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1. AHTHYACTHIBLI

CymiecTBoBaHNE aHTHYACTHIL BIiepBble npenckasan [lons [lupak B craThe, onmyOIMKOBaHHOW UM B
1930 roay. UtoOb! NOHATH, KaKk BEAyT ceOsl YaCTHUIIBI U aHTUYACTHUIBI IPU B3auMoJeHcTBUM 110 [{upaky,
npezcTaBbTe cede poBHOE moJie. Eciiu B34Th JIONAaTy U BBIPHITH B HEM SIMKY, B I10JI€ TIOSBATCS /IBa O0BEKTA
— COOCTBEHHO sSIMKa M KydKa IpyHTa psiioM ¢ Hell. Temepp mpeinctaBuM, 4TO KydkKa TPyHTa — 3TO
OOBIYHAsl YaCTHIA, a SIMKA, WIN «OTCYTCTBHE KYUKHM I'PYHTa», — QHTUYACTHUIIA. 3achIIbTE SIMKY paHee
U3BJICYEHHBIM U3 HEE TPYHTOM — M HE OCTaHETCS HM SIMKU, HU Ky4YKU (@HaJOr MpoLecca aHHUTUIISILUN ).
1 cHoBa nepen Bamu poBHOe mosie. CyliecTBOBaHME aHTUYACTHIL CIEI0BAIO U3 MOJy4EeHHOro Jupakom
PENATUBUCTCKOTO BOJIHOBOI'O YPaBHEHHUS JJIS 3JIEKTPOHOB M JPYTUX YAaCTHUL], UMEIOIUX cruH 1/2.

VYpaBHenue [lupaka HMeeT 4YETbIpE HE3aBUCHUMBIX pELIEHHUS, COOTBETCTBYIOIIMX YETHIPEM

V) o 2
COCTOSIHUSAM. JIBa M3 HUX OTHOCATCS K 3JIEKTPOHY C MOJIOKUTENBHOM dHeprueit ~/m, ¢’ +c’p’ B mByx
CMHUHOBBIX cocTosHusX (S = 1/2, s, = 1/2 u s=+1/2, s, = —1/2). JIBa Apyrux OMUCHIBAIOT JJIEKTPOH C

v v 2
OTPHULATCIILHON DHEPIrUECH — - me C4 -l-C2 p2 U TaK)Ke MMEIOT JIBa CIIMHOBBIX cocTosHUsA. Ilo3gHee I[I/IpaK

IMMOoKa3aJl, 4TO 3JICKTPOH B COCTOSAHHU C OTpPIL[ElTCJ'ILHOﬁ BHCpFI/Ieﬁ MOKHO OTOXACCTBUTH C ITOJIOXKUTCIBHO
3apsKCHHBIM JOJICKTPOHOM — AaHTUDJICKTPOHOM, T. €. C ‘IaCTHHeﬁ, KOTOpas ABJIACTCA aHTanCTHHeﬁ Io
OTHOIIICHHUIO K 3JICKTPOHY. Ota HJacCTHLla TOJYYNJIa Ha3BAHUC MTO3UTPOHA.

[Toka 1UI0 TEOpPETU3UPOBAHME BOKPYr AHTHUYACTHUI, MOJOJION (U3UK-DKCIEPUMEHTATOp U3
Kamudopuuiickoro texnonoruueckoro nucturyra Kapn JleiiBun Annepcon MoHTHpOBaI 000py0BaHUE
actpousnueckoir naboparopun Ha BepmmHe [laiik B mTare Konopano, HamepeBasch 3aHATHCS
U3ydyeHHEeM KOocMHUYecKux iydedl. Pabotas mopx pykoBojacTBoM Pobepra MusuimkeHa, OH NpUAyMal
YCTaHOBKY JJII PETUCTpallMM KOCMUYECKUX JIydeH, COCTOSIIYI0 M3 MHUIIEHH, ITOMEIIEHHON B MOIIHOE
MarHuTHoe mnoisie. bomOGapnupysi MuIIeHb, YacTHUIBI OCTaBISUIM B KaMepe BOKPYI MHILIEHHM TPEKU W3
KareJeK KOHJEeHcaTa, KOTOpble MOXHO Obulo coTorpadupoBaTh MW MO MOJy4EeHHBIM (oTorpadpusm
U3y4aTh TPAEKTOPHH JIBUKEHHS YaCTHL.

[Tpu nomomu 3TOro annapata, HOJY4YUBILIErO Ha3BaHUE KOH/IEHCAIlMOHHAs KaMepa, AHJEPCOH CMOT
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3aperUCTPUPOBATh YACTHIIBI, BO3HUKAIOIIME B pPE3yJbTAaTe CTOJKHOBEHUS KOCMHMUYECKHUX Jy4yeill ¢
MulleHbto. 110 MHTEHCHMBHOCTHM TpeKa, OCTAaBIEHHOI'O YacTHIIEM, OH MOr CyIuTb O €€ Macce, a Io
XapakTepy OTKJIOHEHHUS €€ TPAeKTOPMH B MAarHUTHOM IIOJie — OMNPEAETUTh D3JICKTPUUECKUN 3apsij
yactuubl. K 1932 rogy emy ynanoce 3aperucTpupoBaTh psii CTOJIKHOBEHMM, B pe3ysibTaTe KOTOPBIX
00pa30BBIBAIUCH YAaCTUIBI C MAacCOW, PaBHOM Macce DJJEKTPOHA, OJHAKO OTKJIOHSUIUCh OHHU TMOJ
BO3/ICIICTBUEM MAarHUTHOI'O IO B IPOTHBOIIOJIOKHYKO CTOPOHY II0 CPAaBHEHHUIO C 3JEKTPOHOM H,
CJIEIOBATENbHO, UMENH TOJIOKHUTEIbHBIN dIeKTpudeckuil 3apsia. Tak Obuia BIEpBble IKCIEPUMEHTATBHO
BBISIBJICHA aHTUYACTHIIA — TO3UTPOH. B 1932 rony AHaepcoH omyOIMKoBaI MOTYyYSHHBIC PE3YIbTaThI, a
B 1936 rogy ObUT OTMEUEH 3a HUX MMOJ0BUHOM HoOeneBckoi mpemun o Gpusuke.

B 1936 r. K. Aanepconom u C. HenepmeliepoMm Takke B KOCMHYECKHX JIydaxX ObLta oOHapykeHa
emeé oJHa IMapa YacTUIa-aHTHYACTHIA 4 4 — OTPHIATEIILHO W TOJOXHUTEIBHO 3apsHKCHHBIC MIOOHBI.
MiooHBI MO CBOMM CBOMCTBAM OYE€Hb IOXO0XM Ha JJIGKTPOH M IMO3UTPOH, OJHAKO HMEIOT Tropas3fo
Oosbiryro maccy — 105,7 MaB.

B 1954 r. B ombiTax Ha ycKOpuTene ObUIM OOHAPYKEHBI AHTUIIPOTOHBI — YACTHIIBI 1O CBOWM
XapaKTePUCTUKAM OYECHb MOXOXKHE Ha MPOTOHBI, HO UMEIOIIUE OTPUIIATEIbHBIN JIEKTPUUYECKUM 3apsia U
OTpUIATENIbHYIO BEJIMUMHY MAarHUTHOTO MOMEHTa. B HacTosIiee BpeMsi SKCIIEPUMEHTAILHO 0OHAPY KEHbI
AHTUYACTHUIBI BCEX HW3BECTHBIX YacTHIl. YacTUIBI M AHTUYACTHIIBI PABHOMPABHBEI. MOXHO OBLIO OBI
CUMTaTh MO3UTPOH YACTUIEH, a JIEKTPOH — aHTHYacTuieil. M3 aHTHYacTHI] MOXHO IOCTPOUTH
AQHTHUBEIIECTBO TOYHO TaK e, KaK M3 4YacTull — BemecTBo. OnHako B OKpykarwield Hac Bcenennoi
MPUCYTCTBYIOT TOJIbKO YACTHI[bI, TAK KaK MPOILIECC aHHUTHWIISILIUU MPUBOJUT K TOMY, YTO aHTHUYACTHIIBI
OBICTPO MOTHOarOT. AHTHBEILIECTBO MOXET CYIIECTBOBATh TaK )K€ JIOJIFO, KAK U BELIECTBO TOJBKO €CIU
OHM HE BCTYIAIOT BO B3aUMO/ICHCTBHE.

