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1. OCHOBHBIE ®U3NYECKHUE ABJIEHUSA, UCIIOJIb3YEMBIE
B KBAHTOBBIX ITPUBOPAX

1.1. HacesieHHOCTH 3HEpreTHYECKUX YPOBHEMH
NP TEPMOJANHAMUYECKOM PaBHOBECUH

JUist ycuieHus ¥ TeHepUpOBaHUS AJIEKTPOMATHUTHBIX KOJeOaHUI
HapsAy C D3JEKTPOBAKYYMHBIMM M MOJYNPOBOJHUKOBBIMH IMpUOOpaMu
UCIIOJIb3YIOTCSl KBAHTOBBIE MPUOOpPHI, JEHCTBUE KOTOPHIX OCHOBAHO Ha
B3aUMOJEHUCTBUM  JJEKTPOMAarHUTHOIO TOJII C  MHKPOYACTHULAMH
BelllecTBa (HAmpuMep, aroMamH, MoJyieKyidamu, uoHamu). C MOMONIBIO
KBaHTOBBIX MPUOOPOB yIaNOCh PEUIUTh PsIA BaXKHBIX PATUOTEXHUYECKUX
3a7ay:

- ycwieHue oyeHb cinalbbix curnanoB CBY, koTopbie HEBO3ZMOKHO

BBIJICJIUTH U3 COOCTBEHHBIX IIYMOB B APYTUX TUIAX NPUOOPOB;

- TeHepalus AMEKTpoMarHuTHeIX kosiebanuit CBY, obGnagarommx
Ype3BBIYATHO BBICOKOM CTaOMIIBHOCTBIO YacTOTHI,
HEJOCTHKUMOM MPU UCTIOIB30BAHUM IPYTUX MPUOOPOB;

- TeHepalus KOT€PEHTHBIX JJIEKTPOMAarHUTHBIX KOJeOaHWil B
ONTUYECKOM JHarna3oHe, B KOTOPOM HE MOryT paboTaTh
ANEKTPOHHBIE MPUOOPHI.

VYcunenue 3IeKTpOMarHUTHRIX KOJIeOaHUH B KBAHTOBBIX MpUOOpax
IIPOMCXOJAUT 3a CYET BHYTPEHHEW DSHEPrHM MHMKPOYACTHUL, KOTOpas
MepeNaeTcs WUMH DJIEKTPOMAarHUTHOMY IO NPH MEPEXONaX MEXKAY
DHEPreTUYECKUMH YPOBHSIMMU.

Crpykrypa DHEPreTUYECKOro CIIEKTpa MHKPOYACTHIIBI
(OTHOCUTENIBHOE PACIIOJIOKEHUE SHEPTETUUECKUX YPOBHEI) 3aBUCUT Kak
OT €€ BHYTPEHHHMX CBOMCTB, TaK M OT YCIOBHH, B KOTOPBIX OHa
HaxXOIWUTCS: HAJIUYUS COCEAHUX MHMKPOYACTHUL, DJIEKTPUYECKOTO H
MAarHUTHOIO TIOJIEM; TeMIepaTypbl OKpPYXKaloLlEeW cpeapl W T.IL
CTpyKTypa 3HEpPreTH4YEeCKOro CreKkTpa aHcaMmOjs (COBOKYIMHOCTH) cliabo
B3aMMOJIEUCTBYIOIUX MEXAY coO0M MUKpoYacTHll OJU3Ka K CTPYKType
DHEPreTUYECKOTO CIIEKTPa U30JIMPOBAHHON MUKPOUYACTHIIBL.

HekoTtopomy 3Ha4eHUIO DHEPTUM MOXKET COOTBETCTBOBATH OJIHO
WM HECKOJIBKO COCTOSHUM MHUKpOYACTULBl. [l onmucaHus COCTOSHUMN
MHKPOYACTHIIBI BBOJATCA KBaHTOBble uyuciaa. OHH XapakTEPU3YIOT
VIJIOBOM MEXaHWYECKMH MOMEHT aroMa (KBaHTOBOE€ 4Yucio J),
MarHuTHBIA MOMEHT aroMa (MAarHUTHOE KBAaHTOBOE YHUCIO my ) U T...
Ecnun ogHOMY M TOMY K€ 3HAQUEHHIO DHEPTMM aTOMa COOTBETCTBYIOT
pPa3JINYHBIE COCTOSIHUSA, OTJIMYAIOUIMECS JpPYyr OT Jpyra 3HAYEHUSIMHU
ONMMCHIBAIOIINX MX KBAHTOBBIX YMCEN, TO TaKOM YPOBEHb Ha3bIBAECTCS
BBIPOKJICHHBIM. UYMCIO pas3IMYHBIX COCTOSIHUM, COOTBETCTBYIOIIMX



BBIPOKJAECHHOMY YPOBHIO, XapaKTEPU3YETCS KPATHOCTHIO BBIPOKICHUS
ATOTO YPOBHSI.

Ecnu MukpouacTuiia HCHOBITBIBAET BO3ACHUCTBUE, HAIpPUMED,
MAarHUTHOTO TMOJISl, TO BBIPOXKJEHHBIE COCTOSIHUSI B HOBBIX YCIIOBUSAX
MOTYT pa3inyaThCsi CBOMMHU SHEPrusiMu. B 3TOM 3akiirouaercsi sIBICHUE
pacCIIEIUIEHUs BBIPOXKJIEHHOTO YPOBHS Ha HECKOJbKO MOAYPOBHEH C
Pa3IUYHBIMU SHEPTUSMHU (CHSITUE BBIPOKICHHUS).

Tak kak B  KBaHTOBBIX MOpuOOpax  HCHOJB3YIOTCS  HE
M30JIMPOBAHHBIE MHUKPOYACTHIIBI, a HX aHcaMO0iIuM B BHUJE TIa30B,
KPUCTAJTMYECKUX WM CTEKJISIHHBIX 00pa3loB U Jp., TO HEOOXOIUMO
3HaTh HACEJICHHOCTH Pa3JIM4YHbIX ypoBHEU. [lox HAacEeneHHOCTHIO YPOBHS
MMOHUMAETCSI KOJUYECTBO MHUKpoYacTull B | CM’ BEIECTBA C SHEprue,
COOTBETCTBYIOLIEH  3TOMY  ypoBHIO.  HaceneHHOCTb n’  iro
HEBBIPOXKJICHHOTO YpOBHS aHcamOyisi w3 N  MHUKpOYACTUIl TPH
TEPMOIMHAMHUYECKOM paBHOBECUU (mon TEPMOJIMHAMHYECKUM
pPaBHOBECMEM  TMOHUMAETCS  COCTOSHUE  CHUCTEMbI, KOTOpas  He
B3aUMOJICMCTBYET C OKPYXKAIOWIEW CPEAOM M NapameTpbl KOTOPOU HE
3aBUCST OT BPEMEHHU) onpeenseTcs 3akoHoM bosbimana

W,
exp(——")

n) =N kT

C Yew-1m) D
Py

rae W; — sHeprus i-ro ypoBHs; k = 1,38-10% (J/K) — mocTosiHHast
boneumana; 7' — abcomoTHas temnepatypa. Maaexkc 0 B 06o3HaueHUH
HACEJIEHHOCTH YKa3blBAa€T, YTO OHAa OTHOCUTCS K COCTOSHHIO
TepMoauHaMHuueckoro paBHoBecusa. CymmupoBanue B dopmyne (1.1)
MPOBOJAUTCS MO BCEM YyPOBHSAM  paccMaTpUBAEMOro  aHcaMOJs
MUKpPOYACTHIL.

W3 npuBeneHHod (GopMysbl clIeAyeT, YTO YeM BBIIIE JHEPrust
YpOBHSA, T€M MEHbIIE €ro HaceleHHOCTb. OTHOIIEHHWE HACEIEHHOCTU
ABYX SHEPreTU4eCKUX ypoBHeH j u i (W;> W;) paBHO

0
R
—- =exp(———). 12
0 .
n kT (1.2)
Ha puc. 1.1 nokazan rpaduk paBHOBECHOTO pacHpeacICHUS
HACEJIEHHOCTEW NJIi HEKOTOPOIro YMClia IUCKPETHBIX YPOBHEH aHcaMOs
MHUKpouacTull. [1o ocn opAMHAT OTKIAABIBAIOTCS 3HAYEHUs dHEepruu W, a
0 OCH a0CUUCC — HACEJIIEHHOCTH YPOBHEH 7. 3/1€Ch K€ IYHKTHPOM
[I0Ka3aHO APYro€ PaBHOBECHOE PACIIPEIECIICHUE HACEIICHHOCTEN Y TOU XkKe
CaMOW CHCTEMBI MUKpPOYACTHUL], HO IIpU Apyrou remneparype 7, > 7. U3
puc. 1.1 u dopmynsl (1.2) BUIHO, YTO C BO3pacCTaHUEM TEMIIEPATYpPbI



YBCIIMYHUBACTCA HACCICHHOCTL BCPXHUX OHCPIrECTUUCCKUX ypOBHeI)'I 3a
CUCT YMCHBIHICHUA HACCIICHHOCTHU HUKHUX ypOBHefI.

Puc. 1.1. Pacnipenenenne HacelIeHHOCTEN 1 HEKOTOPOTO Yucia
JUCKPETHBIX YPOBHEN aHCAMOJIsI MUKPOUYACTHULL

1.2. ITepexoabl MUKPOYACTHIl MEKAY IHEPreTHYECKUMHU YPOBHAMH

MukpoyacTuilbl MOTYT MEPEeXOAUTh C OJHUX DJHEPreTHUYEeCKUX
YpOBHEH Ha JIpyrue caMONpou3BOJbHO (0€3 BO3JIECUCTBUS KaKUX-THOO
BHEIIHUX (DAKTOPOB), MOJ BIUSHUEM BHEIIHErO JJECKTPOMArHUTHOIO
MoJIA U B pe3yJbTaTe B3aUMOJEHCTBUSI CO CBOMM OKPY>KEHHEM (IpYyrumMu
MUKpPOYACTUIIAMH, KPUCTATUIMYECKON petieTKON U T.11.). COOTBETCTBEHHO
pa3nuYaloT TPU BHUJA TEPEXOJOB: CIOHTAHHBIE, BBIHYXICHHbIE U
Oe3bI3TyyaTeNbHble  pelakCcalMoOHHble. PaccMOTpUM HMX OCHOBHBIE
OCOOEHHOCTH.

1.2.1. CrioHTaHHBIE IEPEXOBI

CnoHTaHHO, T.e. CaMOIPOM3BONBHO, MHKPOYACTHIBI MOTYT
NEPEXOJUTh TONBKO C 00J€e BBICOKMX DHEPreTHYECKMX YPOBHEM Ha
Husmue. IIpu CrIOHTaHHOM INEepexoJe MHKpPOYAaCTHIBI C ypoBHS W, Ha
ypPOBeHb W; MPOMCXOANT M3Ty4EeHUE KBAHTA DJIEKTPOMATHUTHON SHEPTUU
AW = W;— W;. HacToTa U31y4eHuUs ONPENEIAETCS U3BECTHLIM YCIOBUEM
gactoT bopa (3-i moctynar bopa)

g =
’ h

e h = 6.62-10°* JIx-¢ — mocrossHHas [1manka.

KBaHTBI TOJIs1, UCTTyCKAEMbIE MPU CIIOHTAHHBIX MEPEX0J1aX, HMCIOT
CIy4aifHbIC TOJSPHU3AIMI0 U HAIpaBICHUE pacupocTpaHeHus. [loaTomy
CIIOHTAaHHOE W3JIYYCHHE TPOSBISACTCS KaK IIyMbl. YMCIIO CIOHTaHHBIX
HepexoioB ¢ ypoBHs W; Ha ypoBeHb W; 3a BpeMs df NpONOPLUOHAIBHO
HACEJIEHHOCTHU BEPXHETr0 YPOBHs #; U UHTEPBAIly BpeMEHHU dt

: (1.3)
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dl”ljl- = Ajl.njdt. (1.4)
Koadumment MPONOPLHOHAIIBHOCTH A Ha3bIBACTCS
ko3 purieHTOM DUHIITEHHA A CIOHTAHHOrO u3nydeHus. OH umeer
CMBICJI BEPOSITHOCTH CIIOHTaHHOro nepexona W, — W; B 1 cekyHay B
pacuete Ha | Mwukpoudactuily. 3HaueHHEe JITOro KoddduimeHta
omnpejensieTcss  BHYTPEHHHMMH  CBOMCTBaMHM  MHUKpodacTtul.  Ero
pasmepHocTb — 1/c. Cornacno (1.4) koadunment DiiHmTelHA 4; paBeH
OTHOIICHUIO YKCJIa MUKPOYACTHUL], COBEPIIAIOIINX CIIOHTAHHBINA MEPEXo

W;— W;3a 1l cexynny, K HACEJIECHHOCTH BEPXHETO ypOBHs W)

1.2.2. BoiHyX/1IeHHbIE (MHIYLUPOBAHHBIE) EPEXOAbI

ITon  BO3meWCTBMEM  BHEIIHEIO  JIEKTPOMATHUTHOIO  ITOJIA
MHKPOYACTHUIIBI MOTYT COBEpIIaTh BBIHYKICHHBIE MEPEXOAbl B JIBYX
HaIPaBJICHUAX: HA BEPXHUE U HA HW)KHUE DHEpreTuyeckue ypoBHu. Eciu
MHUKpPOYaCTHIIA COBEPILIAET MEPEXO] BBEPX C YpoBHA W, Ha ypoBeHb W,
TO €€ DJHeprus yBenuuumsaercas Ha AW, = W, — W, Owueprus
JJEKTPOMArHUTHOIO  MOJA,  UHAYLUMPYIOILETO  OTOT  IEPEXOn,
YMEHBILACTCS HA TAaKyH K€ BEIUYUHY, T.€. IPOUCXOAUT IIOIVIOLIEHUE
dorona AW; =hf;. HeoOXoguMbIM  YCIIOBUEM BO3HUKHOBEHHUS
BBIHYKICHHBIX IIEPEXOJ0B MEXKIAy YpoBHAMH W, u W, sBusercs
COBIAJICHUE YaCTOTHI AJIEKTPOMArHUTHOIO IOJsl ¢ 4acTOTOM mepexoja fj;
= (W~ W)lh.

IIpu mepexone MMKpPOYAcCTHUIlbI BHU3 C ypoBHA W, Ha ypoBeHb W;
UMEET MECTO MpoLecc, OOPaTHBI MOIVIOIEHUIO:  IPOUCXOAUT
UCIyCKaHMEe MHKpouacTHued (¢GoTroHa Af;, W DHeprus 1o,
UHIYLUPYIOLIEro EPEX0/, YBEINUNBACTC.

BelHy)XneHHOE U3JIydyeHue, T.€. H3JIY4YEHHE, CO3JaHHOE B
pe3yabTaTe BBIHYKIEHHBIX IEPEXOA0B, 001aaeT CIEAYIOUIUM Ba)KHBIM
CcBOMCTBOM. OHO MMEET HE TOJIBKO OJUMHAKOBYIO YacTOTY, HO TaKXKe
OJIMHAKOBYIO (ha3y, MOJIAPU3ALMIO U HAIPAaBJICHUE PACIPOCTPAHEHUS C
[IEPBUYHBIM II0JIEM, WHIAYLUUPYIOLIUM Iiepexoasl. [[pyrumu cioBamu,
KBaHTbl JJIEKTPOMAarHUTHOIO II0JIA, HCIyCKA€Mble YacTULAMU IIpU
BBIHYK/ICHHBIX IIEPEX0/]axX, HE OTIWYUMBI OT KBAHTOB MHIYLMUPYIOLIETO
10JIsA. DTO CBOMCTBO BBIHYXKJCHHBIX MIEPEX00B MTO3BOISIET UCIIOJIB30BATh
UX JIJISl YCUJICHUS 3JI€KTPOMATrHUTHBIX KOJIeOaHUH.

Yuciio BEIHYXAEHHBIX IIEPEXOA0B C YpPOBHA W; Ha ypoBeHb W 3a
BpeMs dt OIpeneIIAeTCs IIPOU3BEACHUEM BEPOATHOCTH
COOTBETCTBYIOLIErO0 Iepexoja B 1 cexkyHny B pacuere Ha 1
MHUKDPOYACTHILYy — pj; Ha HACEJIEHHOCTb BEPXHErO YPOBHS 77; 1 MHTEPBAI
BpEMEHU dt



6bIH
dnﬁ = pjl.njdt. (1.5)

BepoATHOCTH  BBIHYKIEHHOI'O IEpeXoJa pj; B OTIHYUE OT
BEPOSTHOCTH  CHOHTAaHHOIO  Iepexona  A;  NPOHNOPLUOHAIbHA
CHGKTp&JIBHOﬁ TIJIOTHOCTU 3HepFI/II/I 3JICKTpOMaFHI/ITHOFO T10JI4 Pji Ha

4acTOTe Nepexoa
P :Bjipji9 (1.6)
riae Bj — NOCTOSHHBIN K03()(DUIUEHT, 3aBUCAIIUI OT CBOMCTB Iepexoia
W, — W, u HaspBaeMbll Kkod(duuueHroM ODHHIITEWHA Ui
BBIHYKJIEHHOT'O UCITYCKaHUS.
AHaJOTUYHBIE BBIPAXKEHUSI MOXKHO 3alUCaTh JJIsl BBIHY>KIEHHBIX

MEPEXOJI0B ¢ MOMIOICHHEM (OTOHOB. UHCIIO BBIHYKIEHHBIX MEPEX0I0B
C ypoBHs W; Ha ypoBeHb W; 3a BpeMs dt paBHO

dn’” = p,ndt =B, p ndt, (1.7)

1€ p;j — BEPOATHOCTH BHIHYKJIEHHOTO IIEpeXoa ¢ ypoBHs W; Ha ypOBEHb
W; B 1 cexynny B pacuere Ha 1 mukpodactuny; B; — kod(pduIUEHT
DOWHIITENHA AJ1s1 TIOTJIOLIEHUS;, 1; — HACEJIEHHOCTh HUKHETO YpOBHA W,

1.2.3. CooTHolIeHUs MEX ]y Ko3QduLmeHTaMu DIHIITEHHA

Koodpdunmenter  Oiinmrerina  A;, Bj, Bj He  SABIAOTCA
HE3aBUCUMBIMM Apyr oOT gpyra. OHHM CBA3aHBl OIPEACICHHBIMU
COOTHOIIEHUAMH. YTOObI HAWTH OSTU COOTHOILIEHHUS, PACCMOTPUM
M30JIMPOBAHHBIN aHCaMOJb MUKPOUYACTHL, HAXOISALIUICS B COCTOSTHUU
TEILUIOBOI'O PABHOBECUSA C IOJEM M3IYy4YCHUSA, CO3JAHHBIM CaMUMU
MuKkpouyacTunamu. IIpu paBHOBeCMHM HACEIEHHOCTU DJHEPreTUYECKUX
YPOBHEH B CpEAHEM OCTAIOTCSI HEM3MEHHBIMU U 00ILI€e YUCIIO IEPEXOI0B
BBEPX U BHU3 OJUHAKOBO. [I0oTOMY MOXKHO 3anucaTh

0o 0 0
Bypn; =B,pn;+A;n;, (1.8)

A€ Pj; — CIICKTPpaJibHAaA INIOTHOCTH DHEPI'UHU IIOJIA, CO31aBA€MOI'0 CaMUMHU
MHUKpOYaCTUIL[aMH.

o 0 0
y‘II/ITBIBaSI, 4dTO HACCJICHHOCTU YPOBHCHU nj , N; CBsA3aHBI MCXKIY

co0oit cootHomenueMm (1.2), u ompenensas u3 (1.8) cnexkrpaibHyIO
TUIOTHOCTh DHEPTHH U3JTYUEHUs, HAXOAUM

A,
_ J

P =" (1.9)
B.e —B

ij Ji




OTO BBIpaXXEHUE JOJDKHO COBMNAAaThb C M3BECTHOM (HOpMyJoi
[Inanka 11t 0OBEMHOM IMJIOTHOCTH HEPrUU PABHOBECHOTO TEIJIOBOTO
U3JIyYEHUS B €AMHUYHOM MHTEPBAJIC YACTOT

8nf j? hf ji
Pi =73 ""w, (1.10)
e —1

IJl€ ¢ — CKOPOCTh CBETA.
CooTHomieHus Mex1y KoddpuuueHtaMu OHHIITEHHA MOXHO
nonyuuth, cpaBauBas (1.9) u (1.10). U3 (1.10) cnenyet, uto npu T — «

u P; >0, @opmyna (1.9) maer Takoil ke pe3ynabTaT TOJBKO B TOM
ciydae, ecliu

B.=8B_. (1.11)

Ji ij
Taxkum obOpazom, kodpbunMeHTH DUHIIITEHHA IS TTOTJIONICHUS U
JUTSl BBIHYKJICHHOTO U3JTYY€HUsI PaBHBI MEXK]1y COOOM.
CpaBauBas BeipaxkeHust (1.9) u (1.10) u yuutbiBas mpu 3TOM
(1.11), HaxomuM cooTHOIIEHHE MexAy KoddduimeHTamu ODWHIITEHHA
JUTSl CIIOHTAHHOTO U BBIHYXJIEHHOT'O M3Ty4CHUI

3
A, 8xmhf;
= (1.12)
Pji ¢
OTHOLIEHHE BEPOSTHOCTEH CIIOHTAHHOTO M  BBIHY)XACHHOI'O
3
A4, 8mhf;

ucrnyckanus (oroHa psSIMO TIPOTIOPIIMOHANIEHO KYOy

pj[ c3pj[

4acTOTBI U OOPATHO MPONOPLMOHAIBHO IIJIOTHOCTU DHEPTUM MO Pj;. s

NepPeX0/10B, YaCTOTa KOTOPBIX HaxoauTcs B quanazoHe CBY, oTHomeHune
Ji

P

nosig. [loatomy B kBaHTOBbIX npubopax auanazoHa CBY cnoHTaHHbIE

nepexoabl OOBIYHO MOXHO HE YUUTHIBaTh. OHU MPECTaBISAIOT UHTEPEC

TOJIBKO NP pacyere NIyMOB.

