaTepuabHbixX dactuil. [Ipemioxkenue e Bpoitis cBoeobpas-
HO, OJ/IHAKO He COCTOATE/JIbHO M3HAYAJIbHO, TAK KaK B CBOMX PACCYZKJIEHUIAX,
OH OIKPAaJICd Ha THIIOTE3Y O KOPIIYCKYJIsIPHO-BOJHOBOM JlyaJim3Me (pOTOHA,
MPEJIOYKEHHY0 DWHIITEHOM, HO (DOTOH, KaK OBLIO IMOKA3aHO BBIIIE, HE KOP-
IIyCKYyJIa C THEPIIMOHHON MACCOii, & BCEIO JIUIIbL OE3MaCCOBbIN 3JIEKTPOMATrHUT-
HBIIl UMITYJIBC ¥ TTIO3TOMY IPUIUCHIBATH MaTePUAJbHBIM YaCTUIIAM BOJTHOBBIE
CBOMCTBa HET OCHOBAHUM.

Nurepdepenius, B KIACCHICCKOM TOHUMAHWH, MEXKJIy JIBYMSA MaTEPHU-
AJIbHBIMA YaCTUIIAMUA HEBO3MOXKHA, TaK KaK OHU He 00/1aJal0T BOJHOBBIM
dponTOM U HAKTUIECKHU HE MOT'YT HAXOJUTHLCS B OJIHO U TO K€ BPEMs B O/I-
HOI M TOI Ke TO4YKe IPOCTPAHCTBA. Lc/m MpenooKITh, THIIOTEeTUYeCKN,
YTO yJIaJI0Ch CO3/IaTh YCJIOBUSI KOT€PEHTHOCTH JIJI SMUTHPOBAHHBIX YaCTHII,
TO 9TU YaCTHUIbI (DUBUUECKU CTOJKHYTCS B TOYKE HA ONTUYECKON ocu 1mpubdo-
pa U U3MEHAT CBOU TPACKTOPHUU, YTO aDCOJIOTHO HECBOHCTBEHHO BOJIHOBBIM
IIPOIIECCAaM.

k %k 3k

BoimosineHHbIE YHCIEHHBIE SKCIIEPUMEHTHI, MTOKa3aJ/Ii, UTO IICEeBIOMHTED-
depenrug, HAOTIOTAEMAas ITPU PeaTIbHBIX SIKCIIEPUMEHTAX 10 PACCETHUIO IJICK-
TPOHOB M MHBIX MaTePHAJbHBIX YACTHUIL, He TpeOyeT HaJeIeHUs IacTUIl CBOIi-
CTBaMU, KOTOPbIE MPUCYTITN UCKJIIOUATETHHO BOJTHOBBIM ITPOTIECCAM.
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JIMCKPEeTHOCTh TPUPOJHBIX JIEKTPOMATHUTHBIX KoJiebaHuilt (usntiecku
00yCJIOBJIEHA JINCKPETHOCTHIO MCTOYHUKOB TOPMO3HOrO usiydenus. Porow,
KaK 3JEKTPOMArHUTHBIA WMITYJIbC, TOPMO3HOT'O TTPONCXOXKJIEHNSA, HE MOYKET
OBITh JacTulleil, 00/1aafoIeil THEPIMOHHON Maccoil U IPU 3TOM HEe HUMeThb
dusmyeckoro 06bEMa, KOTOPbI (DyHIAMEHTAILHO HEOOXOIMM JIJIsi OIpeie-
JIEHUS CaMOT'O TIOHATHUSI MACChl U COOTBETCTBEHHO MEXaHUYECKOI'O MMITY/IbCA,
pasyMeeTcs B paMKax KJIACCHUIeCKoi mexanuku. Takum obpaszom, Jijist (heHo-
MeHa, KOPITYCKY/IsIPHO-BOJTHOBOTO JIyaJiu3Ma, U KOHIICIIIIUU BOJIHBI Jie Bpoiiis
OCHOBAHUN HeT.

Habsroiaemast, B 9uC/IEHHBIX U PeAIbHBIX IKCIEPUMEHTAX ncesdounmep-
depenyua MaTepuaIbHbIX YaCTUIL IIPU PACCESIHUN HA PENSITCTBUN, HIKAKOTO
OTHOIIIEHUS K BOJHOBBIM CBOMCTBAM YaCTHUIl HE MMEET, 110 IPUYUHE OTCYT-
CTBHUS TAKOBBIX. IDTO HAIVISIHO MOXKET OBITH IPOJEMOHCTPUPOBAHO B XOJIE
experimentum cructs, KOrja pacCMaTPUBACTCA BUJI PACIPEJIC/ICHAS WH-
TEHCUBHOCTU PAaCCedHUA FaCTHUIl Ha IKPaH-JIETEKTOPE IMPHU PA3JIMIHBIX €ro
pa3perrennsx.
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