CBsi3b MEKAY XaPAKTCPUCTHKAMH YaCTUIl H AHTHYACTHIL

Xapaxkmepucmuka Yacmuya Anmuuacmuya
Macca M m
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CxeMmsl pacmazia 3apsA0060 CONpANCceHHbIe




XapakTepucTHKHU JIEKTPOHA M MO3UTPOHA

Xapaxmepucmuka Dnexmpou Ilo3zumpon
Macca mec2 0,511 M»B 0,511 M»B
DnexTpudeckuii 3apsia Q -1,6-10™ Kz +1,6-10"° Kz
Jlentonsii 3apsg Le +1 -1
Cnun 7 ! 72

. en
MarHuTHbIII MOMEHT ome +1,001159652187 -1,001159652187
€
Bpewmst xu3nu t crabuen, > 4-10% ner Crabunen

2.  AHHUTWIALMSA

OxHUM W3 SPKUX CBOWCTB B3aMMOACWCTBUS YACTHII W AHTUYACTHI], SIBISETCS MPOIECC
AHHHUTHIISIIIH.

AHHucUNAYUA — DMO nNpoyecc, 8 KOMOPOM UACMUYA U COOMEEMCMEYIOWAds el aHmuiacmuya
npespawjaromcs 8 K8AHmbl 31eKMpOMASHUMHO20 NOJA UIU 8 Opyeue 4acmuybl — K8AHMbl QU3UYECKUX
nosnet Opy2oti npupoobsi.

XapakTtep MPOAYKTOB AHHUTWISIIIMM W COOTHOIIECHHE BEPOSTHOCTEH pAa3IMYHBIX KaHAJIOB
AHHUTUJISIIIUU OTIPECIISIOTCS TUIIOM B3aMMOCHCTBUS M MpaBUJIaMU OTOOpA, BHITEKAIOIIMMH M3 3aKOHA
coxpaHeHus. Hampumep, npu coyaapeHuH JIeKTpOHa B MO3UTPOHA OHU 00a MOT'YT HCYE3HYTh, 00pa3oBaB
HECKOJIBKO (DOTOHOB:

e +e >y+y+..

IIpy nOCTaTOYHO BBICOKOM SHEPrMM 3JIEKTPOH-TO3UTPOHHAS Mapa MOXKET IPEeBPaTUTbCA B
COBOKYITHOCTb TSDKEJBIX YacTHIl — aapoHOoB. Hampumep, BO3MOXeH mpolecc 0O0pa3oBaHMs MHapsbl
MPOTOH-AaHTUIIPOTOH:

e'+e” > p+p
Jns Toro 4roObl Oblla BO3MOYKHA AHHUTWIISLMS 3JEKTPOH-TIO3UTPOHHOM Mapbhl ¢ 0Opa3oBaHHEM
MPOTOHA W AHTUIPOTOHA, TOJIHAS CYMMapHas YHEPTUHU Taphl JIEKTPOH-TIO3UTPOH B CHUCTEME IIEHTpA

Macc JOJDKHA ObITh OoJibllle, YeM CyMMapHas Mmacca IpPOTOHA M AaHTUIPOTOHA, T. €. OoJjblie
2 -940 M3B.

Heyxgpomonnasn annueunayus €+~ — 2y

XapakTepHOEe BpeMs KU3HU MTO3UTPOHOB B BEILIECTBE ~ 107 ¢. IMonas B BEIIECTBO, MTO3UTPOH
UCTIBITHIBACT OOJBIIIOE KOJIMYECTBO CTOJIKHOBEHUI C aTOMaMH BEIIECTBA U OBICTPO TEPSET SHEPTHUIO Ha UX
noHuzamnuio. CeueHne AByX(HOTOHHON aHHUTHWISAIIUU JIJIST CBOOOTHOTO AJIEKTPOHA U TTO3UTPOHA,
JBHKYILIUXCSI C OTHOCUTEIBHON CKOPOCTBIO V < €, BBIYUCIEHHOE /[Mpakom, OMUCHIBAETCS CIEAYIOLIEN

3aBHUCHUMOCTBIO OT CKOPOCTH:
2 —
ar,’c 7,48-10™°
o= = cm-,
\' \'
Tac ro — KJIACCUYECKUN paanycC 3JCKTpOHA, a CKOPOCTb Vv BBIpA’KCHA B CM/ c. Takum 06pa30M, CCUCHUC
AHHUTUIIAIINNU GBICTpO nmagact € YBCIMYCHUCM CKOPOCTH CTAJIIKHBAKOIIUXCA YaCTHUIIL. HOBTOMy B
IIOAABJIAOIIEM 6OJ'II)IHI/IHCTB6 CJ‘Iy‘I&GB AHHUT WIS A HpOI/ICXOJII/IT IIOCJIC TOT'O, KaK HOSI/ITPOH HOTepHJ'I

BCIO CBOIO JHEPrHI0 Ha HOHM3ammio, T. €. mpu v = 0. CKOpOCTb 3JEKTPOHA TAaKKE paBHA HYJIIO.




CrnenoBatenbHO, OTHOCHTENBHBI MOMEHT aHHUrwiMpytomed nmapel | = 0 u anHUTWIIIUSA OyneT
POXOJIUTH B S-COCTOSIHUU.

[Ipu TOpMOXKEHHU TO3UTPOHA B Cpele A0 CKOPOCTEH MOpsIKa CKOPOCTH aTOMHBIX AJIEKTPOHOB,
IIO3UTPOH U MIEKTPOH 00pa3yloT CBSI3aHHOE COCTOSIHUE, HA3bIBAEMOE MTO3UTPOHUEM.

Cy1ecTBYIOT 1Ba OCHOBHBIX COCTOSIHUS ITO3UTPOHUS: T l I=0

— CHHIJICTHOE, WJIM [aparo3UTPOHUI, CIUHBI 3JEKTPOHA W TMO3UTPOHA e ¢
aHTUIIapaJUICIIbHBI,

- TpPUIUICTHOE, WIA OPTONO3UTPOHUMN, CIMHBI DSJIEKTPOHA U IO3UTPOHA T T I=1
HapaJljIeIbHBI.

3aKOHBI COXPAHEHHMS] MOMEHTA KOJIMYECTBA JBMKEHUS U YETHOCTH HAKJIAJbIBAIOT OTPaHUYCHHE HA
BO3MOXXHOE YHUCJIO (POTOHOB AaHHUTHIISIIUU TO3UTPOHHS. Tak kak cucremMa JByX (DOTOHOB HE HMeEET
COCTOSIHMI C MOMEHTOM 1, TO OpTOHO3I/ITpOHI/II/I pacmanaercs He Ha aBa (OTOHA, a HA TPH, H HMeeT
cpeaHee Bpems ku3nu 1,4 - 107 ¢. B 10 *e BpeMs TIaparo3uTPOHUN UMEET BpeMsl KU3HU 1,2- 100 ¢cu
pacrmajaeTcs Ha JBa (bOTOHa.

Bruanue 3axonos coxpanenus na npoyecc 08yX@homoHHOU AHHUSUTIAYUU.