Cootnomenust (1.11) wu (1.12) mnonmydyeHsl njsg aHcamOis
MUKpPOYACTHI], HAXOJSALIUXCS B COCTOSIHUM TEIJIOBOTO PAaBHOBECHS, HO
OHM CHPABEIJIUBBI MPHU JTHOOBIX HEPABHOBECHBIX YCIOBUSAX. JTO CIENYET
u3 toro, yto B (1.11) u (1.12) He BXOomIT Kakue-IuOO MapameTphl,
3aBUCSIIME OT MPUPOJbl BHEIIHEr0 3JEKTPOMArHUTHOIO MO U
pacnpeieNieHus1 HaCEeJIEHHOCTE! M0 YPOBHSIM.

OKa3bIBACTCA OYCHb MAJIbIM, OAKC IMPH MAJIbIX IIJIOTHOCTAX SHCPIrun



1.2.4. PenakcanimoHHBIE IEPEXOBI

OCHOBHOM TPUYMHOW PEITAKCAIMOHHBIX MEPEXOJO0B B TBEPAOM
TEJIE SBISIETCS B3aMMOJCUCTBHE MHMKPOYACTHUL C KPHUCTAIUIMYECKOH
PELIETKOM, B Ta3€ — B3aUMOJIEMCTBUAE C JIPYTUMU MUKPOYACTULIAMHU U CO
CTEHKaMH cocyZa. B oTiauuWe OT CIOHTaHHBIX M BBIHYXIECHHBIX
MEPEX0JI0B peaKCaIllMOHHBIE TIEPEXO/Ibl SBISIOTCS 0€3bI31ydaTeIbHbBIMU,
T.€. HE CONMPOBOXKJIAIOTCS U3JIYYEHHEM WJIM TorjioueHueM GotoHoB. [lpu
pelaKkCallMOHHBIX MepeXoJax MPOUCXOAUT OOMEH JHEpPrue Mexay
MHUKpPOYACTULIAMU U HUX OKpyXeHuem. Hampumep, ecinu B pes3ynbTare
B3aUMOJICMCTBUSL C KPUCTAJUIMYECKOM PELUIETKOM aToOM IMEPEXOAUT C
BEPXHETO YPOBHA W, Ha HWXKHUW W, TO OH OTHAET KBAaHT JSHEPrUU

AW, =W, =W, tennoseiM koneGaHusiM pemeTkd. Hampotus, mnpu

MEPEXO/IE aTOMa C HWKHETO YPOBHSA Ha BEPXHUM KBAaHT DHEPIrUU
nepesaeTcs OT TEIUIOBBIX KoJjieOaHul pemieTku atromy. OOMeH >Hepruei
MEXJy KBAHTOBOM CHUCTEMOW U €€ OKPYXKEHHUEM CHOCOOCTBYET
YCTaHOBJICHUIO TETIJIOBOTO PABHOBECUS MEXK]1Y HUMH.

IIpouecc BO3BpalleHUsT CHUCTEMBI B  COCTOSIHUE  TEIUIOBOT'O
paBHOBecusi HasbiBaeTcs penakcanued. CKOpOCTh 3TOro mpouecca
XapakTEPU3yeTCs BEPOSTHOCTSIMU PEIAKCAIMOHHBIX MEPEX0JI0B B 1
CeKyHIy B pacuere Ha | wmukpouactuily. OO03HAYMM BEpPOSTHOCTH
pENaKCallMOHHOr0 Iepexoaa ¢ ypoBHs W, Ha ypoBeHb W, 4yepe3 o, a
BEPOATHOCTD IIEPEX0/a C YPOBHA W; Ha ypoBeHb W yepe3 ®;;, U HauJeM
COOTHOILLIEHUE MEXAY HUMH. UHUCIO peNaKkCalMOHHbIX IEPEXOJ0B BHU3 B
| cekyHay paBHO MPOM3BEICHUIO HACEIEHHOCTU BEPXHErO ypOBHSA Ha

BCPOATHOCTL COOTBCTCTBYIOHICTO II€pEXoJa, T.C. I’leOjl- . AHaJIOFI/I‘IHO,

YUCIIO MEPEXOJOB BBEPX COCTaBIsAeT 7, ; . Ecau KBaHTOBas cucreMa

HaXOJUTCA B COCTOSHHMM TEIUIOBOIO PpAaBHOBECHS, TO HACEJIEHHOCTHU
v 0 0

YPOBHEH 7, =n; W N; =n; NOCTOSHHBI BO BpeMeHH. Clie0BaTEeNbHO,

YHUCJIO TIEPEXO0JI0B B 00OOMX HAIPABICHUSIX B €AUHUILY BPEMEHU JIOJKHO
ObITh OnMHAKOBBIM. [lomarasi, 4TO CIOHTAHHBIE MEPEXOJbl HE HUMEIOT
CYIIECTBEHHOIO  3HAUYEHU B  YCTAHOBICHUUM U  MNOJJCpPKAHUU
PAaBHOBECHOTO  paclpelesieHuss HACEJEHHOCTEHW, MOYKHO 3aIncaTh
nfa)y = nfa) i~ Orcrona, ucnons3yd (1.2), HaX0AMM COOTHOIIEHHE MEXKTY

BCPOATHOCTAMHU PEIIaKCALITMOHHBIX IMMEPEXOJ0B BBEPX U BHU3
W

W, =0 ;e . (1.13)

N3 1nomy4yeHHOro  BBIP@XKEHHUS  BUAHO, YTO  BEPOSITHOCTHU
pEJIAKCAallMOHHBIX IIEPEXOJIOB BBEPX BCErJa MEHBIIE BEPOSITHOCTHU
penakcalMoHHbIX TMepexoaoB BHHM3. B auamazone CBY  00b14HO



hf .
Beinonasiercss  yenosue  Af ; (CkT , nostomy o, = j,»(l—%), T.C.

® ;; Mayo oTaMYaeTes OT @ ; . B onTuueckom nuanasone @ ; {(@ ;.

1.3. IllupuHa cIeKTPaJIbHON JIUHUHT

IIpn wW3nydaTenbHBIX MEPEXOAAX MHUKPOYACTHUI] MEXKIY JBYMS
DHEPreTUYECKUMHU YPOBHSIMHM JJIEKTPOMArHUTHAs DHEPTHS H3IIy4daeTcs
WJIU TIOTJIONIAETCS HE Ha OJHOM (PUKCHUPOBAHHOM YacTOTE, a B HEKOTOPOM
KOHEYHOHM I10JI0C€ 4YacToT. YacTOTHYI0 3aBUCHUMOCTb CIIEKTPAIbHOMU
IJIOTHOCTH AJIEKTPOMArHUTHOM SHEPTUHU, U3y4aeMOU MU MOIIOIAEMON
MHKPOYACTHLIAMHU TMPU IEPEX0JaxX MEXAY JABYMs DJHEPreTHYECKUMH
YPOBHSMH, Ha3bIBAIOT CHEKTPaJIbHOW JHHHUEH. B OOJIbIIMHCTBE ciyyaes
3Ta XapaKTepUCTHUKA TOJ0O0HA pPE30HAHCHOW KPHUBOM KOJE€OaTEIBbHOTO
KoHTypa. PaccmoTpum (akTophl, BAUSIONIME HA IIUPUHY CHEKTPAIbHBIX
JINHUMU.

B n1r00oM ancamOiie MUKpOYACTHII, B TOM YHCIIE HAXOJAIIEMCS B
COCTOSIHUM  TEIUIOBOIO  PAaBHOBECHUS, MPOUCXOASAT  CIIOHTAHHBIE,
BBIHYK/ICHHBIE W PEJIAKCAIMOHHBIE NEPEXOJAbl MHMKPOYACTHL MEXKIY
HHEPreTHYecKUMH ypoBHAMHU. OHM OTPAaHUYUBAIOT BpeMs MpeObIBaHUS
MHKPOYACTHI] HA TOM WJIA MHOM ypoBHE. CpenHss MPOAOJIKUTEIBHOCTD
npeObIBaHUS MUKPOUYACTHULl HA OMNPEACICHHOM JHEPreTHYECKOM YpPOBHE
(Bpemsi KHW3HHM) 3aBHCUT OT BEPOATHOCTEH MEPEXOJ0B MHUKPOYACTHUIL C
ATOrO YpOBHS Ha Apyrue ypoBHHU. MOXKHO ITOKa3aTh, YTO BPEMS KU3HU HA
ypoBHe W; paBHO

1
T, = 7 (1.14)
J
rine A; — cymMma BEpOATHOCTEM BCEX BO3MOXHBIX CIIOHTaHHBIX,

BBIHYKJICHHBIX M PEIaKCalMOHHBIX NEPEXOJ0B C ypoBHA W, Ha npyrue
YpOBHH 32 1 cexyHay.

Bpems ku3Hu Oyaer HaumOoOJbIMM B TOM cllyyae, Korja
MUKpPOYACTHIIbl HE MOJBEPraroTCs BHEIIHUM BO3JEHCTBHUSM, T.€. KOTIa
BpeMsl KU3HW OrpPaHUYMBAETCS TOJBKO CIOHTAHHBIMU MEPEXOJaMHu.
OpHako Aake M B 3TOM CiIy4yae BpeMsl >KHU3HHM SIBISETCS KOHEUHOU
BEJIMYMHOM.

CornacHo COOTHOILIEHHIO HEONpe1eIEHHOCTE! SHEPTHUS
MUKpPOYACTHIIBl HE MOKET OBITh TOYHO ONpeJeseHa, €clid BpeMs ee
CYLIECTBOBAHHUS B JAaHHOM DSHEPreTUYECKOM COCTOSSHUHM KOHEYHO;
BO3MOXHBIM pa3Opoc 3HAYEHUN HHEPrUU MHUKPOYACTUIl OOpaTHO
MPOIMOPLIMOHATIEH BPEMEHU KU3HU
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h
AW, = —,
J 277:'[]- (115)

Pa3Opoc  3HayeHWil SHEPrUM  MHKpPOYACTULBI HAa  JAHHOM
3H€pl“€TPI‘I€CKOM ypOBHe O3Ha4YacT, 4TO ypOBeHB HCJIb34 paCCManI/IBaTB
KaKk 0ECKOHEYHO TOHKHH. OH MMEET KOHEYHYIO TONIIUHY, PaBHYI0 AW,
CyMMapHas mupuHa JBYX DHEPTETHUYECKUX YPOBHEH JaHHOTO NEpPEXoja
omnpeAenseT IMUPUHY CIIEKTPaIbHOU JINHUU

AW, + AW,
2Af; S (1.16)

B cinydae korma BpeMeHa KHM3HM OrPAaHUYMBAIOTCS TOJIBKO
CIIOHTAaHHBIMU IIEPEXOIAMHU, CIIEKTpajbHas JMHUS MUMEET HAMMEHBIIYIO
BO3MOXXHYIO  IIMPUHY, Ha3blBAEMYK)  €CTECTBEHHOM  IIMPUHOM.
be3pi3nmyyarenpHble  PEaKCAMOHHBIE IEPEXOAbl YMEHBILIAIOT BPEMS
YKU3HU MUKPOYACTUI] HA YPOBHSAX, B PE3YJILTATE YETO BO3PACTAET LIIMPUHA
CIIEKTPAIBHBIX JIMHUW. Y IIUPEHUE JIMHNUM, BBI3BAHHOE PEJIAKCALUOHHBIMU
MEePEX01aMu, BO MHOTO pa3 MPEBOCXOJAUT ECTECTBEHHYIO INUPUHY.

()

SeAfu o SitAf S

Puc. 1.2. CnexrpanbHas 1uHus

Jpyroyi Ba)XHOM INPUYMHON YLIUPEHUS CIEKTPAJIbHBIX JIMHUNA B
razax sBusercss dddexr [onmnepa. Kak u3BeCTHO, OH COCTOHUT B
W3MEHEHUM MPUHUMAEMON 4YacTOThl KOJEOAHHM MpU OTHOCHUTEIHbHOM
MEPEMEIICHUN NCTOYHUKA W NPUEMHHUKA BOJH. /[BH)KEHHE H3ITydYaromux
MUKpPOYACTHI] OTHOCHUTEIbHO HAOMI0JaTENs] NPUBOAUT K YACTOTHOMY
CIABUTY PErMCTPUPYEMBIX WM JIMHMM u3aydeHus. B rase umsmydaromue
YaCTULbl HAXOJATCS B XaOTMYECKOM TEIUIOBOM JBHKEHUHM, U TaK Kak
Pa3IMYHBIM CKOPOCTSIM COOTBETCTBYIOT pPa3IMYHBIE JIONIUIEPOBCKUE
CABUIM 4YacTOTbl, TO pPE3YyJAbTUPYIOLAs CHEKTpaJbHas JIMHUSA Trasa
YILIUPSIETCS.

KpoMe yka3zaHHBIX NpPUYHMH YIIMPEHHUS CHEKTPAIbHBIX JIMHUM,
UMEIOTCS W JpyrMe€ T[PUYMHBI, HAOpuUMEp BIMSHHAE BHEIIHUX
JJIEKTPUYECKUX W MAarHuTHBIX Mojed. [lonmHas mmpuHa crnekTpalibHOU
JIMHUM OINPENENSeTCs KaK CPEAHEKBAaJApaTUYHOE 3HAYCHUE YaCTUYHBIX
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VIIUPEHUH,  OOYCJIOBIIEHHBIX  pa3iuyHbiMU  ¢akrtopamu. s
XAPAKTEPUCTUKU  OTHOCUTEIBHOM INUPHUHBI CIEKTPAJIbHOM JIMHUH
BBOJIUTCS MMOHSATHE SKBUBAJICHTHON JOOPOTHOCTH CHEKTPATbHONU JTUHUU

__L
0, 2AS ) (1.17)
rae f, — ILEeHTpajbHas 4YacToTa JMHMM; 2Af, — IIMpUHA JIMHUM,

ompenensieMas IO YPOBHIO TIOJOBHUHHOW CIHEKTPAJIBbHOW IUIOTHOCTHU
U3JIy4EeHUs Ha LIEHTpanbHOU yacTore (puc. 1.2).

1.4. KBanToBOE ycuiieHue.

[Ipu B3amMoOAEHCTBHM BEUIECTBA C BHEIIHUM JJIEKTPOMAarHUTHBIM
MOJIEM OJHOBPEMEHHO MPOMCXOJAT JIBa MPOTHUBOIMOIOXKHBIX Mpolecca —
BBIHYK/ICHHOE HCITyCKaHue U moriomienrne GoToHoB. B 3aBucumMocTr OT
TOTO KaKO# M3 3TUX MPOILIECCOB MPeodIaaaeT, MPOUCXOUT YCUICHHUE HITU
ocnabieHne dIEeKTPOMAarHUTHBIX KOJIeOaHUH B BEIIECTBE.

BbisicHuM, pU KaKUX YCIOBUSX MOXET ObITh MOTYYEHO KBAHTOBOE
ycuneHue. Ecnm BemecTBo B3aMMOJECHCTBYET ¢ M3IYYCHHEM Ha 4acTOTe
nepexoia MUKPOYacTHIl MEXly SHEPreTUUeCKUMHU ypoBHAMU W; u W, To
YHCIIO0 BBIHYXJICHHBIX MEPEXO0JI0B C MOTJIOMIEHHEM (DOTOHOB B €IUHUIIE
oO0beMa 3a Bpemsi df ompezaensercss BblpaxeHueM (1.7), a uwucno
BBIHYK/ICHHBIX TEPEX0/I0B C MCIyCKaHUEM (DOTOHOB B eIUHUIE 00BeMa
3a Bpemsi dt — dopmynoi (1.5). IlockonbKky Npu KaXJAOM IMepexoje

MCIlyCKAeTCsT MM TOTJIOMIAeTCs KBaHT 9Heprud  Af , , 1o Bes
HOIJIOIAeMast B €IMHHUIE 00bEMA BELIECTBA SHEPIHs 3a BpeMs df paBHa

deO&’l = hfjiBijpji(ni - nj)dt' (1.18)

B nocnenneM BbIpaK€HUH YYTEHO, 4TO KO3 (GULIMEHTh DUHIITEeHHA IS
MOTJIOIIEHNS M BBIHYKJEHHOTO WCIYCKaHHUS PaBHbI MEXAYy COOOM, T.e.
B, =B

ij Ji*
MOHJHOCTB, IIOTJIOIIICHHAs eIMHUIIEU o0bpeMa BE€IIECTBA,
COCTaBJIACT

aw
_ noan __
PHO.?JZ_ _hf}iBijpji(ni_nj)‘ (119)

Eciu HaceneHHOCTb HHIXKHETO pa60qer0 YPOBHA 6OJIBH_IC, yeMm
BCPXHETO 7, > nj , TO Imorjromacmasa MOIIHOCTh PHOFH > O, T.C. IPOUCXOOUT
ocjiabieHue QJICKTPOMArHUTHBIX KOHe6aHHﬁ, B3aHMOHeﬁCTBYIOHlHX C
BCIIIECCTBOM. B ClIydyac Koraa nj >n;, MpoueCChl BBIHYKIACHHOI'O
HCITYyCKaHHA HpeO6HaHaIOT Haa IMOoTrJIomI€eHuEeM MW MOIIIHOCTH PHOFH
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oTpunarenbHa. [Ipu 3TOM 3IEKTpOMArHUTHBIE KOJIEOAHUS YCUIUBAIOTCS.
Cnemyer TOMYEpKHYTh, UYTO KBAHTOBOE YCHJIGHHE OKa3bIBACTCSA
BO3MOXKHBIM  BCIIEZICTBHE€ TOTO, 4YTO (DOTOHBI, HCIIyCKaeMble MpHU
BBIHYK/ICHHBIX TEpPeX0/aX, He OTIMYUMBI OT (DOTOHOB YCHIUBAEMOTO
CUTHaJIa.

Tak kak mpu TEPMOAMHAMHYECKOM DPABHOBECHHM HACEICHHOCTHU
HIDKHUX ypOBHEH OoJbllle, YeM BEPXHUX, TO BEIIECTBO, HAXOAsIIeecs B
PaBHOBECHOM COCTOSTHUM, HE MOXET YCHUJIMBATh DJIEKTPOMAarHUTHBIC
koneOanus. HeoOXoquMbIM yCcIoBUEM ISl OCYIIECTBIIEHUS KBAaHTOBOT'O
YCUJICHUS] SIBIIICTCS CO3/laHWE WHBEPCHUHM HACEICHHOCTH Ha pabodmx
YPOBHSAX, T.€. TaKOrO paclpeieeHHs HaCeIEeHHOCTEeH, NMpH KOTOpOM

n;>n;. Co3laHHe HWHBEPCHM HACEIEHHOCTEH Ha pabOYMX YPOBHAX

MOXXET OBITh OCYIIECTBJICHO PA3IMYHbIMU criocobamu. OCHOBHBIMHU W3
HUX SIBISIIOTCA:

1. Ucnonws3zoBaHue BCIIOMOT'aTeIbHOTO U3ITy4YEeHHUS TSt
YBEJIMYEHHS] HACEJIEHHOCTH BEpPXHEro paboyero ypoBHS U
YMEHBUIEHUS! HACEJIEHHOCTU HUYKHETO.

2. IlpoctpancTBeHHOE  paszjeieHue  (COPTUPOBKA)  YACTHII,
HaXOJSAUIUXCS B Pa3IMYHBIX SHEPTE€TUUECKUX COCTOSHUSIX.

PaccMOTpeHHBI NPUHLKI KBAHTOBOTO YCUJIEHUS HAaXOIHUTCA B
OCHOBE palOThl BCEX KBAHTOBBIX MpPUOOPOB. YcCuJIEHUE CHUrHajia
OCYIIECTBIISIETCS 32 CYET BHYTPEHHEM OSHEPrMM  MHUKPOYACTHII,
nepe1aBaeMol MMM MOJI0 MPU  BBIHYXKJIEHHBIX Mepexofax. OTUM
KBaHTOBbIE pUOOPHI NPUHIUITHATIBHO OTJINYAIOTCSA oT
ANEKTPOBAKYYMHBIX MPUOOPOB, TIA€ YCHUJIEHUE TOJIE3HOTO CHUrHaja
MPOUCXOJUT 3a CYET KHUHETHMYECKOW WM TOTEHLUHMAIbHOM JHEepruu
CBOOOJHBIX dJEKTPOHOB. C yKa3aHHBIM OOCTOSTENHLCTBOM CBSI3aHBI
BECbMa CYILECTBEHHBIE Pa3IMyUsl B MapaMeTpax KBaHTOBBIX MPUOOPOB
OJINHAKOBOI'O Ha3HAYEHHMS.

Tak B KBAHTOBBIX YCUJIMTENAX OTCYTCTBYIOT OCHOBHBIE UICTOUYHUKHU
IIYMOB, XapakTEepHbIE ISl 3JIEKTPOBAKYYMHBIX NPUOOPOB: ApOoOOBOM
addekr, TokopacnpeneneHue u T.4. Kpome TOro, KBaHTOBbIE MPUOOPHI
MOTYT paOoTaTh MPU HU3KUX TeMmIeparypax, OJM3KUX K aOCOIIOTHOMY
HYJ10. DTO MO3BOJWIO CO3/AaTh MAaJOIIYMAIIME KBAHTOBBIE YCHIIMTENN
CBY  (kBaHTOBBICE  MMapaMarHUTHBIE  YCWIMTENH),  OOJajaroliue
TeMIIepaTypoil yma nopsika eIMHUL FPAyCOB MO a0COIIOTHOM HIKaJe.

B KBaHTOBBIX reHEpaToOpax MOXKET ObITh MOJy4Y€Ha YpEe3BbIYAWHO
BBICOKAsi CTAOMJIBHOCTh YaCTOThI, TOCKOJIbKY MOJOXKEHUE UCIOJIb3yEMbIX
HHEPreTUYECKUX YpPOBHEH MHUKpPOUYACTHI[ CJAa00 3aBUCUT OT BHEIIHUX
ycnoBuii. B nmamazone CBY co3maHbl MONEKYISPHBIE W ATOMHBIE
TFEeHEPATOPBI, HMEIOIINE OTHOCHTEIBHYIO HECTAOHIBHOCTD YacToThl 1077
- 10,
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O¢ddextuBHOCT  pabOTBl  3JIEKTPOBAKYYMHBIX  HPUOOPOB
YMEHBIIAETCS ¢ YKOPOUEHUEM paboueid IJIMHBI BOJIHBI, U UX IPUMEHEHUE
B HAacCTOsIIee BpeMsl OTPaHMYMBAETCS MUJUIMMETPOBBIM JuanazoHoMm. B
KBaHTOBBIX MNPUOOpax BO3MOXHBIE pabdOuYMe YaCTOTHI OIPEACNAIOTCS
TOJBKO CTPYKTYPOW DHEPreTHUUECKUX ypOBHEH MHKpodactul. Iloaromy
KBaHTOBbIE NPHUOOPHI PabOTalOT BO BCEM CBEPXBBICOKOYACTOTHOM U
ONTUYECKOM JUana3oHe BILIOTH O YJIbTPauoIeTOBOM 001aCTH CHEKTPA.

2. KBAHTOBBIE TIAPAMATHUTHEBIE YCUJINTEJN
(KITY)

2.1. PaGouee BemecTBo

B kauectBe pabouero BeleCTBA B KBAaHTOBBIX YCHJIMTEISAX
nuana3zoHa CBY ucnonb3yoTcs NpuMecHbIe apaMarHUTHbIE KPUCTaJLIbI.
WNx npuMeHeHue 0OYCIOBJIEHO TEM, YTO MapaMarHUTHBIE YaCTHUIIBI BO
BHEIIIHEM  MAarHUTHOM  Tojie  00ysiajaroT  yAoOHOW  cUCTEeMOM
HHEPreTUYECKUX YPOBHEH, MO3BOJSIOLIEH CO3AaBaTh MEepecTpauBacMble
YCUJIUTEIIH JIJIS1 Pa3JIMYHbIX y4acTKOB nquanaszona CBY.

B nmpumecHbIX mNapamMarHMTHBIX KpHCTAJJIaX KpHUCTaJUIMYecKas
pelmieTka  COCTOMT, B  OCHOBHOM M3  JIMAMarHUTHBIX  HOHOB.
ITapamarHuTHblE HOHBI, C KOTOPBIMU B3aMMOJCHUCTBYET YCWJIMBAEMBIN
CUTHAJI, BXOJAT B KPHUCTAJUI KaK MPUMECh, 3aMellaromias HeOOIbIIYIO
4acTb JUAMarHUTHBIX HMOHOB. KoOHIEeHTpauus mnapamarHeTuka B
KpucTajyie OOBIYHO COCTaBIISET COTbIE JOJM TpoueHTa. bosbuime
KOHLEHTpalMl HEJOMYCTUMbl M3-32 BO3PACTAHMS CUJI B3aUMOJECUCTBUS
MEXAy MapaMarHUTHbIMA HOHAMH, YTO NPHUBOJUT K YXYALICHHUIO
napametpoB KITY. TunuuneiM 1 Haubosiee yacto ucnonbzyeMbiM B KITY
paboyuM BELIECTBOM SIBIIETCA PYOMH, KOTOPBIM MpeacTaBisieT coOoin
okuch anmomunus AL 05 ¢ Hebonbion npumecsio (~0,05 %) TpexkpaTHO
MOHM3HPOBAHHBIX aTOMOB Xpoma Cr "

PaccmoTpum 0COOEHHOCTH HYHEPreTUYECKOTO CHeKTpa
NapaMarHUTHBIX HOHOB BO BHEUIHEM MAarHUTHOM TMOJE, a TaKke
Ipolecchl  MX  B3aUMOJCHCTBUS CO  CBOMM  OKPYXEHUEM U
ANIEKTPOMAarHUTHBIM TI0JIeM, HMeEIIHe Oobllioe 3HaueHue B pabdote
KITY.

2.1.1. DHepreTnyeckue ypoBHM NapaMarHUTHBIX HOHOB

HapaMaFHI/ITHBIe qaCTHUIbI B OTJINYHUC OT JUaAMAarHUTHBIX O6JI&II2LIOT
IIOCTOSAHHBIM JUIIOJBHBIM MAarHuTHBIM MOMCHTOM, KOTOpBII)'I O6YCJIOBJ'ICH
Op6I/ITaJIBHBIM ABWKCHHUCM U CITMHOM 3JICKTPOHOB. Ecmu napamMarHuTHYIO
qJacTuny IMIMOMCCTUTbL BO BHCHIHEC MAIrHUTHOC IIOJIC, TO OHa IOJYUYMT
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AOIMMOJIHUTCIbHYIO OHCPIruro, OIpCACIICMYIO TaK KC, KaK W JJIA
MaKpOCKOIMUYCCKOTO MAarHuTHOTO AUITOJIA

AW =—imp,H =-m,u,H, (2.1)

rac M — MAarHUTHBIA MOMEHT Ao, M, — MarHuTHas IPOHUIIACMOCTh

cpensl; H — HanpsKeHHOCTH MAarHUTHOTO MONSA; M — NPOEKIMS
MOMEHTA MarHUTHOT'O JUIIOJISI HA HAIIPABJIEHUE MAarHUTHOTO TOJIS.

3HaK MHUHYC TIOKa3bIBaeT, 4YTO DJHEPrus B3aUMOIECHCTBUS
MarHATHOIO MOMEHTA C BHEIIIHUM MAarHUTHBIM IOJIEM MAKCHMAJIbHA MPH
AHTUIAPAILIEIBHON OPHEHTALMU BEKTOPOB M W H W MMHHMMalbHA IPH
[apaJlJICIbHOM.

B cinydae aTOMHOrO MarHMTHOTO JUITOJNS €T0 MOMEHT U MPOEKIMS
MOMEHTA HAa HaIpaBJIE€HWE BHEUIHEN0O MAarHUTHOTO OIS  SIBIISIIOTCS
BEJINYMHAMH KBAaHTOBAHHBIMH, T.€. MOTYT MNPHHUMATh TOJBKO psA
JUCKPETHBIX 3HA4eHUH. B 4acTHOCTH, MPOEKIMS MArHUTHOTO MOMEHTA
KBaHTYETCS 10 3aKOHY

my = —gM zm,, (2.2)
rjae g — 6e3pa3MepHbIit KOdPOUITMEHT, YYUTHIBAIOIINI CTPOCHUE aTOMa U
NPUHUMAIOMUK 3HadeHne oT 1 mo 2; M, =0,93-107a -’ — emunnma
U3MEPEHUS  DJIEKTPOHHBIX ~ MArHUTHBLIX ~ MOMEHTOB,  Ha3bIBaeMas
MarHeToHoM bopa; M ; — MarHMTHOE KBAHTOBOE YHUCJIO, ONMPEAEISIONIEE
paspelleHHblE 3HAYEHUs NPOEKUUK /71 Ha Hampasienue nons H . Ero
YUCIICHHBIE 3HAYEHMs BBLIPAXKAIOTCS Yepe3 KBAHTOBOE YMCIIO MOMEHTA
xomuuectBa apwxkenus m, =J,J-1,J-2,...—J (J — 3510 MOMEHT

h

KOINYCCTBA ABMXKCHUSA 4aCTHUILIBI B €AMHHUIIAX 9 )
T

Ucnonwsys (2.1) u (2.2), MOXKHO 3amucaTh CJIEIYIONIEE BIPAKECHUE
JUTSL SHEPTUM MapaMarHUTHOM YaCTHUIbI BO BHEITHEM MarHUTHOM TI0JIe

W=w,+gMm,uH, (2.3)
rae Wy — sHeprus 4aCTULbl B OTCYTCTBUHU MOJIS.
Takum o0Opazom, Ka bl DHEPTrETUYECKUI YPOBEHb

MapaMarHUTHBIX YaCTHUI[ C KBAaHTOBBIM YHCIOM J pacilemiseTcss BO
BHEIIIHEM MAarHUTHOM Tmoje Ha (2J+1) mnoaypoBHed Mo 4YHCITY
pa3pellICHHBIX 3HAYEHUW MArHUTHOTO  KBAaHTOBOTO uucia M,
MarHutHoe T0Jie CHMMAaeT BBIPOXKJICHHE, CBSI3aHHOE C BO3MOKHOCTBIO
pa3IUYHBIX ~ OPUEHTAllMM MArHUTHOTO MOMEHTa  YacTHIlbl, T.C.
BBIPOXKJICHHE [0 KBAHTOBOMY 4YHUCIy M ;. DTO sIBIICHHE Ha3bIBACTCS

adpdexkrom 3eemana, a oOpasyromMecss MPU PaACIICIUICHUH TOJAYPOBHHU
UMEHYIOTCSI MATrHUTHBIMH WJIA 36€MaHOBCKUMH TTOTyPOBHSIMH.
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B cnydae cBOOOAHBIX MapaMarHUTHBIX YacTHIl coryiacHo (2.3)
MHTEPBAJIbl MEXKIY COCEHUMHU MAarHUTHBIMU MOJYPOBHIMH OJJMHAKOBBI U

MPONOPLHMOHATIBHBI HANPSKEHHOCTH MarHuTHoro noist AW =gM  u H .

Ha puc. 2.1,a mokasaHo, Kak pacHIEIUISETCS DHEPreTUYECKUN YPOBEHb
CBOOOJHBIX MapaMarHUTHbIX dYacTul ¢ J = 3/2 B 3aBUCUMOCTH OT
HaIMpsHDKEHHOCTH MarHuTHoro mnois. Tak kak mpu J = 3/2 MarHutHOe

KBAaHTOBOE YMCJIO MOXET MpUHUMATh 3HadeHus M ; = 3/2, 1/2, —1/2,
—3/2, TO SHEPreTUYECKUI YPOBEHb PACIICTUISIETCSI HA YEThIPE MOyPOBHSI.

a) my=3/2 0) O=54°
W\J=3/2 W 4
1/2 _/3
—> I > H
-1/2 2
-3/2 1

Puc. 2.1. Pacmennenne SJHEpreTH4ecKoro ypoBHs
napamMarHUTHBIX YaCTHULL

MarHuTHble MOAYPOBHM NapaMarHUTHBIX HMOHOB, BXOJAIIUX B
KPUCTAJNIMYECKYI0  PEIIeTKY,  CYIIECTBEHHO  OTJIMYarTCS  OT
COOTBETCTBYIOLIMX MMOAYPOBHEH CBOOOJHBIX 4YacTull. B Kpucramie Ha
napaMarHUTHbIE HWOHBI JEUCTBYET CHJIBHOE JJIEKTPUYECKOE TMOJe,
co3JaBaeMoe JpYrUMU HOHaMH pemeTkd. OHO HM3MEHSET JHEPruio
napamMarHUTHBIX HOHOB U UCKAa)KaeT KAPTUHY SHEPreTUUECKUX YPOBHEIA.

Ha puc. 2.1,6 npuBeaeHbl MarHUTHbIE MOJAYPOBHM HMOHOB Xpoma
Cr*" B pyOHHE B 3aBHCHMOCTH OT HATIPSIKEHHOCTH BHEITHETO MATHHTHOTO
noss H ans caydas Korjga yrojl MeKIy HampapjieHueM nons H U ochbro
kpucramia @ = 54°. MarauTHble MOAYPOBHH 0003HAUEHBI Iuppamu 1, 2,
3, 4 6e3 yka3zaHHsI COOTBETCTBYIOIIUX KBAaHTOBBIX uncel n,. Bo3neicTBue
BHYTPUKPUCTAIIIMYECKOTO MOJISI TPUBOJUT K YACTUYHOMY PaCIICTUIEHUIO
HSHEPreTUYeCKUX YpPOBHEW MapaMarHUTHBIX HMOHOB MPU OTCYTCTBUU
BHEIIHEr0 MArHUTHOT'O MOJII M K HapyIICHWIO JIMHEHHOW 3aBUCHUMOCTU
MEXIY DJHEpPrue OINpeaesIeHHOIO0 HSHEPreTUYECKOro COCTOSHUS U
HaIMpPsHKEHHOCThIO BHEITHETO MAarHUTHOTO MOJISI.

[lonokeHne MArHUTHBIX TOJYPOBHEM 3aBUCUT OT OPHEHTAIMU
BHEILIHEr0 MAarHUTHOT'O MOJIsl OTHOCUTEIBHO OCEH CUMMETPUH KpPUCTAILIA.
N3meHsis Hanps>KeHHOCTh BHEIIHEr0 MArHUTHOTO TOJIS, a TakKe Yroll
MEKy HampaBlAeHHeM Hois /H M OChbI0 KPUCTalIa, MOXKHO H3MEHATH
pPacCTOSIHME MEXIy MarHUTHBIMHU MOJYPOBHSIMU MapaMarHUTHBIX MOHOB
U ToJTy4yaTh HeoOxoaumyto it pabotel KITY vactory nepexoos.
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2.1.2. PenakcallmOHHBIE IPOLIECCHI B
napamMarHMTHBIX KpUCTaJlIax

ITapamarsuTHble HMOHBI B  KPUCTAJUIE B3aUMOJACHCTBYIOT C
KPUCTAJJIMYECKOW PEETKOM M JPYyrMMH NAapaMarHUTHBIMUA HOHAMH.
B3anmopaelicTBUE MAarHMTHBIX MOMEHTOB ITapaMarHUTHBIX HMOHOB C
KPUCTAJUIMYECKON pELIETKON Ha3bIBaeTCsA CIIMH-PELIETOYHBIM
B3aUMOJICHICTBUEM, A B3aUMOJECUCTBME MArHUTHBIX MOMEHTOB HOHOB
Apyr € JpyroM — CHOHH-CIHHOBBIM. (O0a BHJa B3aUMOJAECUCTBUS
BBI3BIBAIOT 0e3bI31yyaTebHbIE pelaKCalOHHBIE [IepeX0bl
MapaMarHATHBIX HOHOB MEXJy MarHUTHBIMU MTOAYPOBHSMMU.

CnuH-pemeToyHoe B3aUMOAEHCTBUE MOXKET  OCYLIECTBISTHCS
cienytomiuM  oOpazoM. TeruoBble KoneOaHMsT HMOHOB  PELIETKU
MOZIYJIUPYIOT BHYTPUKPUCTATUIMYECKOE JIEKTPUYECKOE noJje,
CO3/1aBAEMOE B MECTaxX pACMOJOKEHUS IMAPAaMArHUTHBIX HOHOB. JTa
MOAYJSMS  BO3MYILIAET  OpPOUTAIBHOE  JIBMDKEHHME  DJIEKTPOHOB
napaMarHUTHBIX MOHOB M TE€M CaMbIM BO3ACHCTBYET Ha OpOMTAIbHBIN
MarHuTHBIA MOMEHT. B3aumopeiicTBue OpOMTaNIBbHOIO M CIHUHOBOTO
MarHUTHBIX ~MOMEHTOB (CHMH-OpOMTanbHas CBS3b) MPUBOAMUT K
[IEPEOPUEHTALlUM CIIMHOB, T.€. K IIEPEXOAy MapaMarHUTHBIX HOHOB C
OJHOTO MAarHWTHOIO MOAYpPOBHS Ha Japyrou. Ilpm kaxxaoM Takom
0e3bI3TyyaTeIbHOM  IEpeXoJie  KBAaHT JHEPruuM  Nepenaercs  OT
NapaMarHUTHOIO HMOHA TEIUJIOBBIM  KOJEOAHMSIM  KPUCTAITUYECKOU
PELIETKH WK Ha00O0pOT.

Takum 00pa3oM, CHUH-pelieTyaTas peslakcalus COMPOBOXKAAECTCS
OOMEHOM D2HEprue MeEXJy CHUHOBOM CHUCTEMOW W KPUCTAITUYECKOU
pemierkoil. OOMeH dHeprueid CHocoOCTBYET  YCTaHOBICHHUIO U
MOAJCPKAHUIO  TEIUIOBOTO  PAaBHOBECHUS  MEXAy  HUMH,  T.C.
BOCCTaHOBJICHUIO PAaBHOBECHOI'O PACIPENEIICHUS HACEJIIEHHOCTEH, €CIU
M0 KaKoM-JIM0O MPpUYMHE OHO OBLIO HAPYIIEHO.