N3 3akoHa coxpaHeHUsI SHEPTUM CIICAYET:
2 2
T,+m,c"+m,c"=E +E_

IJie M, — Macca Mo3uTpoHa U snektpona (M.c° = 0,511 MaB ), T,- KuHeTHYEeCKas SHEPTHs MO3UTPOHA,

E

Y, —OHEpruu GoToHOB. M3 3aK0HA COXPAHEHHs HMITYJIbCa CIIELYET:

P + = P Y1 +h Y2
Ecnu ckopocTh mo3uTpoHa paBHa (), Iojy4aeM CHCTEMY YpaBHCHHUM:
2mec®* =E, +E,
0=~A Y1 +A Y2
BI/I,I[HO, YTO BBINOJIHEHUE COOTHOIICHUM MNPpUBOAUT K TOMY, YTO PONKIAAOIIHUECS B ,HBYXCI)OTOHHOﬁ
AQHHUTWIAUMA  Y-KBAaHThl HMMEIOT OJMHaKoBble OdHepruu E, =E, = mec? u pasneraiorcs B
IMPOTHUBOIIOJIOXHBIX HAIIPABJICHUAX.
B ToMm ciydae, Korja aHHHTWJIHPYeT ABHKYIHiicss mo3utTpoH (V=0), yron pasiera (GOTOHOB U
pacipeaciicCHuC SHEPrunu MExKIAy (bOTOHaMPI 3aBUCAT OT CKOPOCTU IMO3UTPOHA. Ha puc. 1 H306pa>1<eHa
BCKTOpHAad AuarpamMma UMITYJIbCOB I ClIy4dasl aHHUTWISIIUA ITO3UTPOHA C KHUHETUYECKOU 3HepFI/IeI‘/JI Tu

— — — —

UMITyICOM P cO CBOOOAHBIM 3JIEKTPOHOM. 3aKOH COXpPaHEHHS UMITYIbCOB P = B, + P, u300paxaercs
— —_— —_—
B Buae AB = AK + KB.

Puc. 1 BekTopHas quarpamma UMITYJIbCOB



Herpynno poragarscesi, uro Touka K nexut Ha snnunce. Kak BUAHO U3 quarpaMmbl, yroi pasiera
doronoB uzmensercs ot 180° 10 @,,in, @ MUHUMANBHBIA Yoy pasnera (OTOHOB (P, COOTBETCTBYET
cUMMeETpHYHOMY pasiery (Touka K'). Manas nonyocs OK ssutnmica cooTBeTCTBYeT I/IMHYJ'IBCY (1)OTOHOB B

cucreMe nearpa macc OK = P’ A Oonbimag monyock OA coorBercTByeT Beqmunae OA =
OCHTP y y m

v Pc T
= — - 6e3pa3MepHasi CKOPOCTh CHCTEMBI IIEHTpa Macc: § = = .
'8 c p p p I p ﬁ T+2mec? T+2mec?
3aKOH COXPaHEHHS DSHEPruM uMeeT BHA T + 2m,c? = 2E,. Hcnomp3yst peNsITUBUCTCKHUIA

unBapuant E? = P?c? + m?c* nonyunwm P, : ,
(2E,)" — P2 =(2-PJc) 2
(T + 2mec2)2 — (T? + 2Tmec?) = (2-Bjc)".

2mec? E+2mec
> . Tak kak /1 — 2 = EZe z—ce

Toraa MOXHO ONpeNeInTh MUHUMAIILHBIN YToJl pa3iieTa (POTOHOB: Sin —=— wmm = E =

Takum obpasom, OK = Py = mec - |1 +3

N3 3TOro ’xe COOTHOLIEHHS MOXHO IO HaMMEHbIIEMY M3 HAOJIOJEHHBIX YIJIOB pa3jieTa KBAaHTOB
OLICHUTh MAaKCUMAJIBHYIO SHEPIUI0 aHHUTWIIMPYIOLIErO TO3UTPOHA.

[lpu Oonbiiux 3HEprusix E aHHUTWIMPYIOIMX TO3UTPOHOB (E >>mecz) (OTOHBI HCITYCKAIOTCS
IIPEMMYILECTBEHHO BIIEpE] M HA3aJ OTHOCUTEIIBHO HAIIPaBICHUS ABWKEHUS IO3UTPOHOB. POTOH,
JETALIMA BIepe]] YHOCUT IMOYTH BCIO 3HEPrUI0 MO3UTPOHA, Ha OO K€ (OTOHA, JIETSILEro Hasal,

2
m,C
OCTaeTCsl SHEPrHsi, MPUMEPHO paBHAS IOJIOBUHE SHEPTHHM IOKOS JJIEKTPOHA, T. €. = © / o. Ha stom

OCHOBAH METOJI ITOJIyYEHUSI KBA3UMOHOXPOMAaTUYECKHUX Y-KBAHTOB BBICOKOM YHEPTHUU.
MHnozoghomonnas anHuUIAYUSL.

Bo3MOKHa JTH aHHUTHIISAINS € e ¢ 00pa3oBaHHeM y

3, 4, 5... poronoB? U3 3akoHa COXpaHEHHUS SHEPTHH, ! pY]

UMITyJIbCa U MOMEHTA KOJIMYECTBA JABUKEHUS CIEIYET ,/ p

MOJOKUTENBHBIA ~ OTBET. PaccMOTpUM, HAOPUMEP, /oo oooooeeeeo P

ciyvai Tpex(oToHHOM AQHHUTWIISILIVM. 3akoH .

COXpaHEHHUsI DHEPruu HE 3arpelaer TPexX(POoTOHHYIO N

aHHUTUISAIII0. UMIybChl Tpex (POTOHOB Beerzia MOKHO . p"y2

HaIpaBUTh TAK, YTO CYMMapHBIM UMIYJIbC OyAeT paBeH S

0 (puc. 2). Cnun ¢ortona paseH 1. CymmapHbIii CIHMH

Tpex (i)OTOHOB ornpeaensaeTcs CIIEAYIOIIUM PI/ICZ BCKTOpHaH AuarpaMma UMITyJIbCOB

COOTHOILICHUEM B Cliy4ac TpéX(bOTOHHOf/i AHHUTUJISLINHA.
1=+ I+ 13=1+1+1,

410 Takke B cymme MoxkeT Aath | = 0. Takum oOpa3oM, BUIHO, YTO 3aKOHBI COXPAHEHHs IHEPTHH,

UMITYJIbCA 1 MOMEHTa KOJIMYECTBA JBMKCHHS pa3pemaroT TPeX(POTOHHYI aHHUTWISALINUIO. AHAJIOTHYHO

MO>KHO MOKa3aTh, YTO BO3MOKHA aHHUTUJIISIUS C 00pa3oBaHuEM OOJIBIIOTO Ynciaa OTOHOB.

3. Jmarpammbl ®@eiinmMana

[Iporecc AHHWUTHIANME €'¢ Taphl ¢ 0Opa3oBaHMEM y-KBAHTOB MPOWCXOMUT B PE3yIbTaTe
AIIEKTPOMArHUTHOTO B3auMoJIeHCTBUSA. [ omucaHus Takux mporieccoB DeitHMaHoM ObUT pa3paboTaH
METOJI JuarpaMMHON TeXxHMKH. OH TO03BOJsSET W300pakaTh rpadUyecKd M PaCCUYUTHIBATH CEUEHUS
PasIMYHBIX HporieccoB. Tak, HapuMep, IPOIecC AHHUTHIISIIMK Taphl € €~ U300paXkaeTcs JuarpaMMaMH,
MMOKa3aHHBIMM Ha pUC. 3.



Ha pucyHke ock BpeMeHU HalpaBJIeHa CJIEBa
HanpaBo. Kaxmoll dactune Ha Jauarpamme
COOTBETCTBYET oOmpeneseHHas auHus. CIuioniHbie
JUHUU  OIMUCBHIBAIOT  JJIEKTPOH M IIO3UTPOH,
BOJIHUCTbIE - (POTOHBI. CBOOO/HBIE KOHIIbI JIMHUI
COOTBETCTBYIOT HEB3aMMOICHCTBYIOIIMM YaCTULIAM
B Ha4aJlbHOM M  KOHEYHOM  COCTOSIHHUSX.
B3anmopencTteue  yacTMl  Ha  auMarpammax

onuceIBaeTcs BepmuHamu (Touku 1, 2, 3 Ha puc.3) > 1

U paccMaTpUBAETCS KaK MCITYCKaHUE U MOTJIOIIEHUE

PasIMYHBIX BUPTYalbHBIX YacTHL. BupryanbHbIM Puc. 3 [Ipouecc aHHUTMIISILIMY [TApBI €+¢€
YacTHUIIaM COOTBETCTBYIOT BHYTPEHHHE JIMHUU, a) IBYX(OTOHHAS AaHHHTHIISLIS,
coeauHsAomMe BepmnHbl. Ha quarpamme puc. 3a B 6) Tpex(hOTOHHAS AHHUTHIISALIHL.