IIpn CHUH-CIIMHOBBIX B3aUMOJAECHCTBUSAX MapaMarHUTHBIE HOHBI
O0OMEHMBAIOTCS SHEPTUEH IPYT C IPYroM, HO SHEPIHsl CHUHOBON CUCTEMBI
B 1IEJIOM HE M3MEHAETCA. B IBYXypOBHEBOW CHCTEME CIIMH-CIIMHOBAs
penaKkcanys He CONPOBOXKAAETCS MU3MEHEHUEM HACEJIIEHHOCTEH YPOBHEW,
TaK KaK 4UCJIO IIEPEXOJO0B C BEPXHEr0 YPOBHs HAa HW)XHUW PABHO YUCILY
BCTPEYHBIX IIEPEXOJOB C HWXKHEIO ypOBHA Ha BepxHuil. B
MHOT'OYPOBHEBBIX cucTeMax BCTPEYHBIE MIepEX0.Ibl MOT'YT
OCYILIECTBIIATHCA MEXKAY PA3JIUYHBIMU [TAPAMU YHEPIETUYECKUX YPOBHEM,
YTO MPUBOAUT K M3MEHEHUIO HACEJIEHHOCTEH YpPOBHE. DTOT MpOILECC,
Ha3bIBAEMbIN KpOCC-peJIaKCalluel, 3aTpyAHsAET CO3JaHUE WHBEPCUU
HAceJeHHOCTeW Ha JBYX BBIOpAaHHBIX paboOyux ypoBHIX. YTOOBI
YMEHBIINTh BIIMSIHUE KPOCC-PENIaKCAllUM, MPUXOJUTCS YMEHBIIATh
KOHIIEHTPALIUIO [TapaMAarHUTHBIX HOHOB B KPUCTAJLIE.
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2.1.3. DneKTpOHHBIN TapaMarHUTHBIA PE30HAHC

SIBiieHne, CBSA3aHHOE C IIOIVIOLIEHHWEM WM C U3JIyYECHHEM
BJIEKTPOMATHUTHOM SHEPTUM B PE3YJIbTATE BBIHYKICHHBIX IEPEXOJIOB
MapaMarHUTHBIX MOHOB MEXJly MAarHUTHBIMU MOJAYPOBHSIMU, Ha3bIBA€TCS
ANEKTPOHHBIM MapaMarHuTHeIM pe3oHaHcom (OIIP). Krnaccuueckoe
onucanue D[P ananornyHo onucanuo GeppoMarHUTHOrO Pe30HAHCA.

IIpu  kBaHTOMexanumueckom  onucanun  OIIP  wu3BecTHOE
COOTHOLIIEHUE MEXAY PE30HAHCHOW YaCTOTOM U HaIPSIKEHHOCTHIO

noaMarauumBaromero nons f, =V H, cnenyer m3 ypamenus (2.3),

COIVIACHO KOTOPOMY pAaCCTOSIHUE MEXAY COCEJHUMU MarHUTHBIMU
MTOAYPOBHSAMH CBOOOJTHBIX IapaMarHuTHBIX YacCTULL PaBHO
AW:gME‘uaH
h h
[OJApU3alMM  MAarHUTHOIO  BEKTOpa  BBICOKOYACTOTHOIO  IOJIA
YUYUTBIBAETCA TEM, YTO OT HEE 3aBUCAT BEPOSITHOCTH BBIHYKIECHHBIX
MIEPEX0I0B IMAPAMarHUTHBIX YAaCTULl M€Ky MATHUTHBIMU OTYPOBHSIMM.

EcrectBennas HIApUHA CIIEKTPaJIbHBIX JIMHUHA OIIP,
00yCIIOBJIEHHAs! CIIOHTAHHBIMH IIEPEX0JaMu, IPEHEOPEKUMO Masla U3-3a
MaJIOl BEpPOSTHOCTU CIIOHTAHHBIX IepexonoB B auamnazoHe CBY.
OCHOBHBIMH TpUYMHaMM ymupeHuss JuHud OIIP B mapaMarHUTHBIX
KpUCTajulax SBIAIOTCS B3aUMOJIEHCTBUSA CIMHOB JpPyr C JPYIrOM U C
pELIEeTKOM, a TakKXe HEOJHOPOAHOCTH BHYTPUKPUCTAIUIUNYECKOTO
AJIEKTPUYECKOTO I0JI U BHELIHETO MArHUTHOI'O TI0JIS.

CHnuH-CIMHOBBIE B3aUMOJECHCTBHUS BIUAKOT HAa UIMPUHY JIMHUHI
IByMsl IyTSMHU. Bo-IEpBBIX, CIIMH-CIMHOBAsl pejaKkcaluus yKOpauyuBaeT
BpeMsl )KM3HH IMAPAMarHUTHBIX HOHOB B ONPEIEICHHOM YHEPreTUYECKOM
COCTOSIHUMU. Bo-BTOpBIX, MAarHuTHbIE oJIA, CO3/1aBaeMble
[IapaMardHUTHBIMM HMOHAaMHM B MECTE pPACIIOJIOKEHHUS COCEIHUX HOHOB,
BEKTOPHO CKJIAJbIBAIOTCSI C BHEIIHMM MATrHUTHBIM IIOJIEM U HM3MEHSIOT
PE30HAHCHYIO 4acCTOTy IepexonoB. Paznuune JOKaJIbHBIX MarHUTHBIX
noJied B pa3HbIX TOYKaxX KpuUcTaula U (IyKTyaluss UX BO BpEMEHU
IIPUBOJAT K MOSIBJICHUIO MOJIOCHI PE30HAHCHBIX YaCTOT, T.€. K YIIUPEHUIO
nuHuU. [Ipu 0YeHp ManbIX KOHLEHTPALUAX MapaMarHeTUKa B KPUCTAILIE,
B3aMMOJICUCTBUS MEXIY NapaMarHUTHbIMM MOHAMH cJa0bl U OoJibliee
BIMSHUE HA  IIMPUHY JIMHUM  OKa3blBalOT  B3aMMOJECHCTBHUS
[IApAaMarHATHBIX HMOHOB C  SJIEPHBIMM CIMHOBBIMM  MAarHUTHBIMH
MOMEHTAMU JUAMAarHATHBIX HOHOB PEIIETKH.

HeonHOpOoJHOCTh MATHWTHOTO ITOJISI BBI3BIBAET YIIMPEHUE JIMHUU
BCJICICTBUE TOIO, YTO PE30HAHCHBIE 4YAacTOTHl B PAa3HBIX YaCTAX
KpUCTajula  OKa3blBalOTCA  pasHbIMU.  HeogHOpomaHOCTH  BHYTpH
KPUCTAJUIMYECKOTO IIOJSA TaKXKe BIUAECT HA PACUICINICHUE MarHUTHBIX

AW =gM u,H n wuactora mepexoma J = Brusiaue
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MOJYPOBHEHW, B YAaCTHOCTH Ha HyneBoe pacuerienue (mpu H = 0).
Cny4ailHple UW3MEHEHUs pACIICIUIEHUS, BBI3BAaHHBIE H3MEHEHUSIMHU
BHYTPU KPHUCTAJUIMYECKOTO TIOJIS, MPUBOIAAT K YIIUPEHHUIO JIMHHM.
Tunuunele 3HaueHuss wupuHbl JuHUM OIIP B kpucramnax,
ucnonbzyeMbix B KIIY, — HECKOJIBKO AECATKOB Merarepl, B HEKOTOPBIX
CIIly4asiX — 10 COT€H Merarepil.

2.2. Anaaus padorsl KITY
2.2.1. Ilpunuun paboThl TPEXYPOBHEBOM CXEMBbI

HeoOxonuMbIM yCIOBHEM JJii KBAaHTOBOTO YCHJICHHS SIBISIETCS
CO3JJaHHE HMHBEPCUM HACEJIICHHOCTEW Ha JBYX MCIOJBb3YEMBIX YPOBHAX
pabouero BemiectBa. B KIIY uHBepcusi HaceleHHOCTEW TOCTUTAETCS 3a
CYET BO3JCHUCTBUS HA IMAPAMATHUTHBIM KPUCTAI BCIIOMOIaTEIbHOIO
m3nyuenuss CBY, Ttak Ha3biBaemoll «Hakauku». Pabora KIIY o06buHO
OCYLIECTBIISIETCS N0 TPEXYPOBHEBOM CXEME, B KOTOPOW HCIOJIB3YIOTCS
Mepexopl MMApaMATHUTHBIX HMOHOB MEXAY TpPEMsS MAarHUTHBIMH
MTOAYPOBHSMM.

PaccmoTpum pabGoTy TpexypoBHEBOW cxeMbl ycuieHus. [lpu
OTCYTCTBHUM HAaKa4yK{ NapaMarHUTHOE BELIECTBO HAXOAUTCS B COCTOSTHUM
TEPMOJAMHAMHUYECKOTO PAaBHOBECHS W HACEJIEHHOCTH HSHEPreTUYECKUX

YpOBHEH n,,n3,n; pacipeieneHsl 10 3akoHy bonbiMana (puc. 2.2,a).

a) W o) W
\
AY
W3 —‘\\ W3
7%} N 1%}
Wi Wi
0 0 0
ns3 n» ni n ny nlzn3 n

Puc. 2.2. TpexypoBHeBasi cucTeMa yCUJICHUS

Jlns  co3maHus  MHBEPCUU  HACENEHHOCTEM  KpHUCTal  00JIydaroT
CPaBHHUTECJIBHO MOIIHBIM CHUIHAJIOM HaKa4dKH, 4acTOoTa KOTOPOro paBHA
I/V3 ™M

T. Curaajr HaKkauyKHa HMHAYLIHPYET NEPEXOabl
napaMarHuMTHBIX MOHOB MEXKAY YPOBHSIMHU 1 m 3. Tak kak BEPOSITHOCTH
BbIHYKJICHHBIX IEPEXO0J0B BBEPX M BHU3 OJMHAKOBBI, a HACCJIICHHOCTbH

ypoBHs 1 Qosibllie, 4eM Ha ypoOBHE 3, TO KOJHUYECTBO MEPEX0J/I0B BBEPX B

gacToTe mepexona fi; =
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eAUHUIy BpeMeHHu Oyzaer Oonblie, yueM BHU3. HaceneHHOCTh ypoBHs 3
HayHET yBEIWYMBATBCSA, a YypoBHI | — ymenbwmarbes. lIpomeccy
BbIPABHUBAHUS HACEJIEHHOCTEH 7] U 13 MPENATCTBYIOT peslaKCallMOHHbIE
Nepexo/ibl, CTPEMSIIUECS BO3BPATUTh CUCTEMY B COCTOSIHUE PaBHOBECHSI.
OpxHako MmpHu JOCTaTOYHOW MOIHOCTH HAKAYKH HACEJIEHHOCTH ypoBHEH 1
u 3 (n W n3) CTaHOBATCSA TOYTH paBHbIMU (puc. 2.2,0). Cnenyet
3aMETHUTh, YTO MpHU JIFOOOH MOLIHOCTH HAaKauyKd HACEIEHHOCTh n3 HE

MOJKET CTaTh OOJBIIIE N1, TaK KaK YK€ IIpHu Ny =N, 4YUucCio BBIHYXACHHBIX

IIEPEXOJI0B BBEPX M BHHU3 OJIMHAKOBO. BhIpaBHMBaHHME HACEIEHHOCTEU
IBYX  DJHEPreTHYECKMX  ypOBHEM  HA3bIBAIOT  «HACHILIEHUEM)»
COOTBETCTBYIOILIETO NEPEXOIA.

B TpexypoBHEBOI1 cxeMe HachIllleHUE nepexoja 1 — 3 npuBoOauT K
WHBEPCUU HacelleHHOCTell ypoBHel 3 — 2 wim 2 — 1. Huxke Oynyr
PacCMOTPEHBI  YCIIOBUSA, OIPEAEISAIOINE, I KakOd HMEHHO Iapbl
YPOBHEN JOCTUTAETCSI MHBEPCHUs HACEIIEHHOCTEN. B mpocreiiem cinyydae,

O ~
KOrJla HACEJICHHOCTh YPOBHS 2 He wu3MeHsiercs (n,=n,) u " =m,

MHBEPTHUPOBAHHBIMU OKa3bIBAIOTCSI HACEJIEHHOCTH TEX JBYX YPOBHEW,
KOTOpBIE PACIONOKEHbI OJIvKe Apyr K apyry. M3 puc. 2.2,6 BUAHO, 4TO

npu (W, =W,)<(W,—W,)  uHBEpTHPOBAaHHBIMH  OKa3bIBAKOTCS

HaceJIeHHOCTH ypoBHeil 3 u 2 (1, >mn,).

Takum 00pa3om, B pe3yibTaTe BO3JACHCTBUS HAKAyKH ISl OJHOTO
W3 TEPEeXOJ0B TPEXYPOBHEBOM CHUCTEMBI  BBINOJHSIETCA  YCIOBHUE
KBAaHTOBOT'O YCWJIEHHUSI U €CIM B CUCTEMY MOCTYIHUT CUTHAJI C YAaCTOTOH,
COOTBETCTBYIOIIEH YaCTOTE 3TOr0 Mepexojia (B paCCMOTPEHHOM CITydae C
4acTOTOU f3;), TO OH OylneT ycuieH. YCHJIEHHE MPOUCXOJIUT 3a CUET
SHEPruM, MOTpedIeMOl OT reHepaTopa HAKauyKu, 4acTb 3TOW DHEPTUU
nepeaaeTcsl yCUIMBaeMOMY CUTHaJy, 4acTh Mpeo0pa3yeTcsi B TEIJIO Mpu
pENaKCaMOHHBIX MTEpexoaax.

2.2.2. Pacuer NHBEPCHOW Pa3HOCTHU HACEIEHHOCTEN

PaccmoTpuM TpexypoBHEBYIO KBAaHTOBYIO cucTemy (puc. 2.3), Ha
KOTOPYIO OJHOBPEMEHHO BO3JCHCTBYIOT HakKayka Ha 4YacToTe fi3 W
YCUJIMBAaEMbI CHUTHAN Ha 4acToTe f3, . OmpenenuM yclnoBHUsS CO3/aHUS
WHBEPCUU HACEJIEHHOCTEH ypoBHeW 3 — 2 W BBIYUCIMM HWHBEPCHYIO

Pa3HOCTb HACEJIECHHOCTEH Any,=n,—n, = CTAMMOHAPHOM PECKUME,

rmoyiarasi, 4TO TOJHOE YHUCIO MHUKPOYACTHI] B CHCTEME OCTaeTCs
MOCTOSIHHBIM, T.€. N =const.

Bo3moOXHBIE ~ HanpaBlIeHUS  BBIHYKJICHHBIX  IEPEXOJOB U
PENAKCAllMOHHBIX MEPEXO0J0B, OOYCIOBICHHBIX CHUH-PEIIETOYHBIMU
B3aMMOJCHCTBUAMM, IOKa3aHbl HA pucC. 2.3 crpenkamu. Yepes p;, Kak U
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paHee, 0OO3HAY€Hbl BEPOATHOCTU BBIHYKJEHHBIX MepexoloB B 1
CEKYHZY, a 4epe3 (; — BEPOSATHOCTH PEJIAKCAllMOHHBIX MEPEX0n0B B 1
cekyHay. Kpocc-penakcanys npu 3TOM HE YUYUTBIBAETCS.

B cranMoHapHOM peXuMe HaCeIeHHOCTH YPOBHEH OCTaroTCs
HEU3MEHHBIMH U, CJIEJOBATEJIbHO, Ha KaXXIbId YpPOBEHb IOCTyHaeT W
YXOAMUT C HETO OJIMHAKOBOE Yncio YacThll B 1 cexkyHay. [loatomy MOxHO
3anucarhb

—(0, tO)n, +oyn, +0yn, —(n —ny)p; =0, (2.4)
— (03 + @, ), + @1 + @305 —(n, —15) ps, =0, (2.5)
n +n,+n, =N. (2.6)

W3 Y Y Y Y n3

@32 |03 P32=p23
v
W, ry v n
®31(M13 1 |W12 | P317P13
v v
/4] ny

Puc. 2.3. TpexypoBHeBasi KBaHTOBasi CHCTEMA, HA KOTOPYIO
OJIHOBPEMEHHO BO3CHCTBYIOT HaKauKa Ha YacCTOTE f3 U YCUIMBAEMBbII
CUTHAJI HA YacToTe f3;

[lepBble Tpu cnaraeMblX B ypaBHEHMH (2.4) YUYUTHIBAIOT
pENaKCAMOHHBIE TEPEXOAbl, IOCIENAHEE CIAraéMoOe€ — BBIHYKICHHBIE.
AHaJIOTUYHBIN CMBICTT UMeEeT ypaBHeHue (2.5) niis ypoBHs 2. YpaBHEHUE
(2.6) BbIpaxkaeT 3aKOH COXpAHEHUs YHUCJIa YacTHIl B paccMaTpUBaeMOM
CUCTEME.

Opnako oOumiee pelieHue MOoIy4aeTcsl JAOBOJIBHO T'POMO3JIKHUM.
YtoObl €ro ympocTUThb, YYTEM, UYTO MOIIHOCTb HAaKayku OOBIYHO
JNOCTaTOYHO Benuka u nepexod 1 — 3 nHaceimeH. Torma ny = n3 u
ypaBHeHuHe (2.5) NpUHUMAET CIASAYIONUN BU/:

—(0y3 + @y, + p3y)n, (@), +@;, + p3y)ny =0. (2.7)
Pemast (2.7) coBmecTHO ¢ (2.6) npu yCIOBUU 1| = n3, JIETKO HAWTH

CTAallMOHAPHBIE 3HAYEHUS M|, M, N3, & 3aTEM U HHBEPCHYIO PA3HOCTh
HaCeJIEHHOCTEN

(0, —®,) — (05, —®,3)
O3, + 20,5 + @y, +20,, +3p;,

Any, =ny —n, = N. (2.8)

B nuamazone CBY nmoutu Bcerga BeIMOJIHSIETCS yeinoBue hf << kT,
no3toMy cooTHomieHue (1.13) Mexy BepOsSTHOCTSIMHU peslaKCallMOHHBIX
MEePEX010B MOYKHO 3aMUCaTh TaK
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AN “ Wiy,
kT

o, =0,,(1 7 ®,=05,e 7 =0, (-
hf
®,; = 0,5, (1-—=22).
23 32( kT )

[loncraBngass 3tu  cooTHoumieHus B (2.8) u mnpeneOperas B

Hf,

kT

OKOHYATEJIbHOE BBIPAXKECHUE JIJISI UHBEPCHOM PAa3HOCTH HACEJIEHHOCTEU

_ N 0,/ -0y, 5
3kT w4, + o, + p;,
AHanu3upys — TONyd4eHHYIO  (GOpMyIy, MOXHO  OTMETHThH

3HaMCHATCJIC BCIMYMHAMH Mo CpaBHCHHUIO C GIII/IHI/II_IGI\/’I, HaxXxoaum

ns,

(2.9)

caenytomee. MuHBepcuss HaceneHHocTel H3 > 1, [gocTAraeTcss IMpu

BBIIOJIHEHUM  YCIOBHA M, f5; > 05, f5,. Eemu @,/ <05, f5,, TO
MHBEPTHUPOBAHHBIMU OKAa3bIBAIOTCS HACEIEHHOCTH ypoBHed 2 m 1. Jlid
YBEIINYEHHUS An, HE00X0IUMO YCUJIUBATh HEPABEHCTBO

®,, f5 > 05, f5, , xoTOpoe ¢ yuetoM f>, = f3, — f3, MOKHO Iepenucars B

1 0)

31 32

BUNE . 1>—= Cmpici s1oro TpeOOBAHUSA COCTOMT B CIIEIYIOLIEM.
i Wy,

VYMeHblIeHuE OTHOLICHUA BGpOSITHOCTGfI peiI1aKCallMOHHBIX

Q)
32
NEPEXON0B * ~ NPUBOIUT K 6onee 3¢ pexTuBHOMY 00€THEHUIO HUKHETO
21

YPOBHSI CHUTHAJIBHOTO TMepexoia 3 — 2 3a CuUeT pellaKCallMOHHBIX
IPOILIECCOB M K pocTy ANy, . YBennueHne OTHONIEHHS YaCTOT HAKAYKH U

31
CHUrHaia COOTBCTCTBYCT YBCIMUCHHIO OTHOLICHHUSA PABHOBCCHBIX

S
0
Ang,
0
An,,
NP HACBIIIEHUM BcroMorarenbHoro mnepexoma 1| — 3. Hamportus,

YBEIMYCHUE TEMIEPaTypbl KpHCTaula CIHOCOOCTBYET BBIPaBHHUBAHHUIO
PaBHOBECHBIX HaceJIeHHOCTeH ypoBHei (cM. puc. 1.1) u, cnenoBarensbHO,

Pa3HOCTEH HACEJIEHHOCTEN , 4TO TIPUBOJTHUT K BO3pacTaHuio A7,

yMeHbInaeT Any, |

2.2.3. MOWHOCTh, U3TyyaemMasi aKTUBHBIM BEIIECTBOM

Cormacuo (1.19), (1.6) wu (2.9) MoOIHOCTh, u3Iy4YaecMas
AJIEMEHTAPHBIM 00BEMOM d V' aKTUBHOT'O BEUIECTBA, paBHA
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W Nf,, ©,,f, — 0, [
dP. = hf,,py,An,dV = 2 Oula "Onln ), gy 50,
32P3 AN, T @, +o, +p, 32 (2.10)

[TonHas u3inyuyaemass MOIIHOCTh OMPEAECTSAETCS MHTErPUPOBAHUEM
(2.10) mo 06bemMy MmapamMarHUTHOTO KpUCTAILIA.

[Ipn ManbIX ypOBHSIX CHUTHaNa pi; << M3t®); U B 3HAMEHATEIE
(2.10) BenumuunHOM p3; MOXKHO MpeHeOpeub. B aTom ciydae Ans,=const u
n3JIy4aemast MOIIHOCTh MPONOPLUHUOHATBHA IJIOTHOCTH
JJIEKTPOMAarHUTHOW JHEPIMU B KPUCTAJUIC, TaK Kak p3; = Bipsp. Ilpu
YBEJIIMYEHUHU YPOBHS CUTHAja JIMHEMHAs  3aBUCUMOCTb  MEXKIY
M3J1y4a€MOM MOIIHOCTBIO M JHEPTUEH IMOJIsI B KPUCTAJUIE HAPYIIAETCH,
TaK KakK IEpPECTAeT BBIMOIHATHCA YCIOBUE p3p << M3+t®; U HAUMHAET
YMEHBIIATHCSI UHBEPCHAsI Pa3HOCTh HACEIEHHOCTEN Anj,, T.€. HACTyHaeT
HACBIIICHUE CUTHAJIBHOTO MEPEX0/1a. Y CIOBUE HEHACHIIIEHHOTO peKnMa
paboThl UMEET BUJ p3; << M3+tmp. OTCIOAa CleayeT, YTO YBEJIUYCHUE
CKOPOCTH PEJIaKCAI[MOHHBIX MPOLECCOB CIHOCOOCTBYET YBEIMYEHUIO
MAaKCHUMaJIbHO JOMYCTUMOTO YPOBHS ycuiauBaeMoro curHaia. OJHako
MpU 3TOM HEOOXOJMMO YBEJIMYMBATh MOIIHOCTh HAKAauKH, YTOOBI HE
HApyWIAJINCh YCIOBHUS pi3 >> My, P13 >> p3p, 00sA3aTelbHbIC IS
HACBIIIEHUSI BCIIOMOTraTelIbHOrO nepexoaa 1 — 3.

MakcuManbHOE 3HAYEHHWE U3JIy4a€MOM MOIIHOCTA MOYHO HAWTH,
noyjaras, 4YTo TMpud OOJBIIUX YPOBHSX CHUTHAJIa BEPOSTHOCTH
BBIHY)KJICHHBIX TIEPEXOJIOB p3; CTAHOBUTCS OOJBIIE BEPOSATHOCTH
peNaKcalMoOHHBIX mepexonoB. Torga, mnpeHeOperas B 3HaMeHaTele
ypaBHeHust (2.10) cymmoii (w3 +®;p) MO CPaBHEHUIO C p3;, MOJTydaem
BBIPAXKEHUE JJI1 MAKCUMAJIBHOM U3J1y4aeMOU MOITHOCTH Py yake

h*N)
uzn :T];z(wmfm —03, 5. (2.11)

OueHnM BeNMYMHY MaKCHUMaJbHOM H3J1y4aeMOW MOIIHOCTH MJIS
npakTndeckor koHcTpykuuu KIIY co craegyronmumuy 1aHHBIMU: aKTUBHOE
BEIIECTBO — pyOuH; f3, = 2800 MTI'1i; f,; = 6600 MI'1; wy = w3 = 2,5

1 o
— V=1 CM3; T = 1,25 K. TloacranoBka 3tux BenuuuH B (2.11) maet
ceK
P vaxe = 8,7 MKBT. DKCIEpUMEHTAIIBHO B TaKOM YCHIIUTENEC OBLIO
MONYYEHO Py yae = 4 MKBT. [lo mopsiiKy BEIWYMHBI NPUBEICHHBIE

3HAUCHUS Py vaxe THIIMYHBI 71715 KITVY .
2.3. IIapamertpsl u xapakrepuctuku KITY

P&CCMOTpCHHBIfI IMPUHLIUIT KBaHTOBOI'O YCUJICHHA MOXHO
pcain3oBarb, MOMCIIAA HapaMaFHHTHBIﬁ KpucCTajajad B BOJHOBOA, IIO
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KOTOPOMY NEPENAOTCS YCUIIMBAEMBIN CUTHAJ M CUTHAJ Hakadyku. OJTHAKO
NOJOOHBIM yCHIIMTENb 00JIaJlaeT MajbiM YCHWJICHHEM MpU JONMYCTUMOMN
JUIMHE KpHUCTAJUIa M TO3TOMY HE npuMeHserca. [usd yBenuyeHus
YCWIECHHSI HEOOXOJMMO YBEJIWYUBATH BEPOSITHOCTh BBIHYKIEHHBIX
MIEPEXO0IOB, T.€. MOBBIATH 3HEPTUI0 AIEKTPOMArHUTHOIrO moiyiga W npwu
3aJaHHOM MOIIHOCTM CHUrHajna P. DTo JocTuraercss pasMeleHueM
IapaMarHUTHOTIO KPHUCTAJIa B PE30HATOPE WIH B 3aMEUISIIONICH CUCTEME.

w o
B pe3oHatope oOTHOLIEHUE 5 TPOTIOPIMOHANEHO  HATpPY’KEHHOH

6 B i il W
a0 pOTHOCTI/I QH 3aMCJIAIIOIIICE CUCTEMEC OTHOIIICHUC ?, rac ] —

SHEprus MOJs Ha €JUHULY JUIMHbL, a P — mepeHocuMas BOJIHOU
MOIIIHOCTh, OOpaTHO MPOMOPIMOHAIBHO T'PYIIOBOM CKOPOCTH, TaK Kak
0 ONpeAeNeHuto P = W vy,

PesonaTopuslie KIIY, no100HO MTOJIYTIPOBOJHUKOBBIM
napamMeTpUyecKUM YCHIIUMTEISIM, MOTYT OBITh BKJIIOYEHBI MO cxeme '"Ha
npoxon" m "Ha orpaxenue". B OONBLIIMHCTBE CIIy4aeB HCIOJIb3YETCS
cxema "Ha OTpakeHHe'", MoKa3aHHas Ha puc. 2.4.

Cxema KITVY Oeryieit BoJIHBI IPUBEICHA Ha puC. 2.5.

Ilornomiaronias
Harpy3ka

[Tpuemuux

Vcunurens

Puc. 2.4. Bximouenue pezonatopnoro KIIY "Ha orpaxkenue”

[TapaMarauTHbIN 3ameqgromas
/ KpHCTAILI / chcTeMa
I
}{a](alﬂia | [ P o B e B ]

T T Tt
Bxong Brrxon

P A L S R
lvieleietaie ettt et i el

v

T

Puc. 2.5. Cxema KIIY Gerymieit BoJIHbI
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[TapamarHuTHBIM KpUCTAUI HAXOAUTCS B 3aMEJIAIOLIEH CHUCTEME, II0
KOTOPOM pPacHpOCTpPaHSIETCd YCUJIMBAEMBIM CUTHAN. 3aMeIsonias
CUCTEMAa BMECTE C KPHUCTAJUIOM YCTAaHOBJEHAa B BOJIHOBOJE WIH B
BOJIHOBOJTHOM PE30HATOPE, BO30YKAAEMOM Ha YaCTOTE HAKAYKHU.

2.3.1. ITapametpsl oTpaxkaTenbHOro oguopeszonatoproro KITY

Koagpgpuyuenm VCUNeHUsL. DKBUBAJIECHTHYIO CXemy
OTPaXKaTENbHOIO YCWIUTENsI MOXHO TMpeacTaBuTh (puc. 2.6) B BUlE
K0J1€0aTeIbHOTO KOHTYpa C COCpelOoTOYeHHBbIMU napameTpamu L, C u
HapajielIbHO BKJIIOYEHHBIMU AKTUBHBIMU HpoBoguMmocTsMu G, u Gy,
XapaKTepU3yIOIMMH MOTEPU B CTEHKAX PE30HAaTOpa W "OTpHUIATENIbHbIE
MOTEPU" B MapaMarHUTHOM KPHUCTAJLJIE.

i

. /E; { mGpme_ch‘
| v.’ U

Puc. 2.6. DxkBUBaJICHTHAs CXeMa OTPAXKATEIBHOTO YCUITUTENS

»

<

I[Ipu mnomomm wupeanbHOro TpaHchopmatopa ¢ KodhduULIHEHTOM
TpaHchopMallMi 71, KoJieOaTeIbHBI KOHTYp CBfI3aH C Mepenaroen
JIMHHWEHN, UMEIOLIEH BOJIHOBYIO IIPOBOAUMOCTb Y, W HArpy>K€HHOM Ha
COrJIaCOBaHHYI Harpy3ky Gp=Y,. IIpoBogumocts Gy mOpencraBisier
co00H BBIXO/HYIO U BXOAHYIO MPOBOJAUMOCTH LIUPKYJISTOPA.

Kosdpdumuent ycuseHus 1O  MOIIHOCTH  OTPa)KaTeIbHOTO
YCWIMTENS paBEH KBaJpaTy MOy KO3 (GUIMEHTa OTpaKeHUsI OT BX0/1a
YCUJIUTENS

2
2 |Y 0 Y, H |
=
Y, + Y,
rae Yy — BXOJAHAas MPOBOAUMOCTH YCHIIMTENS, SIBIISIFOIIASICA HArPy3KOU
NepeaaroLIe JTUHNUH.

ITockonbKy Ha pE30HAHCHOM YacTOTE PEAKTUBHAS COCTaBIIAOLIAS

o G, -G
BXOJIHOM TMPOBOJMMOCTH YCWIMTENs paBHA HyJ0, Y, =M.

K =TI (2.12)

n,
CrnenoBatenbHO, KOX(PQOUIIMEHT YCHICHUS HAa PE30HAHCHOW YacTOTe
OyJeT onpeaesIiThCS CAEAYIONUM 00pa3oM:
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\ \ 2
G, —G,+|G,|

K —— | > 2.13
"6, +G, gy 2.13)
, e
FIIer:n—il/IGMZn—Zg.
0 0

Tak xax 3Hayenus mnposoauMmMocted Gp, Gy, Gy 3aBUCAT OT
MJIOCKOCTU OTCYETa U HE MOTYT OBITh HEMOCPEICTBEHHO M3MEPEHbI, TO
1enecooOpa3sHo MEPEerTH OT MPOBOAUMOCTEH K COOTBETCTBYIOIIUM
YaCTUYHBIM  JOOPOTHOCTSIM  pe30HATOpa. YUHTHIBAs  OMNpeJeNieHue

oW oW
T0OPOTHOCTH 0= P = 05GU” > MOKEM TEepenucaTh YpaBHEHHE
(2.13) B BugE
(al-o'+lo"Y
Clodrol et ) 10
rie Q. — coOcTBeHHass AOOPOTHOCTh pe3oHatopa; (Jyy — BHEHIHSS
ON/4

TO0OpPOTHOCTH PE30HATOPA; Oy = — oTpuIaTeNbHas JOOPOTHOCT,

P

usn
CBA3aHHAsI C "OTPUUATEIBHBIMH TOTEPSAMH', T.€. C H3IYyYECHUEM
MOIIIHOCTH B IapaMarHUTHOM KpHUCTaJIJIE, W Ha3blBaeMass MarHUTHOU
JT0OPOTHOCTHIO.
Tak kak moTepu MOILIHOCTH Ha CTEHKaX pe30HaTOpa OOBIYHO MAaJIbI
[0 CPABHEHHUIO C IOJIE3HOM MOIIHOCTBIO, MOCTYIAIOMIEH B HArpys3Ky
KITY, u, cnenmosarenbHo, Q. >> Oy, TO ypaBHeHue (2.14) MOXHO

V|
YIOPOCTUTH, peHeOperas B UUCIUTENE U 3HAMEHAaTese BeIMYuHO — . B

c

pe3ysbTaTe Moiayyaem

2
K ~ |QM | + Q(m
el
|QM | - Q(m
N3 ypaBHeHus (2.15) BUAHO, YTO MPU YMEHBIIEHUH aOCOIIOTHOTO
3HAUYEHUS  MArHUTHOM  JOOpPOTHOCTM  (IpH  YBENWYEHUU  Pyy)

k03 HIMEHT ycuIeHus pacTeT u npu |0, |=0,, K, = o, T.e. yCUIUTEb

(2.15)

BO30YXKIaeTcsl.

Ilonoca nponyckanusi u niowadsv ycuienus. 1lpm OTKIOHEHHU
YacTOThl CUTHAJNAa OT PE30OHAHCHOTO 3HAYEeHUs f, = f3» Ko3ppuuueHT
YCWICHHMS] YMEHBIUAETCS  BCJIEACTBUE HU3MEHEHHsS  MPOBOJUMOCTHU
pe3oHaTOpa W BCIEJACTBHE YMEHBIICHHUS M3Ty4aeMOM KpUCTAJIOM
MOIIIHOCTH IPHU OTXOJ€ OT LEHTPAIbHOW YACTOTHl CHEKTPATbHOU JTUHUU.
B neuuMerpoBOM M CAaHTHMMETPOBOM JAHMaNa3oHax I0J0ca MPOMYCKaHUS
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pE30HAaTOpa MEHBIIE IUPUHBI CIIEKTPAIIbHON JIMHUH, TO3TOMY YaCTOTHAs
XApAaKTEPUCTUKA YCWIMTENS IPAKTHYECKH COBMNAAAET C YaCTOTHOU
XapaKTEpUCTUKONW PETEHEPATUBHOIO HArpy»XEHHOro pezoHaropa. Ilomoca
nponyckanusa KIIY paBna

21 1 1 1 1 1 1
= -5 T E T (2.16)
f;) QH QSH |QM | Qc QSH |QM |
YMHOXast 3TO ypaBHEHHME Ha KOpPEHb KBaJIpaTHBIA U3
kod(pdunuenta ycwneHuss (2.15) U yuyuThIBasg, UYTO TpPU OOJIBIIUX
ko3 punreHTax ycuineHus: BeuYuHbl Opy U |Oy| OIU3KKM K OpYT APYTY,
HaXO0JUM

/K 286 _ 0, +0, _ 2

5 odod o @17)

27
f;) o

Inpu JaHHOM KpUCTAJIC W JaHHOM PpPE30HATOPC CCTh BCJIWMYMHA

Ortcroga BUIHO, 4TO miomians ycunenus KITY, paBaas + K,

MMOCTOsAHHAsA, omnpeacisieMas TOJIBKO 3HAYCHHEM |Q M| . Ecmm IMyTeM

n3meHeHus cBs3u KIIY ¢ Harpy3koil yBeIMunBaTh MOJOCY IPOITYCKaHUS,
TO KOY(P(UIIMEHT YCWICHHS YMEHBIIAeTCs, U HaoOOpOoT. YBelIUYeHUE
nosniockl nponyckanuss KIIY mpu HEM3MEHHOM YCHUIIEHWHM JTOCTUTAETCS
IIyTEM MCIOJIb30BAHMS BMECTO OJHOTO JIBYX WJIM HECKOJIBKUX CBSI3aHHBIX
PE30HATOPOB.

Maxcumanvnas evixoonasa mowrnocms. B KIIY, kak u B apyrux
TUNAX YCWUJIUTENEH, NPH MajiblX BXOJHBIX CHUTHAjJaXx MOIIHOCTh Ha
BBIXOJIE U3MEHSETCA MPOMOPLHUOHATIBHO MOUTHOCTH Ha BX0/€ (JIMHEHHBIN
pexum). [Ipu aToM K03 PUITUEHT yCUTIEHUSI OCTACTCS TOCTOSTHHBIM.

IIpy [DOCTMKEHMM HEKOTOpPOTO 3HAYEHHS BXOAHOM MOLIHOCTHU
KO3 (PUIMEHT YCHJIEHHWS HAYMHAET pe3KO yMeHbIaTbes. [IpuunHoi
ymeHnblieHus: koapduiuenta ycunenus B KIIY sBisieTcs HachllieHHe
CUTHAJIBHOTO TMEpexXoAa, T.€. YMEHBIICHUE WHBEPCHOW pPAa3HOCTH
HaceJeHHocTel Ha pabounx ypoBHsX. B pesonatopubix KIIY Ha pyOune
MOPOT HACBHIIEHUS Ppy yaxe COCTABIIACT MPUOIUZUTEITHHO 10® Br.

Ilocne mnpekpamieHuss BO3AEUCTBHS MOIIHOIO CHUTHajga Ha
YCUJIUTEND €r0 YCUJIMTEIBHBIE CBOMCTBA BOCCTAaHABIIMBAIOTCS HE Cpasy,
TaKk Kak JUIsi BOCCTAaHOBJICHHMSI MHBEPCUU HACEJIEHHOCTU Tpeldyercs
HEKOTOpPOE BpEMs, Ha3bIBAEMOE BPEMEHEM BOCCTaHOBJIEHHsS. OHO
3aBUCUT, B OCHOBHOM, OT CKOPOCTH CIHH-PELICTOYHOM penakcaluy U B
ycunutensx Ha pyoune pasto 0,1 — 0,2 c.
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2.3.2. Ilapametpsi KITY Geryieit BoJHbBI

Koagpgpuyuenm ycunenus. llpu pacuere kodpduinenta ycuneHus
3aMEUIAIOLIYI0 CHUCTEMY MOJKHO YIPOIIEHHO paccMaTpuBaTh Kak
OJHOPOJHYIO MEPEAAIOIIYI0 JIMHUIO M, TaK K€ KaK U B PE30HATOPHOM
KIIY, BBecTH noHATHE 00 OTPULATENBHOW MATHUTHON 10OPOTHOCTH

oW (z)dz
Oy = _dP—(z)’ (2.18)
raie Wi(z) — dHeprusi 3JIEKTPOMArHUTHOIO TOJS, MNPUXOASIIAsACS Ha
eIUHUIlY JUIMHBI 3aMeJUIsiolle cuctembl; dP(z) — mpupainieHue

MOIIIHOCTM CHUTHaja Ha OTpe3Ke dz YCWIuTeNsd, T.€. MOIIHOCTb,
u3inydaeMasi B oobeme kpuctraia dV = Sdz (S — miomaabs nonepeyHoro
cedyeHus kpuctaia). Ecnu cBolicTBa KpucTamuia U HapsHDKEHHOCTD MOJIS
HE M3MEHAIOTCS MO TNONEepEeYyHOMY CE€YeHHUIo, To dP omnpenensercs
BhIpaskeHueM (2.10).