Touke 1 »dIekTpoH mpeBpatuiacs B (OTOH U
BUPTYaJIbHYIO YaCTHUILy, KOTOpasi 3aT€M B TOUKE 2 MOIJIOIIAETCS MO3UTPOHOM. BepiinHe conocraBiseTcs
KOHCTaHTa CBSI3H, XapaKTepU3yIollas HHTEHCUBHOCTh B3aMMOAEHCTBUs. Tak, B cilyyae 3JeKTPOMAarHUT-

HBIX B3aMMOJEHCTBUI KOHCTaHTa ~a =+/€°/HAC . AMIIMTyaa Tpolecca IPONOPLUOHATIbHA KOHCTAHTE
CBS3M B CTENEHU paBHOW uuciy BepmuH auarpamme deiinmana. {uarpamme ¢ N BepmuHamu Oyzaer

N
COOTBCTCTBOBATh aMILUIUTYHda A~(\/0{) . 9(1)(1)CKTI/IBHOG CCUYCHUC IIpoHeCCa OIPCACIIACTCA KBAaApPaTOM

ammutyasl. OHO OyzeT, TakuM o00pa3oM, mOponopiuoHanbHo o , o~ad" . Tak kak and
3J1IeKTPOMArHUTHOTO B3aUMOJeicTBHA o, << 1, To HAUOGONBIIMI BKIAJ JAIOT JUArpaMMbl ¢ MUHUMAJIbHBIM
4pCIIOM BepiuH. Jlake He MPOBOJISA PACUETOB, MOKHO OLIEHHTH COOTHOIIEHHE BEPOSATHOCTEN pasIMUHbIX
npoueccos. Tak, HanmpuMep, A MPOLECCOB, M300PAKEHHBIX HA PUC. 3, MOKHO CKa3aTh, YTO CEUECHUE
ABYX(OTOHHON aHHUTHIIALIUK IPHUMEPHO HA JBA MOPsAIKA OOMbIIE ceueHns TPEX(POTOHHON aHHUTHIIALIUN:

o(2y) A 2y) _ [(\/Eﬂ T

o3y)  A(3y) N[( = } o

TakuM o00pa3oM, [UIsl DJIEKTPOMAarHUTHBIX MPOLIECCOB KaXK[ash BEpIIMHA COOTBETCTBYET
MOJIaBJICHUIO TIPOIECCAa IPUMEPHO Ha 2 MOpsIIKa.

[ToaTomy Tpex(pOTOHHAss aHHUTWIISILIMS JTOJKHA TPOUCXOAMUTH ropaszio pexe, yeM ABYX(OTOHHas.
OKCIEpUMEHTHI MMOKA3BIBAIOT, YTO U3 KAKIOW THICSYM aHHUTMIMPYIOIIMX MO3UTPOHOB, JIMIIbL €IUHUIIBI
AHHUTUJIIMPYIOT B TpU (OTOHA.

4. 3apsiioBoe conmpsizKeHue

CoxpaHeHue 3aps0BOi YETHOCTH B MPOLECCE aHHUTWISIIIMUA MPHUBOJHUT K TOMY, YTO COCTOSIHHE C
| =0 moxeT pacmagarbcs TOJIBKO Ha 4YeTHOe 4uciao ¢oToHoB: n = 2,4,6,..., a coctosHue | =1 moxer
pacmagaTeCs TOJBKO Ha HeueTHoe uucio ¢otoHoB: n =3,5,7,... . Habmomaemas B maHHOW paboTe
ABYX(OTOHHAS aHHUTUJIALHUS 0OYCIOBIEHA, TAKMM 0Opa3oM, PacHaioM CHCTEMBI €' € B COCTOSHHHU CO
cnuHoM | = 0. [Ing Toro 4ToObl MOSICHUTH, KaK CBS3aHO YMCIIO aHHUTWISILIMOHHBIX ()OTOHOB CO CIIMHOM
CHCTEMBI €' €, pPACCMOTPUM OIEPAIHIO 3aPSI0BOTO COMPSKEHHS.

Onepauus 3apsOBOTO CONPSDKCHMST C M3MEHSCT 3HAKM BCEX 3apsioB M CTPAaHHOCTH Ha
POTHBOIIOJIOXKHBIE, OCTABIISISI HEU3MEHHBIMHU UMITYJTHC U CITHH YaCTHIIBI

C|B,L,S,Q>=—|-B,-L,—S5,—Q >
ClI,P><I,P>

Ecmmu Omcpatrio 3apsAA0BOro COIPSKCHUA TPUMCHUTb ABAXKABI, TO IIOJYYHUTCA 4YacThUla C
HCXOAHBIMH KBAHTOBBIMH YHCJIaAMU:

CC|B,L,S,Q,1,P>=p%|B,LS,Q,I,P>



13 opMyIibl Ciiefyer, 9To 4 = 1 u cOGCTBEHHBIC 3HAYCHHS OMEPaTOpa 3apsIOBOTO COMPSDKCHIS

A

paBubl +1 u —1, 1. e. onepatop C wuMeer Te ke camble COOCTBEHHbIE 3HAYCHHUsS, YTO U OIEPaTOp

A

npocTpaHcTBeHHOU mHBepcuu P . OpHako B oTimume oT omeparopa P omepatop C He Bcerma mmeer
COOCTBEHHBIC 3HAYCHUS, T. €. HE Bcerna popMaabHO 3amicanHoe cooTHoleHue C | o >=p|p >

A

umeeT (usuueckuii cmbica. Hampumep, neiicTBys omepatopoM C Ha COCTOSHHE, ONMCHIBAIOLIEE T -
ME30H, TIOy4lM COCTOSIHUE (T ), OTINYHOE OT MCXOAHOTO (7). DTH crenuduyHble AeHCTBUS omepaTopa
C 00YCIIOBJICHBI TEM, YTO OH HE KOMMYTHPYET C OIIEpPaTOPOM 3apsija.

OmnepaTtop 3apsilOBOrO CONPSKEHHMS HMEET COOCTBEHHBbIE 3HAYEHMS TOJIBKO JJIS IOJHOCTBIO
HEUTPAJIbHBIX YaCTHIL] (y,no M 1p.) U s HeiiTpanbHbIX cucteM (T'm, e'e u ap.). Juis Takux gacTuil u
cucteM p = +1, BenuunHy p Ha3bIBalOT 3apsA70BOM 4eTHOCThIO. OHA COXpaHSETCA B CUIBHBIX M 3JIEK-
TPOMAarHUTHBIX B3aMMOJEHCTBMAX M Hapymaercs B cialbix. Kak MOXHO mpumucarh OnpeaeieHHOe
3HAYCHHUE 3aps/IOBOM UYETHOCTH HEUTpanbHbIM yactunam? Paccmorpum ¢otoH. OH omnuchiBaeTCs
BEKTOPHBIM IOTEHLMAIOM A, KOTOPbII co3ziaercsd 3apsaamu UM Tokamu. ClieoBaTeNbHO, OH JOJKEH
M3MEHATD 3HAK [P OINEPALMH 3apsA0BOI0 CONPSIKEHUS.

C|A>

Takum oOpa3om, 3apsimoBas 4eTHocTh (oroHa otpunareabHa (p = — 1). HMcnomesdys To
0OCTOATENILCTBO, YTO B 3JEKTPOMArHUTHBIX B3aWMOJICHCTBUSX 3apsiioBasi YETHOCTb COXPAHSETCS, MBI
JIETKO MOKEM TIPUIIHCATH ONPEICICHHOE 3HAYCHHE 3aps/I0BOH YETHOCTH T ~-ME30HY.

Tak Kak T° -ME30H PacliagaeTcsi B pesylbTaTe SIeKTPOMATHHTHOTO B3aMMOICHCTBHS HA JBA Y-
KBAHTA, T'—>2Y, TO OH JOJDKCH HMETh MOJIOKUTEIbHYIO 3apSI0BYIO YETHOCTD

C|2°>=C|y>Cly>=+1|7">

Kak MOHO OIpeeluTh 3apsAI0BYI0 YeTHOCTh CHCTEMBI € ¢ ? 3HaueHHe 3apsI0BOil YeTHOCTH p B

3TOM Clyuae onpeeseTcs 3HadeHHeM MOMEHTA KOJIMUEeCTBA IBHKEHHS U CIIMHA CHCTEMBI € € -

C T To>4T T, >, C T4 >4t 4, >
Omneparnusi 3apsA0BOTO COMPSIKCHUS CBOJIUTCS K IEPECTAHOBKE AJIGKTPOHA M IO3UTPOHA, T. €.
3epKabHOMY OTPAKEHHUIO OTHOCUTENHHO LIEHTPA MOJ0KEHHS YaCTHUI[ U MEPECTAHOBKE UX CITUHOB. TakuM
obpazom, p(e'e”) = nP| Py, Tie T - BHyTpPeHHSS YeTHOCTh CHCTEMEI € € , P IpOCTpaHCTBEHHAS YETHOCTS;
P, - cimrOBas 4eTHOCTH. Jyisi e'e” cucTem

p=-n=(1)n =0

— /+5)+5. [
Orcioa clefyeT, dTO 3apsjoBas deTHOCTh e'e¢  cucteMmpl pasHa (—1)™" =(-1). B

. _ .
paccMmatpuBaeMoM ciydae | = 0, mosTOMy e € -mapa MMEET IOJIOKUTEIbHOE 3HAYEHUE 3apsiIoBOU
YeTHOCTH B ciydae J = $1+5,=0 u oTpuiiateabHoe 3HaueHue B cirydae J = S;+5,= |

CIt A>3t T >=-111 .1, >
CIt 4 >34T >=+1T |, >

Tak kak 3apsaoBas 4YeTHOCTh (JOTOHA OTPHIIATENBHA, TO CHCTeMa # (POTOHOB MMEET 3apsIOBYIO
getHoCcTh p = (—1)". Takum 06pa3oM, 3aKOH COXPaHEHMs 3apsA0BON UETHOCTH HPUBOIUT K TOMY, 4TO
e'e -cocrostame ¢ 1= 0 pacmagaeTrcsi TOJbKO Ha YeTHOe uucio (OTOHOB, a coctosiHue ¢ |=1 Tompko Ha
HEYETHOE YUCIIO0 (DOTOHOB.



5. CUHMHTWLISIHUOHHBIN CIEKTPOMETP

Huis perucTpanuu Y-KBaHTOB 4acTo UCTIOJIB3YIOTCS
CIMHTWUISIIIMOHHBIE JeTeKTOphl. Korma raMma-kBaHT momnamaer B
JIETCKTOp, B pe3yibTare Tpex IMporeccoB: ¢orodddekra, 3¢dekra
Komnrona u oOpa3oBaHHs AJIEKTPOH-TIOZUTPOHHBIX Tap - 00pa3yroTcs
3apsDKEHHBIE YacTHLbl. B CHMHTWIUIATOpaxX MpU MPOXOXKACHUH Yepes
HUX  3apsOKCHHBIX  YacTUI[  BO3HHKAIOT  CBETOBBIC  BCIIBIIIKH.
VHTEeHCHBHOCT CBETOBOM  BCIIBIIIKKA IPOMOPIUOHAIBHA JHEPTUH,
NOTEPSTHHOM YaCTHUIICH B CIIMHTUILISTOPE.

B pesynbrare pororddexTta BEHIOUTEIE M3 aromMa  DIEKTPOH
npuobpetaet sHepruto Ee = E, — Ep — E,,
rae E, — sneprus ramma-xBanTa, Ep — oHeprus cBsasu snextpona u Er —
SHEprus sjpa OTIHaud, KOTOpPOH MOKHO upeHeOpeub. Dorodddekr
COIIPOBOKIAETCS XAPAKTEPUCTHYECKHUM PEHTTEHOBCKUM H3ITyYCHUEM
WIA DMHCCUEH 0)Ke-DJIEKTPOHOB. XapaKTEPUCTHYECKOE PEHTTEHOBCKOE
U3ITydeHUE B CBOIO ouepe/nb BbI3biBaeT Gorodddext. Obpasyrommecs B

N, umn [c

n?

10

o 200 400 600 &G0 1000 1200
Beauvuna  ummyasca,

L
puc.4. y-crekTp Cr:
1- GompImoi KpHCTAILT;
2 — MaJbIi KpUCTAILT

pe3ynbTaTe BCEX 3TUX MPOLECCOB DJIEKTPOHBI BOZHUKAIOT IIPAKTUYECKH OJHOBPEMEHHO, OHU Yallle BCEro
NOTJIOUIAIOTCS B JIETEKTOPE M CUTHAJbl OT HUX CyMMHpYROTcs. Takum 00pa3oMm, NpaKTUYECKU BC
9HEprusi raMMa-KBaHTa Iepefaercst 3IekTpoHaMm, E,= Y Ee U B CUMHTHIUIATOpPE BO3HUKAE€T CBETOBAs
BCIBIIIKA, HHTEHCHBHOCTh KOTOPOH TPONOPLUMOHANIBHA SHEPrHHM Y-KBaHTAa. B (yHKIuM oOTKIMKa

netekTopa GoTodpheKkTy COOTBETCTBYET MUK — (POTOMUK.

B PE3YIBTATC KOMIITOHOBCKOT'O PACCCAHUA SJICKTPOHAM MEPCAACTCA TOJIBKO YaCTh SHCPTHUHU.

E

v E
1+—'>(1—cos6)
mc

E., = Y , Ec=E,-E,,

rac EY n Ey’ — OHEPIUU raMMa-KBaHTOB 10 U ITOCJIC paCCCAHUA, Ee — OHCPIrus (I)OTOSJ'ICKTpOHa, mc2 -

9HEPTUs MOKOS 3JEKTPOHA, O — yroi paccesHus

raMMa KBaHTa. MakcumaibHasi SHeprus, Koropas
B pe3yJIbTaTe KOMITOHOBCKOTO PACCESTHUS MOXKET s
OBITH Tiepeana dekTpony (pu 6 = 180°),

E 2E?2 -
E0™=E -E,=E ———= Y
oo 2E, mc?+2E
1+—% l -
mcC

B nerexktopax Oombimoro oowema (puc.4)
YacTh  PAaCCEeSIHHBIX  TraMMa-KBaHTOB  MOJKET
HCIIBITATE €€ OAHO HJIM HECKOJBKO HCYIIPYTHUX
B3aMMOJICHCTBHI, B pE3ylbTaTe KOTOPBIX BCS
OHCPIrusa IMomaBmICro B ACTCKTOP IMEPBHUYHOIO

KOnW4yeCTBO OTCYETOR

nuk oGPaTHOrD paccenRHus

KOMMTOHOBCKOE

MK NONHOro NOrAQWeHnA

TOTY LMD HHA

acn nexue
raMma-kBaHTa OyJeT MOJHOCThIO TorjolieHa. B pacnpeacne :
ToEx

CBSI3U C 3THM, (POTOMUK OOBIYHO HA3BIBAIOT TUKOM Ee reop |mj_“ Ey aueprus
nonHoro mornomenus. Ha puc.5 mokasan p 5 C

. uc. : BHCHH T THYECKOT
SKCTIEPUMEHTAIBHBIA  CHIEKTP BiCs m  ero N PaBHCHMUE COPCTHIHCCKOro

pacnpeneneHus SHEPTrUu AJIEKTPOHOB u

TeopeTnueckas "waeanusanus’. PasmbiTHe nuka
MOJIHOTO TIOTJIOHIEHHUSI M Kpasi KOMIOTOHOBCKOTO
pacrpesiefieHusi CBsi3aHA C  JHEPreTUYECKUM
pa3pelieHneM CUCTEMBI.