YMHOXass JIeByH0 M TMpaByr0 dYacTu ypaBHeHus (2.18) Ha
IPYHIIOBYI0 CKOPOCTH Vr, M YUYMTBHIBas, 4To mpoumsseneHue W, (z)-v,,

paBHO MOUIHOCTH P(z), mepeHOCMMOI BOJIHOBOHM BAOJb 3aMeJISIOLIEH
CUCTEMBI, MOXHO 3aIIUCaTh

dP(z)  2nf
P(2) = (2.19)
WuTerpupoBanue 3Toro 1udepeHnanrbHoro ypaBHeHUS JaeT
2rf
P(z)= P(0)e'? V= (2.20)

rae P(0) — MonrHOCTh curHaia Ha Bxoje npu z = 0.
Otcrona k03(pUITMEHT YCUJICHUS MO MOIIHOCTH, BBIPAKCHHBIM B
neuubenax, paBeH

P(l)

K,; =10lg——==273——— ﬂ (2.21)

rjae [ — ayivHa 3aMeIAIoNIe CUCTEMBI C HapaMaFHI/ITHBIM KPUCTAJLJIOM.
N3  dopmyner (2.21) BugHO, UYTO KOIPHUIMEHT YCHICHUS
BO3pAacTacT IIpU YMEHBIIEHUWM TIpynmnoBoil ckopoctu. Kak yxke
OTMEUaJoCh B Hayaie maparpada, 3TO CBSI3aHO C YBEJIMYECHHEM
P(z)
IJIOTHOCTH AIEKTPOMArHUTHOM SHEpPrun Wi (z)= M a,
ep
CIE0BATENbHO, M BEPOSTHOCTENM  BBIHYKICHHBIX  IEPEXOJIOB.
TpebGoBanusi, mnpenbsaBisieMble K 3ameistomuMm cucremam  KITY,
OTJIMYAIOTCS OT TpeOOBaHUM, MNPEIBABISEMbIM K 3aMeJISIOIINUM
cucTemMaM 3JeKTpoHHbIX TpudbopoB CBY, nanpumep, k JIBB. B KIIVY nac
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MHTEPECYET YMEHBIIECHHE TPYNIOBOM CKOPOCTH, a B JJIEKTPOHHBIX
npubdopax — ¢pa3oBoil.

N3 popmynsl (2.21) BugHO Takxke, YTO KOIP(PULUUEHT YCUICHUS
MPOMOPLMOHANIEH JJIMHE KpUCTalsla W OoOpaTHO MpPONOPIHOHANIEH
MarHuTHOU 10OpOTHOCTU. [IpUUMHBI TAKOH 3aBUCUMOCTH OYE€BUIHBI.

[Tpu Gonbimx BXoaubix curHanax B KITY Oeryiieil BoHbI, Kak U B
pe3zonaTopHbix KIIY, HacTynaeT HachllieHue, 1 KO3QUIUEHT yCUTIEHUS
pe3ko ymeHnbiaercs. @opmyna (2.21) cnpaBeniuBa Ipu YCIOBUH, YTO
CUTHAJBHBIM TNEPEXOJ MApaMarHUTHBIX MOHOB HE HACBIIIEH IO BCEMY
o0beMy kpuctaima (Toapko B 3ToM ciydyae Oy = const). Ilopor
Haceimenus B KIIY  Oerymieit BoiaHbI Ha pyOWHE COCTaBIISET
npu6amsuTensHo 107 Br.

llonoca NPONYCKAHUAL. Bcenencreue HIHAPOKOIUIOCHOCTH
3aMeIIIOIIMNX CUCTEM T0JI0Ca MPOIYCKaHUSl YCUIIUTENs OEryIiei BOIHbI
omnpezensieTcs, rIaBHbIM 00pa3oM, IMHUPUHON creKkTpanbHou tuHuu 1P,
HO OKa3bIBaeTCd MeHblle u3-3a 3¢ dexra pereHepaunu. Kak u B npyrux
TUANAX  PEreHEPAaTUBHBIX  YCWIMTENEH,  IPOU3BEICHHE  MOJOCHI
MPOIYCKaHUS Ha KOPEHb KBaJpaTHBIM H3 Kod(DPuIMeHTa ycHJIeHUsS B
KITY Gerymieli BOTHBI SBISETCS BETUYUHON MTOCTOSTHHOM.

[Ipubnmxennoe BbeIpakeHWe s Twiomaau  ycuieHus KITY
Oeryiei BOJTHBI UMEET BU/T

«/KiwzfifEﬁszi- (2.22)

JInst yBeNnMUYEHHS TOJIOCHI MPOIMYCKaHUs B YCUJIUTENsAX Oerymiei
BOJIHBI MPUOETAIOT K HMCKYCCTBEHHOMY yiupeHutro Juauu OIIP. Dto
JOCTUTAeTCsl MO0 TPUMEHEHHUEM  HECKOJIbKMX  MapamMarHUTHBIX
KPUCTAJIJIOB C Pa3IMUHBIMU, HO OJU3KMMH IEHTPAJIbHBIMU YacTOTaAMHU
nunuii OIIP, nubo ucnonb30BaHUEM HEOJIHOPOJHOIO MAarHUTHOTO TOJIS.
B nocnenHem ciryyae paciiMpeHHe MOJI0CHI IPOITYCKAaHUs JOCTUTAETCS 3a
CYET TOTO, YTO B PA3TMYHBIX 00JACTAX KPHUCTAJIA [IEHTPATbHbBIE YACTOTHI
CIIEKTPAIIBHOW JIMHUM OKa3bIBA€TCSA PA3JIMYHBIMMU.

2.3.3. CobctBennble myMbl KITY

HcTtounnkamu cobctBeHHbIX 1IyMOB B KITVY siBnsitoTcst cioHTaHHOE
M3JIy4YEHUE AaKTHUBHOTO BEUIECTBA W TEIUIOBOE HW3JIYYEHHE CTEHOK
pe30oHaTopa WIM 3aMEUISIOIIE CUCTEMBI. MOIIHOCTh CIIOHTAHHOTO
m3nydyenus B nuanazone CBY mana Gnarogapsi MajiocTH BEpOSITHOCTEM
CIIOHTaHHBIX NEPEXOA0B. TEIIOBBIE IIyMbl TakK€ HE3HAUYNUTEIbHBI,
nockosibky KIIY paGotaet npu oueHb HU3KUX TeMIlepaTypax — Mopsaka
HECKOJIbKO I'paJlycoB MO a0contoTHOM mikane. [losTomy oOmumii ypoBeHb
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coOctBeHHbIX MmyMOB KIIY oka3bpiBaeTCsi 3HAYUTENIBHO HUXKE, YEM B
npyrux tunax ycuiurenein CBY.

O¢ddextunas mymoBas Temneparypa KIIY Oerymeil BosHBI
MOJKET OBITh OIIPEIENIEHA 0 CIeAYIoLEl GpopmyIe:

Ty =|Ts|+T[?E : (2.23)
ob
rne |Ts| — «cnuHOBas TeMIepaTypay», XapaKTepu3yrolash HHBEPCHIO
HaceJeHHOCTeW Ha padouuXx YpOBHAX W OmpenessieMas U3 COOTHOUIECHUS
hf 3
n_3 — e k|Ts|

n , aHajoru4yHo ypaBHenuto (1.2) mns paBHOBECHOM
2

cucrembl; I’ — temneparypa KIIY; L,z — 3aryxaHue B 3aMeIsIONIEH
cucteme, 1b; K — ko3@duuuent ycunenus KITY.

B ypaBHenun (2.23) nepBblii ujieH NpaBOMl YacTH OOYCIIOBJIEH
CIIOHTAHHBIM M3Jy4Y€HHEM pabovero BEIIEeCTBa, & BTOPOH — TEIIOBBIMU
mymami. [Tockonsky KITY pabGoTator npu temmnepaTypax >KUJIKOr0 reiaust
(1,2 —4,2°K) u K;5 >> Ly TO B ypaBHeHUH (2.23) MOXKHO NpeHEOpeUb

BTOPBIM WIEHOM U CUUTATh, uTO 1 1 = |T S|.

CnuHoByro Ttemmnepatypy |7Ts| MOXHO ONpeNeauTb 4Yepes

h 3
n 3 _ k |T s |
BEJIMYMHBI, MOJJAI0NIMECs U3MepeHuto. 13 ypaBHeHuUs _n = € ,
2
CIENyeT:
|T|_hf32. 1 _hfsz. 1 :hfsznz
S - - —_— .
n An
kol ke B2y kAng
n, n,
[ToxcraBnssa croa 3HaU€HUE UHBEPCHOW Pa3HOCTU HACEJIEHHOCTEU
_N
Ansz, u3 (2.9) u nonaras 1, = ? , & Py, <<y, +®,, momydaem

|TS| _T (0, +o,) .
@y, f5 — 03, f3,

YacTto  OKas3pIBaeTCs, YTO BEPOATHOCTH  PENAKCALMOHHBIX
MIEPEX0I0B MPUMEPHO OAMHAKOBBL. Torna

r= T
f21_f32

Pacuer mo or1oit ¢dopmyne mnokaspiBaeT, uTo dPdekTuBHas

(2.24)

(2.25)

temneparypa myma 1, = |T S| COCTaBIIIET E€IUHUIBI TPAayCOB IO

aOCOJIIOTHON ILIKAJIE.
O¢ddexruBHas Temneparypa myma pezoHatropusix KIIY paBha
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TME|TS|+|2—M|T. (2.26)
C

Tak kak coOcCTBeHHass AOOPOTHOCTh pe3oHatopa (). HAMHOIO
0oJbIIe MAarHUTHOM J0OpoTHOCTHU |Qy|, @ TeMneparypa pe3onaropa 7= 1
— 4°K, 1o B (2.26) MOXHO npeHeOpedb MOCIETHUM YIEHOM U cUnuTath 1y

= |T5|

Takum o6pazom, u KIIY Oerymeit Bonnbl, u pe3onaropusie KITY
XapakTepU3yKTCsd OYEHb HU3KOM TeMIIepaTypol IIyMa MOpsIKa
HECKOJIBKMX €IJUHHUIl TpagycoB. B NpPakTUYECKUX KOHCTPYKLIHIX
YCWIMTEIEH MIyMbl BO3PACTAIOT 3@ CYET MOTEPHh B BOJHOBOAAX. OIHAKO
0OBbIYHO Temneparypa 1ryma He npeBocxoaut 10°K.

2.4. Koncrpykuuu KITY

Cxewmnl yctporictBa pezoHaToproro KITY u KITY Oerymielt BoaHbI
MOKa3aHbl COOTBETCTBEHHO Ha puc. 2.6 u puc. 2.7. Kpome pabouero
BEIIECTBA, pe30HaTopa WIM 3aMEUISIONIEd CHUCTEMbI, T€Heparopa
HAKaYKM M  BBICOKOYACTOTHBIX TPAKTOB CHUTHajda M  HAKaYKH,
HeoOxonumbiMu  3neMeHTaMu  KIIY  saBisitoTCs Takke MarHutbl U
KPUOCTAT C >KUJIKUM TelneM. MarHutel mpeaHa3HayeHbl JUIsl CO3JaHus
MOCTOSSHHOI'O MAarHUTHOrO TOJisi, 00€ClNeunBaroero Heo0XoIuMoe
paclieryieHue JHEPreTMYeCKUX YypOBHEW MapaMarHUTHBIX HOHOB.
Kpuocrar ¢ XuAKUM reiaveM, B KOTOPbIA MOMELIAETCS PE30HATOp WIIU
3aMeMIIAoIIas cCUCTeMa, 00eCIeYrBaeT OXJIaXKIeHue pabovero BellecTBa
no Ttemneparyp < 4,2°K. Oxnaxngenue KIIY no Ttakux HU3KHX
TeMIiepaTyp HeoOXxonumo mo psay npuuuH. Kak yxe oTmedanocs, npu
MOHM>KEHUH TeMIEPATyphbl YBEJIMYUBAETCA M3TydyaeMasl mapaMarHUTHBIM
KPUCTAJNIOM  MOIIHOCTb,  YMEHBINAIOTCA  TEIUIOBBIE  IIYMbl U
YBEJIMYMUBACTCS BpEMs CIUH-PEIIETYATOW pellakcallii, YTO IO3BOJISET
JOCTUYb HACBHIIICHUS BCIIOMOTAaTEIbHOTO IMEpexojJa IMpH MeEHbLIen
MOIIIHOCTH HaKauKH.

PaccMoTprM 0COOEHHOCTH KOHCTPYKIMU OCHOBHBIX y3710B KITY.

1. Peszonamopwvi. K pesonatopam KIIY, nomumo o0OBIUHBIX
TpeOOBaHUI BBICOKOM COOCTBEHHOW JOOpPOTHOCTH, BO3MOXXHOCTH
NEePECTPONKH YaCTOThl U U3BMEHEHUS CBSI3U C HArPYy3KOM, MpebsABIsAETCA
cnenuduyeckoe  TpeOOBaHUE: OHM  JIOJDKHBI ~ PE30HUPOBATH
OJIHOBPEMEHHO Ha YacTOTaX CUTHaJa W Hakauyku. B neuumeTpoBom
Auana3oHe M JIIMHHOBOJHOBOM YacTW CAaHTUMETPOBOrO JUara3oHa
JIBYXYaCTOTHBIE PE30HATOPHI OOBIYHO MPEICTABISIIOT COO0M MOJIOCKOBBIM
PE30HATOp Ha YAaCTOTE CUTHAJa U BOJHOBOJHBIA PE30HATOP HA YACTOTE
HAKauyKHU. Y CTPOICTBO MOJOOHOTO pe30HATOpPA CXEMaTHUYECKH MOKa3aHO
Ha puc. 2.8.
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Puc. 2.6. Cxema yctporictBa pezoHatopHoro KITY

Ha w4actore curHama pe3oHatop o00pa3oBaH 4YeTBEPTHBOJIHOBOM
[I0JIOCKOBOM JIMHUEH, Y KOTOPON BHYTPEHHUM IPOBOJHUKOM SIBISAETCS
nosiocka 1, a BHemHUM — BOTHOBOJ 2. Ha yacToTe Hakauku pe3oHATOp
o0pa3oBaH OTPE3KOM BOJHOBOJAa MEXAYy TOPLOBOW CTEHKOH 3 U
nopmHeM 4; B HeM B030yxkpawoorcs KoneOaHus tuna  IEjp.
[TapamarHMTHBINA KpHUCTAJI 5 PaCONOkKEH Y TOPLOBOM CTEHKH B 00J1aCTH
IIyYHOCTEW MAarHUTHBIX MOJIEM CUTHAJIa U HAKaykKu. B KOPOTKOBOJIHOBOM
YaCTU CAaHTMMETPOBOI'O IHMANa30HA YacTO MCIIOJIb3YIOTCS BOJIHOBOIHBIE
pPE30HATOPBI, LETUKOM 3aloJIHEHHblE paboyuM BemiecTBOM. B  HuX
OJTHOBPEMEHHO BO30YXKJAarOTCS HM3MIMN TUI KOJIEOaHWH Ha 4YacToTe
CUTHaJla W OJMH W3 BBICHIMX THUIIOB HAa 4YacTOTe Hakauku. CBsA3p ¢
BOJIHOBOJIAMU CHUI'HAja U HAKa4KHU OCYILECTBISECTCSA 4E€pe3 OTBEPCTUS B
CTEHKax pe3oHaTopa.
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FemepaTop
HAK3TEH

[ | FeppHTOBLHE
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Puc. 2.7. Cxema yctpoiictBa KITY Geryiieii BoJHbI

2. Bameonsowue cucmemsot. K 3amemsronium cuctemam st KITY
NPEeABABISIOTCS  CIEAYIOUME TpeOOBaHUSA: BO3MOXHO  OOJIBIIMI
KO3 (PUIMEHT 3aMelNJIeHusi MO TPYIIOBOM CKOPOCTH (B OTJIMYUE OT
3aMeJUISIONIUX CUCTEM JJICKTPOHHBIX MPUOOPOB, MPEeAHA3ZHAYCHHBIX IS
yMeHbIIIeHUsT (Ha30BOM CKOPOCTH), JOCTATOYHAS IIUPOKOMOJIOCHOCTh M
Masible motepu. Kpome Toro, B 3amemsromux cuctemax s KITY
CTPYKTypa BBICOKOYACTOTHOTO MArHUTHOTO MOJSi JOKHA OBITh TakKoH,
YTOOBI MOKHO OBLJIO JIETKO OCYIIECTBUTh HEB3AaUMHOE PACIPOCTpPaHEHHUE,
T.€. yCWJICHUE TIPSIMOM BOJHBI U OcJiabjieHue 00paTHOM.

VYka3zaHHbIM TPEOOBaHUSIM YIOBIECTBOPSIET IIThIpEBasi rpebeHyaTas
3aMeJIAIoNIasl CUCTEMA, MpeIcTaBleHHass Ha puc. 2.9,a. OHa cocTOUT U3
psna mThipedt 1, yCTAHOBJIEHHBIX B TMPSAMOYTOJBHOM BOJHOBOJAE 2
napajjielbHO €ro IHUpPOKUM cTeHkaMm. OcHOBaHHMEM TrpedeHYaTon
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CUCTEMBI CIYKUT OJIHA U3 Yy3KMX cTeHOK BosHOoBoja. B KIIY Gerymeit
BOJIHBI C OJJTHOM CTOPOHBI OT I'peOEHKH pacIoyiaraeTcs mapamMarHUTHBIN
Kpuctamn 3, ¢ Apyrod — (eppuTOBBIA HEB3aUMHBIN MOIJIOTUTENb 4.
YcwiMBaeMbll CUTHal [Epefaercss IO KOAaKCUaJIbHOW JIMHHUM 5,
YCWJIEHHBIH — TI0 KOakCHaJIbHOM JuHMM 6. CuWrHan Hakadyku
pacnpocTpaHseTcsl MO BOJHOBOAY 2 B BUJE OCHOBHOM BOJIHBI TEj), Ha
KOTOpPYIO I'peOeHKa He OKa3bIBAa€T CYIIECTBEHHOrO BIMSHUS. BomHOBOJ
MOXXET OBITh 3aMKHYT W MPEACTaBISTh COOOW pE30HATOp HAa YacTOTE
HaKayvKH.

Haxadxa
+ HacTpouxa Ha
 ~ HACTOTY HaKaUKH

oo AA

I L
]

CHIrHEan

% CHIHAT J

i
t

IS

HacTpoiika Ha
JACTOTY CHTHATA

Puc. 2.8. CxeMa ycTpoicTBa JByX4aCTOTHOTO pEe30HATOPA

Kaxxnp1il mrelps rpeOEHKN MO0100€H YEeTBEPTHBOJIHOBOM JIMHUU (Ha
4acTOTe CUTHaJIa), 3aKOPOYEHHOW HAa OJHOM KOHIE M Pa30OMKHYTOH Ha
apyroM, c¢ kosiebanusamu tuna TEM. Ilostomy BOJM3M OCHOBaHUS
HITHIPEI CUIIOBBIE IMHUU BBICOKOYACTOTHOI'O MArHUTHOTO MOJISI OJIU3KU K
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KOHILICHTPUYECKUM OKPYXKHOCTAM. B 1esnoM, 3amMemsoomas cucreMa
nojo0Ha IENOYKE M3 CBA3AHHBIX MEXAY €000 YeTBEPTHhBOITHOBBIX
pe3oHaTOpOB. MarHuTHbIE CUJIOBBIE JIMHUM T'PEOCHKU MOKa3aHbl Ha PHUC.
2.9,6 nyHKTHpOM. BekTop  HampsSKEHHOCTH  BBICOKOYACTOTHOTO

margutHoro mons H ¢ obeux CTOPOH OT TpeOEHKH UMEET

SUIMNTHYECKYIO0 Tonspu3anmio. Hanpapnenns Bpamenus sextopa /1 B
npsiMOl BoJIHE OTMedeHbl Ha puc. 2.9,0. B oOparHoil BoiHEe OHU
MPOTUBOMONOXKHBL. VICX0s U3 KITaCCHYECKON MOJIEH MMapaMarHuTHOTO U
(beppOMarHuTHOTO pPE30HAHCA, HETPYAHO TOHATh, YTO TIPU TaKOU

nonspu3amuy  Bektopa /1 TpsMas BomHA, B3aMMOJEHCTBYIOMIAS C
AKTUBHBIM MapaMarHUTHBIM BEIIECTBOM, HE OyJEeT B3aUMOJECHCTBOBATH C
deppuroM, B TO BpeMs Kak BOJHAa OOpaTHOrO HampaBIICHMS
B3aUMOJIEUCTBYET TOJBKO C (eppuToM. B pesynbrare mnpsmas BOJHA
yCWJIMBAeTCs, a oOpaTHasi ocaadiseTcs.
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Bpaugenie Rexropa H
B OpAMOI BOJHE

Puc. 2.9. Cxema yctpoiicTBa ITHIPEBOM rpedeHUaToON
3aMeUIAIOLIEN CUCTEMBI



Kpome onucannoil rpebenuaToi 3ameisitonieil cucremsl, B KITY
NPUMEHSIOTCA U JPYrUe TUIBI WITHIPEBBIX 3aMeJIstomux cucteMm. llpu
OONBIION  AMAIEKTPUYECKOM  MPOHULAEMOCTH  [apaMarHUTHOIO
KpUCTa/sla HEeoOXOJMMOE 3aMEIJIEHUE MOXKHO O00ecneduTh MyTeM
3aMoJHEHUs] BOJIHOBOJA (C YMEHBIIEHHBIMH IONEPEYHBIMU pa3MepaMu)
napamMarHUTHBIM BELIECTBOM.

3. Oxnaoswcoenue. Kpuocrtatel, ucnonszyembie B KIIY, oObiuHO
MpEACTaBISAIOT  CcOOOM  ABOMHBIE  cocynasl  [[proapa, mMOJ00HBIC
MOKa3aHHOMY Ha puc. 2.7. BHyTpeHHuin cocyn Jlproapa 3amomHsieTcs
KUJKUM TeJIMeM, BHEIIHUM — KUAKUM a3oToM. Ilocrnennuil urpaer posib
TEIJIOBOT0 3KpaHa, KOTOPBIM YMEHbIIAET MOTOK TEIUla, MOCTYyHAaIoUIEro
W3BHE B JKUJIKHM Telvif, © TeM caMbiM CIOCOOCTBYET YMEHbBILIEHHUIO
pacxona  kuakoro  remus.  Pa3paboranpl  Takke ~— 0€3a30THBIC
MeTaJNINYecKue KpuocTarbl. EMKOCTh KPHOCTATOB — €JAMHMIIBI JIMTPOB;
BpeMsl HEMPEPHIBHOM pabOThl yCUIUTENs 0€3 JTOIUBKU KUIKOIO T'eus —
OT HECKOJBbKHMX YacOB JI0 OJHUX CYTOK. B ciywae nnurtenbHOW pabOThI
KITY HeoO6XxoauMOoCTh NEPUOANYECKON 3aTUBKH JKUJKOTO TeJIHsl B COCY[
JIptoapa CyIecTBEHHO YCI0XKHIET 3KCIUTYaTallui0 YCUITUTENS.

B Hacrosimiee BpeMms pa3pabOTaHbl XOJOAWJIBHBIE MAalIUHBI
3aMKHYTOTO IMKJIa, obecneunBawoiiue oxiaxaeHue KIIY 6e3 3anuBku
KHUJKOTO Telus U3BHE, OJHAKO OHM MMEIOT JOCTAaTOYHO OOJBIIME BEC,
rabapuThl U MOTPEOIIEMYIO MOIITHOCTb.

4. Macnumnevlie cucmemol. HeoOXonuMoOe MarHuTHOE TOJIE
BEJIMYMHONW TMOPSAJKAa HECKOJBKHUX ThHICSY Traycc MOMKET OBbITh CO3/I1aHO
MOCTOSSHHBIM MAarHUTOM WJIM 3JEKTPOMArHUTOM, MEXAY MOJIcaMu
KOTOpOTO pasmernaerca kpruoctar. OJHAKO B 3TOM cllydyae 3a30p MEXIY
MOJIFOCAMU MarHuTa JIOJKEH OBbITh OOJBIIMM M MAarHUThl OKa3bIBAOTCS
IPOMO3JKUMH U TsKenbIMU. Pasmepsl u Bec KIIY ynaercs 3HaunTenbHO
YMEHBIUIUTh, MCMOJb3Yysl MOCTOSHHbIE MArHUTHI, pa3MELIEHHbIE BHYTpPU
Kpuoctata. Haumbonee ynayHbIM peLIEHUEM SIBISETCA NPUMEHEHUE
AIEKTPOMAarHuTOB Cco CBEPXMPOBOASAIIMMHI 00OMOTKaMH,
yCTaHaBIMBAaEMbIX B KpUOCTaTe C OKUAKUM renueMm. Ilomumo
CYLIECTBEHHOI'O YMEHBILIEHUs pa3MepoB U Beca, 53TO MO3BOJISET
obecnieunth ctabwibHyro pabdoty KIIY Onarogaps UCKIIOUEHUIO
HECTaOWIBHOCTEMN, CBA3aHHBIX C U3BMEHEHUSIMA MarHUTHOTO MOJISI.
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3. KBAHTOBBIE CTAHIAPTBI YACTOTbI

3.1. YcrpoiicTBO M NPUHIUIN AeHCTBUSA
ATOMHBIX U MOJIEKYJISIPHBIX T€HEPATOPOB

3.1.1. PaGouee BeriecTBO

KBanToBble renepatopbl nuanazona CBY mnpennasHadeHbl st
reHepanuu KojaedaHuil, 001a1a0KX BHICOKOH TOYHOCTBIO YCTAHOBKU U
CTaOMJIBHOCTBIO YacTOThl. 3HAYEHHE ASTUX MapamMeTpoOB ONpeaeseTcs,
IJIaBHBIM 00pa3oM, IMIMPUHOW HCMOIB3YEMOM CHEKTPAIbHOW JIMHUU
pabouero BemiecTBa. UeM MeHblEe HIUPUHA CHEKTPAIbHOM JIMHUM, TEM
Jaydmie  mapaMmeTrpel  reHepatopa.  Ilostomy s reHepauuu
BBICOKOCTaOMIIbHBIX KoyieObanuit CBY, kak mnpaBuiio, HCHOJIB3YIOTCS
razoo0pa3Hbie pabouue BemecTBa. OHAKO Jlaxke B pa3peKeHHBIX razax
TEIJIOBOE JBUYKEHUE YACTHI] MPUBOJIUT K YIIUPEHHUIO JIMHUU BCIEICTBUE
COyAapeHHil 4YacTull APYr C JPYroM, CO CTEHKaMH cocyla W H3-3a
BiusiHuA 3 Pexra Homnepa.

BoznelicTBue yka3aHHBIX (DaKTOPOB HA IIUPHUHY JIMHUM MOXET
OBbITh CYIIECTBEHHO OCJA0JIEHO, €CIM BMECTO OOBIYHBIX Ta30B C
Xa0TUYECKUM JIBHXKEHHEM YacTHIl UCIOJb30BaTh HANPaBJICHHbIE MOTOKU
MOJIEKYJl UJIM aTOMOB, €J1a00 B3aMMOAEHCTBYIOUIUX APYT C APYIOM, T.€.
OBMKYIIUXCS MOYTH 0e3 coyaapeHuid. Takue MOTOKM yacTul,
Ha3bIBa€MbIE€ MOJIEKYJISIPHBIMU WJIM aTOMHBIMHM MYYKaMH, UCHOJb3YIOTCS
B KayecTBe paboyero BellecTBa B OOIBIIMHCTBE KBAHTOBBIX T'€HEPATOPOB
CBY. B 3aBucuMoCTH OT BHJA HCIOJb3YEMBIX YaCTHUI][ TE€HEPATOPHI
HazbIBalOT MoJieKysipHbiMU (MT') wnu atomubsimu (AL).

K pabouemy BeliecTBYy MOJEKYISPHBIX U aTOMHBIX T€HEpPaTOpPOB
MPEABABISIIOTCS CleayIolue TpeOOBaHMUS:

- DHEPreTUYECKUM CHEeKTP YacTULl JOJDKEH HMMETh IMEpPEeXOJbl C

yacTOTaMH, Ionajaaronmy B auamnazon CBY;

- pabouue YpOBHM [JOJDKHBI COOTBETCTBOBaTh HE CIMILKOM
OOJBIIMM 3HAYEHUSM DHEPruM, 4YTOObl OHU S(YPEKTUBHO
3aCeIISTUCh TP TEMIIEPATYPE, JIETKO TOCTHKUMOM B HICTOUHUKE
My4Ka;

- BEpPOSITHOCTb BBIHYXKIEHHOTO TIEpexoja Mexay padouuMu
YPOBHSIMU JIOJKHA OBITH JOCTATOYHOM JJi1  OOecIeueHus
3¢ (}exTuBHON Tmepeaauyd HSHEPrudM OT IyyKa AaTOMOB WM
MOJIEKYJI AJIEKTPOMAarHUTHOMY IOJIIO;

- BEILECTBO JOKHO OBITh XUMHUYECKH YCTOWYUBBIM U HE
TOKCUYHBIM.

OnHOBpEMEHHO BCEM MIEPEYNCIIEHHBIM TpeOOBaHUAM

YIOBJIETBOPSIIOT JIMIIb HEMHOTHE BellecTBa. B HacTosiee Bpems
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CO3/IJaHbl MOJIEKYJISIpHBIE TEHEpaTopbl Ha amMmuake, (opMmaibIaeruje,
ATOMHBIN TeHEPaTOp Ha BOJOPOJIC U HEKOTOPHIE APYTHE.

3.1.2. YCTpOKCTBO U MPUHIMN AEHCTBUSI MOJIEKYJISIPHOTO U
aTOMHOI'0 I€HEPATOPOB

Cxema ycTpoiiCTBa M NPHUHIMI JEUCTBHUS BCEX MOJEKYISPHBIX U
ATOMHBIX T€HEpPaTOPOB MYYKOBOT'O THIA B OCHOBHBIX Y€PTaX OJUHAKOBBI.
Ha puc. 3.1 npencraBneHa cxema ycTpOMCTBA F€HEPATOPOB TAKOTO THUIIA,
TaM K€ TMPHUBEACHbl OCHOBHbIE (yHKIMOHaNbHbIE Y316l MIT (Al):
MCTOYHUK MOJEKYISIPHOIO WJIM AaTOMHOIO IIydKa, COPTHpYIOLIEee
YCTPOMCTBO M pe3oHatop. Bce mepeuncieHHbie (pyHKIIMOHAIBHBIE Y3IIbI
HaxXOJsTCA B KOpIyCe, BHYTPH KOTOPOTO MOJAEPKUBACTCS BBICOKUI

BAKYYyM.

HeTOYHHE
MOTeKVIAPHOTO COpTHpYRIe S
u EBRIXOm
oyvyra VCTpPOWHCTEQ
ras | |
| — = =
| L |
MOJIe Ky AP HELA ,/QESDH&TQP
OVYOK

Puc. 3.1. CxeMa ycTpoiicTBa MOJIEKYJISIPHOTO T€HEpPATOpa
My4YKOBOT'O THUIIA

HcTounuk mnydka (QopMUpyeT M3 MOCTYyNAIOLIEro B HEro rasa
HalpaBJICHHBI TNOTOK MHUKPOYACTHUL], JBIWXKYIIUXCA TouTH 0Oe3
COyZIapeHuil Ipyr ¢ APYyroM B CTOPOHY pe3oHaTopa. MHUKpOuacTHUIIbl B
My4YKe, BBIXOMSILIEM M3 MCTOYHHKA, PACIpPEENICHbl M0 HEPreTUYECKUM
YPOBHSIM B COOTBETCTBUHM C 3aKOHOM bosblimana.

Coprupyroliee ycTpOWCTBO NIpPEJHA3HAYEHO JUIsl  CO3JaHUs
MHBEPCUU HACEJIEHHOCTE Ha JBYX BbIOpaHHBIX pabOYUX YpPOBHSAX.
JlanHasg 3ajaya pemiaercs IyTeM HPOCTPAHCTBEHHOIO pa3/eieHMUs
YacTHLl, HAXOJAIIMXCS B pA3JIMYHBIX HHEPreTUYECKUX COCTOSHUSX.
Coprtupytouiee ycTpoicTBO obecrieunBaeT (POKYCHPOBKY MHUKPOYACTHI
BEPXHEro paboyero ypoBHS Ha OCH MpUOOpa M yNajJeHUE MHUKPOUYACTHUIL
HUKHETOo paboyero ypoBHs Ha nepudeputo. B pesynpraTe 3TOr0 B myuKe,
NOCTYNAIOIIEM B PE30HATOP, HACEIEHHOCTh BEPXHEr0 pabouero ypoBHs

OKa3bIBA€TCs OOJBIIE, YEM HIDKHErO: 71, > 1,
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Pe3onarop npeaHazHadyeH Juisi 0TOOpa SHEPTUU OT MOJIEKYJIIPHOTO
(atomHoro) myuka. Ilog Bo3nEWCTBHEM AIEKTPOMArHUTHOTO  MOJIS
pE30HATOPa, HACTPOCHHOIO Ha 4acTOTy pabodero nepexona f;, B Iy4Ke
MPOUCXOJAT BBIHYKJIEHHBIE MEPEX0JIbl MUKPOYACTHUI] C OJHOI0 paboyero
ypoBHA Ha Apyroi. IIockofbKy HacCelIeHHOCTh BEPXHEro YpOBHs OoJbllle,

4Y€M HACCIICHHOCTHh HHMIKHCTO: nj > n;, 3HEprus nepeaacTcs OT IydKa

IIOJIX0 PE30HATOPA, U3 KOTOPOI'O0 OHA YACTUYHO OTBOJIUTCS B HAIPY3KY.

"OTpaboTaHHble" MOJEKYIbI (ATOMBI), BBUIETEBIINE U3 PE30HATOPA
COBMECTHO C OTCOPTUPOBAHHBIMHU COPTUPYIOLIEH CHUCTEMOU, OTBOLATCS
13 T€HepaTopa BaKyyMHBIM HACOCOM.

[Ipouecc  camoBO30yXIEHUS  reHepaTopa  HayMHAaeTcsl  C
BBIHY)KJICHHBIX IIEPEXOJ0B HEKOTOPBIX MUKPOUYACTHULL I10JI BO3AEUCTBUEM
[IOJIA  TEIUIOBOIO M3JIy4eHUsT CTEHOK pe3oHaropa. Eciau MOIIHOCTH
BBIHYKJIEHHOTO M3JIyYEHHs] OKa3bIBAE€TCSI OOJbIIE MOIIHOCTH NOTEPb, TO
B pE30HATOpE MPOUCXOAUT HAKOILIEHUE dHEpruu. lIpu sToM Koim4ecTBo
BBIHY)KJICHHBIX IIEPEXOJ0B B €AUHUILY BPEMEHU BO3PACTAET, YTO B CBOIO
ouepelb MNPUBOIUT K JalbHEHIIEMY pOCTY aMIUIUTYIbl KoJieOaHUH.
YBeNMYEHUE aMIUIATYIAbl IPU 3HAYUTEIBHBIX HMHTEHCUBHOCTAX IIy4Ka
OTPaHUYMBACTCA TEM, YTO PACTET YUCIO MHUKPOYACTHUL, COBEPIIAIOIIUX
0 BBUIETA U3 pe3oHaTopa OOpaTHBIM MOIJIONMIATEIbHBIA TMEepPeXo

W,—> W, B pexuMe YCTAaHOBUBIUUXCS KOJIE€OAHHH MOILHOCTS,

u3Tyyaemasi YacTHIIAMH, pPacXOAyeTcsl Ha KOMIIGHCAIMI0 TOTeph B
pe30HATOpE U B Harpys3Ke.

Bce MomekynsipHble W aTOMHBIE TEHEPAaTOpbl MYyYKOBOTO THUIIA
COCTOSIT M3 OJMHAKOBBIX 1O HA3HAYEHHUIO M BBHIMOIHIEMBIM (PYHKIUAM
y3m0B. OJHAKO OHHU CYIIECTBEHHO pa3IMYarOTCs MEXIy CO0O0H Mo
KOHCTPYKITUH 3THUX Y3JIOB.

Huxe paccMoTpuM  OCOOEHHOCTH  YCTpPOMCTBa U pabOThI
BOJIOPOJTHOTO TE€HepaTopa, OOJaJaoIIero HaWBBICHIEH CTAOMIHLHOCTHIO
YaCTOTHI.

3.1.3. I'eHeparop Ha y4yKe aTOMOB BOJAOPOJIa

Kak wm3BecTHO, aTOM BOJOpOAA COCTOUT M3 OJHOIO IPOTOHA U
OJHOro 2IeKTpoHa. IIpoTOH ¥ 2neKTpoH 00saJal0T CHHUHOBBIMU
MarHATHBIMA MOMEHTAaMHM, B3aMMOJEUCTBHE KOTOPBIX HPUBOAUT K
pPACLICIJIEHNIO OCHOBHOI'O YPOBHS Ha JBa TaK HA3bIBAEMBIX YPOBHS
CBEPXTOHKOM CTPYKTYyphbl. Bo BHEIIHEM MarHMTHOM TMoJie HabJtoaaeTcs
s¢pdext 3eemaHa: BEpXHUM M3  YPOBHEH CBEPXTOHKOW CTPYKTYpbI
pacuierisieTcsi Ha TpM MarHUTHBIX (3€€MaHOBCKUX) MOAYpPOBHA 2, 3, 4,
MIOJIOKEHHE KOTOPBIX 3aBUCHUT OT HANPSKEHHOCTH MAarHUTHOIO TOJIS
(puc. 3.2).
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0 H
Puc. 3.2. DHepreTnueckue ypoBHM aToMa BOJAOPOJa

HwxHMi HEpaCIIETUISIIOINNCS YPOBEHDb | CBEPXTOHKOUN CTPYKTYpHI
[IpY U3MEHEHUN MAarHUTHOIO MOJsA H TakXKe UCHBITBIBACT cMmelleHue. B
KauecTBe pabodero Iepexona B TEHEpPATOpPE HUCIHOJB3YETCs IEpPEXOA

Mexay ypoBHsAMH 1 u 3 ¢ wactoroit fi; =1420MI'y npu H = 0. Bri6op

TOro nmnepexojga oOOYCIOBJIEH CIHEAYIOIKUMH MPUYMHAMHU: 4YacToTa
nepexoa fi3 B cadblX MarHUTHBIX MOJIAX NMPAKTUYECKH HE 3aBUCHUT OT H,
YTO HEOOXOJIMMO JJIsi OOecnedyeHHs] BBICOKOM CTAOMIBHOCTH YacTOThI
reHepaTopa; XapakTep CMEIIeHUs ypoBHEW 1 U 3 B CUIBHBIX MarHUTHBIX
MOJISIX TO3BOJISIET OCYLIECTBUTH MTPOCTPAHCTBEHHYIO COPTUPOBKY aTOMOB
BOJOpPOAA.

HcTouHMK aTOMHOTO Iy4Ka IpeicTaBisieT co0oil kamepy o0beMoM
B HECKOJIbKO KYOMYECKUX CAHTUMETPOB, UMEIOIIYIO OJTHO BXOAHOE U PsJI
BBIXOJIHBIX OTBEPCTUH. Yepe3 BXOJAHOE OTBEPCTHE B Kamepy IOX
nasnennem ~ 0,1 - 0,5 mop nomaercs MonekymnspHbiii Bojopon. C
MOMOIIBIO BBICOKOYACTOTHOI'O F€HEpaTopa B ra3ze Bo30yxkaaeTcs pas3psn,
BBI3BIBAIOINNA JUCCOLMALIMI0 MOJIEKYJ, T.€. pacrag HuX Ha aTOMBI.
OOpasoBaBmiiicss aTtoMapHbId BOJOPOJ HCTEKAeT U3 KaMepbl IO
napaIebHbIM BHIXOJHBIM KaHAIaM B 001aCTh HU3KOTO aasieHnus (~ 107
mop). ns Toro 4toObl NpU BBIXOJE W3 UCTOYHHMKA ra3 o0pa3oBHIBAI
aTOMApHBIN MyYOK, a HE TYpOYJEHTHYIO CTPYIO, B KOTOPOW MPOUCXOASAT
COyAapeHUsI MEXKIy aTOMaMH, TUaMETP BBIXOAHBIX OTBEPCTUHN BBINOIHEH
MEHBIIIMM, 4Y€M JJIMHA CBOOOJHOro mnpobera atomoB. Heobxomgumas
CKOPOCTh HMCTEYEHMs ra3a OOECHeYMBAETCs YBEJIMYEHUEM KOJUYECTBa
KAaHaJOB.