OO6pazoBaHue Tmap  BJICKTPOH-TMIO3UTPOH
CTAHOBUTCA BO3MOXKHBIM TIpU DHEPIUU Tramma
KBAaHTOB Gompmkx 2mc? = 1022 k3B. [Ipu sTom

COOTBETCTBYIOLICH

IKCIEepUMEHTAIBHOTO criekTpa B aerektope Nal(Tl)
B Cllydae, KOTJa Y-KBaHTBbl pETHCTPHPYIOT B
pesynbrare (ortoddpdexta M KOMOTOH-IPeKTa.
Yuupenue MOHOXPOMaTHYECKOI JINHHH,
doTomuKy,  ompeaensieTcs
pas3pelIeHueM IETEKTOPA.



BCS DHEpPrusi raMMa-KBaHTa IEpPEHAacTCsl AJIEKTPOHY U IO3UTPOHY. ECIM M 3JIEKTPOH M MNO3UTPOH
HOTJIOTSTCS B BEILIECTBE JETEKTOPA, TO CyMMAapHBIM MMITYJIbC OyAeT MPONOPIMOHANICH SHEPIUy raMmMa-
KBaHTa U coObITHE OyneT 3aUKCUPOBAHO B MHKE IOJHOTO moromeHus. OJHAaKO MO3UTPOH MOKET
NpOaHHUTHINPOBaTh. Ilpu 3TOM 00pa3yrorcs ABa ramMma KBaHTa, Kaxablii ¢ sHepruei 511 kaB. Ecmu
OJIMH W3 3TUX AHHUTWIALMOHHBIX T'aMMa-KBAaHTOB, HE BCTYIIMB BO B3aWMOJEHCTBHE, BBUICTUT W3
JE€TEKTOpa, TO CyMMapHas 3HEeprus IOoINolleHHas B aerekrope Oyner E,— 511 x3B. Takue cobbrTus
OyIyT BHOCHUTH BKJIaJ B TaK Ha3blBa€MbIN MUK OJMHOYHOrO BbUIETa. Ecnu U3 nerexkropa BeUIETAT 00a
AHHUTHJISIIUOHHBIX TaMMa-KBaHTa, TO 3TO coObITHE OyAeT 3aMKCHpOBAHO B NMHUKE JABOWHOIO BbUIETA
(Ey — 1022 x3B).

CUMHTWUIALMOHHBINA CIIEKTPOMETP COCTOUT U3 CUUHTUILIATOPA U (POTOIIEKTPOHHOTO YMHOKUTEIS
(puc. 6). [lns perucrpaumu y-U3Ny4EHHS B CHUHTHULIIMOHHBIX CIEKTPOMETPAaX HCIHOJIB3YIOT
B3aUMOJICUCTBUS Y-KBAHTOB C BEIIECTBOM CLUMHTHILIATOPA. Pe3yibTaToM BCEX TPEX OCHOBHBIX IIPOLIECCOB
B3aUMO/ICHCTBUSA Y-KBAaHTOB € BeulecTBOM ((poTordderTa, KOMITOHOBCKOTO PACCESHUS U POXKACHUS Tap)
ABJIIETCS Ilepellaya SHEPruM Y-KBaHTa BTOPUYHBIM YacTHULAaM - 3JIEKTpOHaM U mno3uTpoHam. I[lpu
MPOXOXKACHUU 3apsHKEHHBIX BTOPUYHBIX YACTHII YePE3 BEIIECTBO UX DHEPTHUs TPATUTCS Ha BO30YXKICHUE
¥ MOHM3aLMIO cpenbl. [lepexoapl ¢ BO3OYKIEHHBIX COCTOSIHUN CHUHTUIUIATOPA Ha O0Jiee HU3KHUE YPOBHH
SHEPTUU COIMPOBOKAAIOTCS H3IydeHHEM (DOTOHOB: B CIHUHTHIUIATOPE BO3HHKAET CBETOBAs BCIIBIIIKA.
TakuM o0O0pa3oM, CHUHTHIUISTOP TPaHCPOPMUPYET SHEPrui0 MaJaroniero Y-KBaHTa B OOJBIIOE
KOJIMYECTBO BTOPUUHBIX Y-KBAHTOB HU3KHUX SHEPTHi - (POTOHOB (IIFOOPECIICHIINH.

Bo3Hukime B CUMHTUILUISATOPE TMOA

JEICTBUEM MaJaolero myyka y-KBaHTOB ETEMHHHEH [Cuwrinnsron]

BTOpPUYHBIE  (OTOHBI  MONAJAIOT  HA Konba ———=-—boToKatog
dorokaron. DoTOKAaTOI HAHECEH Ha |
BHYTPECHHIOIO TOPIIEBYIO ITOBEPXHOCTh s
cTeKIsiHHOTO Gannmona MDY, B KOoTOpoM
CO37JaH  BaKyyM, HEOOXOIUMBIA  JJIst
CBOOOJHOTO JABMKEHHS 3J1eKTpoHOB. [lon
JIEUCTBUEM (dhoToHOB MPOUCXOUT (~1000 B}
dororddexr Ha GoTOKaTO/NE C BBHLIIETOM l
JJIEKTPOHOB, KOTOpbIE TMOMAJalT B
JJEKTPOHHO-ONTHYECKYIO CUCTEMY ﬂ,L—1HL’J,£I,bI'—J___"J .

¢dorokaron - nuHOABI (dnekTponbl). B J BEIXOAHOM KMy b ]/-”"‘
pe3ynbTaTe BTOPUYHOM  3JIEKTPOHHOMU
SMUCCHUM  Ha  JIMHOJAAX  DJIEKTPOHBI
BHIOUBAIOT u3 HUX BTOPUYHBIE
3JIEKTPOHBI, 00pa3ys HapacTaloIlyl0 OT
JUHOAA K JTUHOAY AJIEKTPOHHYIO JIABUHY.
®opma 1ruHOA0B nojo0paHa il 3)PEKTUBHOTO YCKOpEHUs U (POKYCHUPOBKH BTOPUYHBIX 3JEKTPOHOB.
Mexny auHOJAMU TOAJEpKHUBaeTcs pasHocTd mnoTeHnuanoB 100-150 B. OOmmit koadduimeHT
ycwieruss DY, umeromux o0bdHO OoT 10 10 14 IMHOMOB, JOCTUTAET BEIWYWH TOPSIKA 10°-10°.
AMIUIATY]a UMITyJIbCA HAIpPSDKEHUS, CO3/JaBaeMOro Ha

Harpyske mocneaHero auHoma (anoma) MDY, oOBIYHO

JNeKTpoHBI T

T

Bricokpe HanpA EHKE

Puc. 6: Cxema ycTpoicTBa CHIUHTHIUTSIIIAOHHOTO JIETEK-
Topa. Yactuiia, momnajasi B CHUHTHIUISITOP, TOPOXKIAET
(dboToHBI HITyOpECIEHITNN, KOTOPHIE TIO CBETONPOBOILY
nonaaaroT Ha poTokaTon ODIY.

COCTaBJISIET HECKOJIBKO JIECATHIX BOJIbTA u 32+, 6027 net
MPONOPIIMOHATIbHA YHEPTUH, MOTEPSIHHOM YacTUIEH B B+
CUUHTUJUISTOpE.
Q=2842,3k3B /99,944%
6. Onucanue yCTAHOBKH - vorasazy |
Hctounnkom MO3UTPOHOB CITY’KHUT <1274.5 99.944

+ ~ / 0,056%
B —panunoakTuBHBI n30Tom. Ero Hamo ompeaenuTs 1O fatr=2D

XapaKTCPHBIM [JId €T0 paciliaa TraMMa-KBaHTaM. K

o+

22 . 6 ?g Ne
HpUMEDY, 1 Na HMEIOIIMA  CXEMY  paclnana, cTabuneH
IPUBENCHHYI0 HA pHUC. [ paclnajgaeTcss U3 OCHOBHOTO

Puc. 7: Cxema pacnana |, Na



COCTOSTHMS co criHOM 1 yetHocThIo J° = 3" ¢ mepronom monypacnana 2,62 rosa 160 myTeM HCITyCKaHUs
no3utpoHa (90% caydaeB), nmmb0 myreM 3axBara opOuTambHOro snektpoHa (10% ciyuaes). Ilpu
MO3UTPOHHOM pacmaje B 99,9% cnydaeB BbUIETAIOT MO3UTPOH U 3JIEKTPOHHOE HEUTPUHO ¢ CyMMapHOM
sueprueii 0,55 MoB, 1pu 5ToM KoHe4HOE PO o Ne 0Opasyercsi B IEpBOM BO30YKIEHHOM COCTOSHUU
1,28 M»aB co crimsoM 1 uetHOCTHIO J° = 27, Ouens manoe (< 0,1%) YHCIIO TO3UTPOHHBIX PACTIANOB HIET C
3aceIeHHeM OCHOBHOTO COCTOSHHS KOHEUHOTO siapa o Ne co cimHoM 1 yetHocThio J° = 0,

[To3uTpOHBI TOPMO3STCS B BELIECTBE HMCTOYHUKA M €r0 3allUTHOW O0OJOYKE M AHHUTUIUPYIOT.
TonmuHa 3aUTHON 000JI0YKH MPEBHIILACT MPOOET MO3UTPOHOB (~ | MM B QJIFOMUHUH ), TOITOMY MECTOM
AHHUTUJISIUU ¢ OOJIBIION TOYHOCTHIO MOKHO CYHMTATh IIEHTP MCTOYHHKA MO3UTPOHOB. Permcrparus y-
KBAHTOB OCYILECTBIISIETCS] CUMHTHIIISLMOHHBIMU CIEKTPOMETPAMHU, COCTOSIIIMMHU U3 KpucramwioB Nal u
dboTodneKTpoHHBIX yMHOXHTeNnerd (DPIY). Ummynsce or @OV moctymaroT Ha ycwmmrend. [locne
YCUJIEHUSI HMMIIYJIbCOB OT CHEKTPOMETPOB IIPOU3BOAMTCS AHAIM3 HX aMIUIMTYAHOI'O paclpeaeieHue
(9HEPreTUYECKHil CIIeKTp perucTpupyeMbIix (POTOHOB)

Tak e B ycTaHOBKax 3aJIeliCTBOBaHA CXEMa COBIIAJICHUI - 3JIEKTPOHHOE YCTPOICTBO, BbLAAOIIEE
Ha BBIXOJIC CUTHAI JIMIIb B TOM ClIy4ae, KOTrJa Ha €€ BXOJbl MOCTYIMAalOT CUTHAJIbI C UHTEPBAJIOM, HE
IPEBBIIAIOIINM pa3pellarolee BpeMsi T CXEeMbl COBIaJeHU. B naHHOM cilydyae MCHOJIb3yeTcsl cXxema
coBnajieHul ¢ T =5 MKc. CxeMbl COBIAJACHUN IIMPOKO MPUMEHSIOTCSA B COBPEMEHHBIX SKCIIEPUMEHTAX 110
M3YYEHHUIO aTOMHOTO s1pa U yactuil. CoBHaieHre 10 BpeMEHU MOMEHTOB PEruCTpaliy ABYX WU Oolee
YacTHUI SIBJISIETCS JI0KA3aTE€IbCTBOM TOT'0, YTO OHM 00pa30BaJIUCh B OJJHOM U TOM K€ IIpoLecce SAEpHOI
peakLMK UK pacrnae.

«l @39 Wl

Crapasi_vcTaHOBKA. Bnok-cxema crapoii
YCTAaHOBKHM TIOKa3zaHa Ha puc. 8. Peructpamus y-
o | KBaHTOB OCYLIECTBIISAETCS JIBYMsI
CUMHTWUISILIMOHHBIMYM  cieKTpoMeTpaMu. OnuH H3
CIIEKTPOMETPOB  3aKPEIUIEH HENOJABMXXHO, JPYyrou
pacIoJIOKEH Ha  BPAIAOIIEMCS  OTHOCHUTEIBHO
ey HCTOYHUKA CTEpIKHE. Perucrpanus

AHHUTHJISIIUOHHBIX (DOTOHOB B PEXHME COBMAJCHUN
MI03BOJIIET IPOBOJUTH HU3MEPEHHs JUIS Pa3IMYHBIX

yIJoB pasiera (GoToHOB. [ljis 3TOro CUTHAIBI OT
CXEM: YCUWIMTENIEH TOCIEe INMPEABAPUTEIBHON aMIUIMTYIHOU
Coenepsion JUCKpUMMHALUKM, BBIACIIONIEM TOT Y4acTOK Y-
CIIEKTpa, KOTOPBIA OTBEYAECT AHHUTWISIUOHHON
amuaun 0,511 M»B, mnoctynaroT Ha BXOJ CXEMBI
coBrnasieHuil. Kpome Toro, moABMKHBIN CIIEKTPOMETP MOXET OBITh YCTAHOBJIEH B HEMOCPEICTBEHHON
OIU30CTH OT UCTOYHHKA MO3UTPOHOB, UTO
YBEJIUYUBAET CKOPOCTb cyera "

KOMNbHOTER

L3

ALM

Puc. 8. bnok-cxema crapoii yCTaHOBKU

o0ecIieunBaeT HU3MEPCHUE CICKTpa Y-
KBAaHTOB C BBICOKOHM CTAaTUCTHYECKOHU % § &
2 =]
TOYHOCTBIO.
o Csl Csy
2 Amnanoro-nudpooit
HoBasi YCTAaHOBKA. 3 1 R
bnok-cxema YCTaHOBKH  IIOKa3zaHa Ha * Komnniotep
Hnrerpanbuei
puc. 9. PeFI/ICTpaHI/IH Y-KBAHTOB JHCKPUMHHATOD —I_>

Cxema
OCYIIECTBIAETCS IECTHIO HEMOABUKHBIMU 2, -

CIMHTHWUSIMAOHHBIMA  CIIEKTPOMETPAMH, Mirrerpansiii
JUCKPUMHHATOD

YCTaHOBJICHHBIMU JIPYI' HAa MPOTUB ApPYra.

Perucrpanusi aHHUTHIALMOHHBIX (POTOHOB

Veumurens

N
w1
[<))

MMPOUCXOAUT B ABYX PCKUMaAX: CHCTHOM U Col - ca
1

AHAIUTUYECKOM. B CUETHOM peKHMe N 1\

perucTpanus (HOTOHOB IPOBOAMTCH C /g%

Puc. 9 briok-cxema HOBO# YCTaHOBKH



MOMOIIBIO TEPEeCYETHOTO yCTpoicTBa. Beibop DY ocymiecTBiseTcss TyMOiepaMu Ha TIepeaHEH MaHeIn
YCTaHOBKH, BBLIHECEHHOW B OTHENbHBIN Onmok. Tak e cxema COBMAJCHHUI IO3BOJSET MPOBOIUTH
M3MEpEHUsl OAHOBPEMEHHO s AByX POVY. B aHaIOroBOM peKUME MOKHO MOJYYUTh YHEPTeTHUCCKUI
CIIEKTP PETUCTPUPYEMBIX (POTOHOB C TOMOIIHI0 MHOTOKAHAIILHOTO aHAIN3aTOopa.

7. Tlopsinok BbINOJIHEHHS PA0OTHI.

Crapasi ycTaHOBKA.

Yunpaxnenue 1. KanuOpoBka TpakTa y-cieKTpoMeTpa.

KanubpoBka KaHajOB aHalM3aTopa B OHEPreTHUYECKUX €IMHUIAX OCYIIECTBISAETCS IyTeM
WU3MEPEHUST aMIUTUTYIHBIX PACIPECICHUI UMITYJIbCOB Y-CIIEKTPOMETpPA OT Y-MCTOYHUKOB HM3BECTHOM
sHepruu. B pabGoparopHoii pabore B KauecTBe KalMOPOBOYHOIO Y-UCTOYHUKA HCIOJIB3YETCS
PaIMOaKTUBHBIH M30TON s Co (0se y-muuum ¢ sHeprusmu 1,17 u 1,33 MbdB). Chekrp y-KBaHTOB,

U3MEPEHHBIN C TOMOUIbIO MOABMKHOIO CIIEKTPOMETPA, MPEACTABIAET COO0M pacnpeesieHne UMITYJIbCOB
[0 aMIUIMTyZJaM, T. €. 3aBHCHMOCTb YHMCJIa MMIIYJIbCOB OT HOMEpa KaHaua aHaiusaropa. Omnpenenus
HOMEpa KaHajJOB, B KOTOPBIX pAaCHOJOKEHbl Y-JIMHUU. ONpenenuTh 3SHEPreTUUecKoe pa3pelieHue
YCTaHOBKH I10 IOJIYILIMPHUHE Y-JIMHUM.

Yupaxuenue 2. U3mepenne 3HepreTH4ecKoro CleKTpa aHHUriJIsSIHOHHBIX Y-KBAHTOB

M3MmepeHne 3HEPreTHYECKOTrO CHEKTpa aHHUTWIISLUOHHBIX Y-KBAHTOB IPOBOIMUTCS IOJBUKHBIM
CIICKTPOMETPOM IIpU MUHUMAJIIBHOM PACCTOAHUMU OT MCTOYHHKA ITO3UTPOHOB. PCSYJII)TaTI)I HGO6XOIII/IMO
IpPEeJCTaBUTh B BUJIE TpaduKa C yKa3aHUEM CTaTUCTHUYECKHX OIMOOK n3MepeHuil. [1o 1ByM u3MepeHHbIM
B YIPAXKHCHUU 1 Y-JIMHUSAM W IO IMHUKY aHHUTWIALUOHHBIX Y-KBAHTOB IIOCTPOHMTH KaJII/I6pOBO‘-IHYIO
KPHUBYIO, CBSI3BIBAIONIYIO YHEPTUU (POTOHOB ¢ HOMepamMu KaHaoB. C MOMOIIBIO KaTMOPOBOYHOM KPHBOM
OIIpeNIeIUTh 3HaYeHUEe YHEPTUn(3HEpruil) Apyrux JIMHUM B CIIEKTpe Y-KBAaHTOB MCTOYHHMKA IO3UTPOHOB.
[To cxemam pacnaga B 1ab0paTopuu ONPEEIIUTh €r0 Ha3BaHUE.

Ynpaxnenue 3. M3mepeHne 3aBHCHMOCTH MHTEHCHBHOCTH COBIAJCHHH OT yria pasjera
¢$oTOHOB €' ¢ -aHHUT IS U

o 22
Y CTaHOBUTH HOABUKHBIN Y-CIHHEKTPOMETP Ha TAKOM K€ PACCTOSAHUU OT HCTOYHHUKA HNCl, KakKk H

HEeMOABIKHBIA. CHAThH CIIEKTP COBIAAEHUH JJIS pa3HbIX YIJIOB pasyieTa (OTOHOB B MPOMEXYTKe 165° -
195°, 3ammceiBass CyMMapHOE KOJIMYECTBO 3apETHCTPHPOBAHHBIX HUMITYJIBCOB IS KaXAOTO yIJIa.
Y6enuTbes, YTO HHTEHCUBHOCTh COBMAJICHHH MakcHMalbHa Ui yria pasyera ¢oToHOB paBHoro 180°.
Pe3ynbTatel M3MEepeHHOI YIJoBOW 3aBUCHMOCTH pa3jieTa Y-KBAaHTOB HPEJICTaBUTh B BHJIE Ipaduka C
YKa3aHHUEM CTaTHUCTUYECKUX OMIMOOK M3MEPEHU.

HoBasi ycTaHOBKA.

YnpaxHenue 1. U3mepeHne 3HepreTH4ecKOro CeKTpa AHHUTMJISIHHOHHBIX Y-KBAHTOB.

B aHanmoroBoM pexuMe H3MEpPUTh DSHEPreTUYECKUH CHEKTpP paJudOaKTUBHOIO MCTOYHHUKA.
PesynbraThl HEOOXOAMMO TMpPENCTaBUTh B BHJE TpaduKka C YKa3aHHEM CTATUCTUYECKMX OLIMOOK
n3MepeHnil. CrenaTe NpeaIoIoKEHNE O SHEPTUAX JIMHUN B CIEKTpe y-KBaHTOB. [1o 3HaueHusAM >Hepruii
raMma KBaHTOB M COOTBETCTBYIOIIMM HM TI'pPaHHUIIAM KOMIITOHOBCKOTO pacHpeesieHHs 3JIEKTPOHOB
MOCTPOUTh KAJIMOPOBOYHYIO KpHBYIO (3aBHUCMMOCTh Homepa kaHanma ALl ot sHeprum). OueHUTH
SHEPreTUUeCcKOe pa3pelieHre YCTAHOBKH 10 MOJYIIMPUHE CAMOT0 HHTEHCUBHOTO (DOTOMHKA.

YupaxHenue 2. I3MmepeHne 3JHEPreTHYECKOro CieKTpa COBNaJeHU AHHUTMJISIUOHHBIX Y-
KBAaHTOB.

B ananoroBom pexumMe U3MEPUTH SHEPreTUYECKHM CIIEKTp COBMaZieHui. Pe3yabTaTel HE0OX0AUMO
IpEJICTaBUTh B BUJE Tpaduka C yKazaHHEM CTAaTUCTHMUYECKHUX OIIMOOK u3MepeHHil. OUeHUTb SHEpruu
HaO0I0TaeMBIX (POTOMTHKOB.

Yunpaxnenue 3. U3mMepeHne B C4ETHOM pesKnUMe.

B cuerHOM pexume H3MEPUTh KOJMYECTBO TaMMa-KBaHTOB, IMONAJAIOIIMX Ha AETEKTOp, 3a
¢bukcupoBaHHOE BpeMs. OKCIEPUMEHT MPOBECTH Jsi BCEX JAETEKTOpoB. Jlanmee, HCHOIB3Yys CXEMy
COBIMAJICHUH, U3MEPUTDH KOJIMUECTBO MONAaHNUN Ha IPOTUBOIIOJIOKHBIE U PSIIOM CTOSIILIUE AETEKTOPHI.
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8. KoHTpoubHBIEe BONPOCHI U 321241

. UTo Takoe aHTHUYACTHIIBI U UYEM OHU OTJIMYAIOTCS OT YacTHUIl?

[ToueMy HEBO3MOKHA OTHODOTOHHAS €' ¢ -~AHHUTHIAIUA?

. Uto Takoe mo3UTpOHUI?

B yem paznuune Mexay opTONO3UTPOHUEM U MApario3UTPOHHEM?

Hapucyiite ntuarpammy ®@eitamana aist 1ByX()OTOHHON M YeThIPeX(POTOHHOW aHHUTHIISIIUH.
Ha ckonbko mopsikoB BepOATHOCTh IBYX(DOTOHHON aHHUTHIISILIMK OOJIbIIIE, YeM YEThIPeX(HOTOHHOI?
. Urto Takoe omnepanus 3apsiI0BOro CONPsHKEHUs?

. Uro Takoe 3apsa0Bas Y4ETHOCTb?

Mo:KHO 11 XapaKTepHU30BaTh 3apsSI0BOM UETHOCTHIO 3aPsKEHHBIC YACTHUIIBI?

10. Onpenenutsb 3apsI0BYIO0 YETHOCTh TaMMa-KBaHTA.

11. Yro Takoe NCTUHHO HENTpaIbHbIC YACTULIbI?

12. Yto Takoe ciiabble B3aUMOIEHCTBAA?

13. Yro Takoe Gera-pacnaabl?

14. Yto takoe ciiabble B3aUMOIEHCTBUA?

15. Yto Takoe nepuoa noiaypacnaga?

16. 3a cueT KaKuX MPOIIECCOB PETUCTPUPYIOTCS raMMa-KBaHThI B CUUHTHUIUISIIMOHHOM JIeTeKTOpe?

©CEONDUTAWN P

17. Yto takoe cxema coBnageHuii? [IpeaoxxuTe sKCIepUMEHThI, B KOTOPBIX HEOOXO0IUMO HCIIOJIb30BaTh

CXEMY COBIIJICHUH.
18. Yto Takoe paspemaromniasi cnocoOHOCTh JeTeKTopa?

v 22
19. Kakoii nepuox nomypacnaga umeet uzoron ;;Na ? Kak on pacnagaercs?
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