B kadectBe mnpuMepa MOXKHO IPHUBECTH CIEAYIOIINE JaHHBIE
MCTOYHUKA AaTOMHOIO Iy4Ka OJHOrO0 M3 JEHCTBYIOIIUX BOJOPOIHBIX
reHeparopoB. MCTOYHMK TpeacTaBisieT co00il pa3psAlHyl0 KaMmepy
IUaMETPOM M JUIMHOW OKOJO 25 MM, IOMELIEHHYIO MEXAY IBYMs
KaTyIlIKaMUu JJAMIIOBOTO Te€HEpaTopa ¢ 4yacToTou konebanuit ~ 110 MI'n u
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MomHocTeio ~ 10 Br. Ilydok d¢opmupyercs cucremoit uz 150
[apaJJICIbHBIX KAaHAJIOB JIHaMETPOM 8-10° MM ® mmmHOH 1,4 MM
Hcrounnk naet okono 10'7 aToMoB B cexyHy.

Coptupyrouiee YCTPOMCTBO BOJIOPO/IHOTO reHeparopa
MpeCTaBsieT COOOM IMIECTUNOMOCHBIM MarHuT (puc. 3.3), co3aarouuii
PE3KO HEOJHOPOJHOE MAarHUTHOE MOJe: MUHUMAJIbHOE Ha OCH U OBICTPO
BO3pacTarollee npu yaajneHuu ot Hee. COpTUPOBKA aTOMOB OCHOBaHa Ha
UCTIONB30BAaHUM  3aBUCUMOCTH WX  BHYTPEHHEH  JHEpPruu  OT
HANPSHKEHHOCTH BHEIIHEr0 MarHUTHOTO Mojs. B cooTBeTcTBHM € 00IITNM
Gu3MYeCKUM 3aKOHOM aTOMBI CTPEMSTCS 3aHSATh B MPOCTPAHCTBE
HanOoJjiee YCTOMYMBOE TIOJIO)KEHHE, MPU KOTOPOM HUX DSHEPrusi BO
BHEIIHEM Toje Obuta Obl MUHUMaNbHOW. Tak Kak SHEprusi aToMOB
BepxHero pabouero ypoBHs 3 (puc. 3.2) munumanbHa npu H = 0, To B
HEOJTHOPOJTHOM MAarHMTHOM TOJI€ HA HUX JEHCTBYET cujla, HampaBiIeHHAs
K ocu cucreMbl. OHa oOecrneunBaeT (HOKYCHPOBKY aTOMOB BEpPXHETO
paboyero ypoBHS Ha OcHM MpuOOpa mpu BxoJe B pe3oHaTop. Hampotus,
DHEPrusi aTOMOB HIDKHETO pabodero ypoBHs | ymeHbIIaercs ¢ poctom H,
MO3TOMY OHHU [EepeMenaloTcsa OT ocu mnpubopa Ha nepudeputo. B
pe3ysibTaTe COPTUPOBKM AaTOMOB, B IIyYKE, BXOJAILIEM B PE30HATOP,
HACeJeHHOCTH pabouyMX DSHEPreTUYECKUX YPOBHEW  OKa3bIBAIOTCS

WHBEPTUPOBAHHBIMU: H3 >N, [lpy NOJHOM IOTOKE W3 HCTOYHUKA

17 amomos
10" ————— MmOTOK aTOMOB BEPXHETO YPOBHS, NONAJAIOIIUX B PE30OHATOD,

cexK

13 amomos

cocrasisier 10 . PazMeppl THIMYHOrO COPTHUPYIOLIETO MarHuTa

CeK
caenytomue: gnuHa 100 MM, 3a30p MEXIY TOITKOCAMU ~ 3 MM.

Puc. 3.3. Coptupyoliee ycTpoiiCTBO BOJOPOAHOTO Fr€HEPATOPA
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B3aumopeiictBue aToMOB BOIOPOJAA C JIEKTPOMAarHUTHBIM IOJIEM
OCYIIECTBIISIETCS] B IMJIMHIPUUECKOM pe30HaTope ¢ KoneOaHusiMu TFEj ;.
Hcnonp3oBanue 3TOro Tuma KojeOaHWH IMO3BONISET MONYYHTHh BBICOKOE
3Ha4YeHUE COOCTBEHHOUN TOOPOTHOCTH, HEOOXOAUMOE I OOecreyYeHUs
camMoBO30y>kJeHHs reHepaTopa. CylIecTBeHHOE BIUSHUE Ha MapameTphl
reHepaTopa OKas3bIBaeT BpeMs B3aMMOJACHCTBHsS aTOMOB C moieMm. Kak
OyZeT moKa3aHO HWXKE, NMPU YBEIUYCHWU BpPEMEHH B3aWMOJCHUCTBUSA
YMEHBIIIAETCS] HeOOXOAUMBIHA 7151 pabOoThl MOJNEKYISIPHOTO UM aTOMHOTO
reHepaTopa MOTOK AaKTUBHBIX YaCTHII M BO3pAcTaeT CTaOWIBHOCTH
4acTOThl. B BOJOpPOAHOM TeHepaTope Hjsl YBEIWYEHHs BpEMEHU
B3aMMOJCHCTBHSI aTOMOB C TIOJIEeM B PE30HATOPE YCTaHOBIEHA
HakonuTeNnbHast kamepa. OHa TpeACTaBIseT CO0O0Ml KBaplEBYIO KOJOY,
MOKPBITYI0O M3HYTPU TOHKUM cJioeM Te]iioHa, ¢ HEOOIBIINM BXOJHBIM
OTBEpPCTUEM JIJIs1 IPOXOJa AaTOMHOIO Imyyka (puc. 3.4).

TeIoH
BBIXOIAIIAN Ta3

Pe3onarop

Bxogsammit
MIY40K

KBapLeBas
HaKOIUTENbHAs KaMepa

Puc. 3.4. HakonutenbHas kamepa

[ToraB B kamepy, aTOMBI HCTIBITHIBAIOT MHOTOKPATHBIE CTOJIKHOBEHHS CO
CTEHKaMH, MNpPEeXJe uYeM IOKMHYT €€ dYepe3 TO K€ camMoe BXOJHOE
orBepcTHe. Mcmonb30BaHWE HAKOMUTENBHOW Kamepbl OKa3bIBAeTCS
BO3MOXHBIM OJjarojapsi cieayroueid BaXHOM OCOOEHHOCTH aTOMOB
Bojopoaa. VX BHyTpeHHEEe COCTOSHHWE HE HM3MEHSIETCS MPH COyAapeHUU
CO CTEHKaMH HAKOMHUTEIHHOW KaMmepbl, TOKPHITOH Te(pIOHOM WIH
napapuHoM. Bpems B3auMonelCTBUS aTOMOB C IMOJEM COCTaBISET
npuMepHo | cexyHny.

3.2. [TapamMeTpsbl U IPUMEHEHUE
ATOMHBIX ¥ MOJIEKYJISIPHBIX T€HEPATOPOB

3.2.1. IlyckoBo¥ MOTOK
MuHMManbHBI MOTOK AKTUBHBIX MHUKPOYACTHUIl, HEOOXOIUMBIN

JUIsl BOSHUKHOBEHHsI T€HEpallMH, HA3bIBAETCS IYCKOBBIM NOTOKOM. Ero
BEJIMYMHY MOXHO HAWTH M3 ypaBHEHMs] YCTAHOBMBIIMXCS KOJEOaHWI:
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Py = Phor, €COM HU3BECTHBI BBIPAKEHUS I U3Iy4aeMOW IIyYKOM
MOILIHOCTH Py5; U MOIITHOCTH NOTEPD Py
B reHeparopax my4ykoBOro THUIIA H3Jy4daeMass B PE30HATOpE

MOIIHOCTh paBHA MPOM3BEAEHUIO JdHEpruM /Af,, wusmyuaemoil omHOM
MHUKPOYACTHIICH, HA YHCIO aKTHBHBIX MHKpOYacTH M, =N, —n,,

BJIETAIOUIMX B pe30HATOp 3a | CeKyHIly, U Ha BEPOSATHOCTb Y Mepexoja
MUKpPOYACTHIIBI C BEPXHEro paboyero ypoBHS Ha HUKHUM YPOBEHb 3a
BpeMs MIPOJIETa €€ Yepe3 pe30HaTOp

Pu:)’/'l - hf}lna}/' (3'1)

BeposATHOCTH ~ BBIHYXIEHHBIX  IE€PEXOJAOB Y  PAacCUUTHIBAETCS
KBAaHTOMEXaHWYECKUMH MeTofaMu. IIpm paBeHCTBE LEHTPAIBHOU
YacTOThl CHEKTPAIbHON JMHUU U YaCTOThl KOJEOAHUH MHAYLUUPYIOMIETO

snekrpomarauTHoro nous ( f, = f,) pacuer maer

o o (32)

rae H — aMIiudtyaa HanpspkeHHOCTHM MarHuTHoro nons CBY; m —
MarHUTHBIA JTATIOJBHBIA MOMEHT pabodero mnepexoja; T — CpeIHee
BpEMsl B3aUMOJCHCTBUS MHUKPOYACTHI C MoyieM. Ecnum MukpodacTuiibl
00JaAat0T 3JIEKTPUYECKUM, & HE MarHUTHBIM JTUIIOJIBHBIM MOMEHTOM, TO
B ¢dopmyny, aHanoruuHywoo (3.2), BXOIAT 3JICKTPUUECKUN JUMOJIbHBIN
MOMEHT U HANPSKEHHOCTH AneKTpuyeckoro nosst CBY.

KoneGarenbHbiii xapakTep 3aBUCUMOCTH Y (T ) OOBsICHsIETCS

y =sin’(

caenyromumu npuunHamu. [Ipu maneix 3HaueHusix T BO3pacTaHHE
BPEMEHU B3aUMOJICHUCTBUS TMPUBOAUT K BO3PACTAHUIO BEPOSATHOCTHU
nepexo/ila aKTUBHOM MUKPOYACTHUIIBI C BEpXHEro paboyero ypoBHS Ha
HWKHUNA. OJHAKO eciau T JOCTaTOYHO BEITUKO, TO MHKPOYACTHIIHI,
COBEpILHUB MEPEXO] C BEPXHETO YPOBHS HAa HUKHUM, MOTYT 3aT€M BHOBb
MEPEUTH HA BEPXHUM YpPOBEHb. [l03TOMY BEpPOATHOCTH HAXOXKIAECHUS
MHKPOYACTHUILIbI HA HUKHEM YPOBHE Y YMEHBIIAETCS.

[TonHyI0 MOUTHOCTH MOTEPH MOKHO BBIPA3UTh UEPE3 HATPYKEHHYIO
N00OpOTHOCTH pe3oHaTopa Oy UCXOAs U3 onpeieTeHus: JOOPOTHOCTH

H*dV
_sz:mluo

P = . 3.3
" QH QH ( )

Ecnu B (3.3) a1 npocToThl npeHedpedb U3MEHEHUEM aMILTUTY bl
HANpPsOKEHHOCTH MarHutHoro mons H mo o0wvemy pesonaropa V, To
IPUOIMKEHHO MOJTYIHM

N nf u,H*V

})nom - b 3.4
0. (3.4)
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e yureHo, uro f, = f,.
[lpupaBuuBas  (3.1) «k (3.4), 3amuceiBaeM  YypaBHEHHUE
YCTAaHOBUBIIMXCS KOJeOaHUN B pa3BEpHYTOM BUJIE
amu HT nf u,HV
T 0

N3 storo YpaBHCHHA JICTKO HaWTH BCIIMUYMHY ITYCKOBOI'O IIOTOKAa,
nmoJjarast, YTo aMIlInTyJa HAIPsS’)KCHHOCTU MArHUTHOI'O IOJIA CTPEMUTCA K

n,hf, sin’( (3.5)

., mmuHT mmu,HT
nymo. [Tpu H — 0 sin’( l';lo )= ( l';lo ) W, clle10BaTEIBHO,
I
a nyck nuomZZTZQH : (36)

B renepaTtope omnpeneneHHOW KOHCTPYKIIMM M3 BCEX BEIIMYMH,
Bxoasaumx B (3.6), MOXHO M3MEHSATh TOJNbKO (. s yMeHbIICHUS
MMyCKOBOTO TIOTOKA HEOOXOIUMO yBeMUUYUBaTh (y, T.€. YMEHBIIATH CBS3b
pe3oHaropa ¢ Harpy3koi. [Ipu ouenn cnaboii cBsizu B (3.6) BmecTto Oy
MOXHO TIOJICTABUTH COOCTBEHHYIO JTOOPOTHOCTH pe3oHatopa (..
OueHuBasi BENUYMHY TyCKOBOro ImoToka 1o dopmyne (3.6), nus

13 amomos
BOJIOPOIHOTO IeHepaTopa mojydaeMm: 1, . =107 ————
cex

3.2.2. BeIxogHas MOIIHOCTH

MoOWHOCTD Py, MOCTYNMAKOMIAA B HArpy3Ky, CBA3aHa C IOJHOU

QH

MOHMIHOCTBIO MOTCPb COOTHOMICHHUEM P@bzx - Q nom> T'I€ QBH — BHCIIHAA
6H

no6potHOCTh. [lojcTaBisisi B 3TO COOTHOIIEHUE 3HAYeHUEe Py, u3 (3.4),
noJiyyaem

2
P@btx = 7#7”0[{ V
Q.

Ecnu wm3BecTHBI JaHHBIC ITyYKa, pPE30HATOpPAa M HArpy3KH, TO,
onpenenss u3 (3.5) ammutyny nois H v noactasisisa ee B (3.7), MOXHO
HAWTH BBIXOHYIO MOIITHOCTh B YCTAHOBHBIIIEMCS PEXKHME.

BbIxogHass MOITHOCTh 3aBHUCUT OT YHCJIA AKTUBHBIX YaCTHIl
MOCTYMAMIIUX B Ppe30HATOP 3a 1 CeKkyHAy. DTa 3aBUCUMOCTH BXOIUT B
(3.7) B HEesABHOM BHUJE, IMOCKOIBKY TPU HW3MCHCHHH 71, H3MCHSICTCS
HanpspkeHHOCTh o H.  IlpoaHamusupyem 3aBucumocts H u,
CIe0BaTeNbHO, Py, OT n,. i sToro mepenumiem ypaBHenue (3.5) ¢
yaeToM (3.6) B 6osee ynoOHOM BUjIE

: (3.7)
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o mH T

( )’

e _ h
n . o U mHT 3.8)
a nyck Sin (7)
h
mmp,Ht .
I'papux  3aBucumoctu 6 = — 4, OT OTHOCHTEIbHOMH
n, _
MHTEHCUBHOCTU Ny4yKa —  IOKa3aH Ha puc. 3.5. Tak kak m u T
a nyck

SBJIIAIOTCS TIOCTOSAHHBIMH, TO KpHUBad XapaKTCPHU3YCT 3aBHUCHUMOCTDH

L
aMIuIMTyasl o1 . W3 puc. 3.5 BUIHO, 4YTO yBEIWYEHHE

a nyck

n, 4

a nyck

HHTCHCUBHOCTH ITy4YKa CBEpPX IMPpUBOAUT TNCPBOHAYAJIBHO K

BO3paCTaHUIO H. , MIOCJIC YCT'0 HACTYIACT HACBIINICHUC.

0= mmpu HT
h
3n/4
/
/2 ///
/4 {

0 2 4 6 8 10 12 14 16 18

Puc. 3.5. I'paduik 3aBUCUMOCTH BETMYUHBI O OT OTHOCUTEIHHOM
WHTEHCUBHOCTH Iy4Ka

n, 0 mmp,HT
BeyMunHa U = ————

[Ipu GoABIIMX 3HAYECHUSIX
a nyck h

CTPEMHUTCS K

. CJICIIOB&TCHBHO, MaKCUMAJIbHOC S3HAYCHUC  HAIIPSKCHHOCTH
MAardvMTHOTIO oJisi, COOTBECTCTBYIOIICC CUJIIbHOMY HACBLINICHHUIO, paBHO

h

HHac = W ° (3 9)
0

MakcumanbHas BBIXOAHAs MOIIHOCTH HpI/I HAaCBIIIICHUUA 6YII6T
OHpeI[CJISITBCSI BBIpa)KeHI/ICM
2 2
_ nf1u0HHacV ~ ﬂ’-h va

P6blx Hac Q - u mZT_ZQ : (310)
6H 0 6H
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N3 (3.10) cnenyet, 4to 3HAYCHUE Pyyx yac MOKET OBITH YBEIUUYEHO
IyTEM YBEJIWYEHHUs CBA3M PE30HATOpa ¢ Harpy3kouh. OIHAKO MpPHU 3TOM
BO3PACTAIOT 71y nyex A HEOOXOMMOE ISl HACBILICHUS 3HAUEHHE 1,. Kpome
TOr0, IIPU YBEJIMYEHUU CBA3U PE30HATOPA C HATPY3KOM HENOIYCTUMO
BO3pacCTaeT €€ BIMAHME Ha YacCTOTy FreHepupyeMbIX kosiebanuit. [ToaTomy
MOJIEKYJIIPHBIE M aTOMHBIE T€HEepaTopbl Bcerga paboTaloT MpU OYEHb
cnaboil CBA3M ¢ Harpy3kod. MakcuMalibHasi BBIXOJHAsI MOIIHOCTD
BOJIOPOJHOTO I'€HEPATOPA COCTABIISAET ~ 10" Br.

3.2.3. lllupuHa TUHUN U3ITYUYEHHUS

[IlupyHa CHEKTPAJIBHOM JIMHUM MMKpPOYACTHUI] B Trase, Kak
U3BECTHO, OIpEAeNIeTcsl BpEMEHEM HMX JKU3HM B BO30YXJIEHHOM
cocrossHun U BiusHUU 3¢ dexra [Jomnepa. B monekynsipHoM nyuke
CKOPOCTH MOJIEKYJ HallpaBieHbl MPEHMMYIIECTBEHHO BJOJb OCH ITy4Ka,
YTO yMEHBIIAeT pa30poc paJAHalIbHBIX COCTaBISIOIIUX CKOPOCTEH U
COKpaIllaeT JOMIEPOBCKYIO IUPUHY JuHUHU. KpoMe Toro, qomiepoBckoe
VIIUPEHUE JIMHUU CBSI3aHHOE C pa30pOCOM MPOJOJIbHBIX COCTABIIAIOMIMX
CKOpOCTEH MOJIEKYJ, MOKET OBbITh YMEHBUIEHO IMyTeM BBIOOpAa TaKOro
TUIA KOJeOaHUsl pe30HaTopa MOJIEKYJIIPHOTO FeHEpaTopa, Npu KOTOPOM
(a3zoBasi CKOPOCTb 3JIEKTPOMATHUTHOM BOJIHBI B HAIlPaBJICHUU JIBHIKECHHUSI
MOJIEKYJl CTpEMHUTCS K OeckoHeyHocTH. Yamie Bcero ¢ 3TOW IENbI0
UCIIOJIb3YIOT Kosiebanusi tuna 7Myp B kpyriiom BosiHOBoze. (Crosiuas
BOJIHA B BOJIHOBOJHOM pPE30HATOpPE NPEACTABIAETCS CyNepro3uuuen
nByx Oerymux BoJsiH. Konebanusi TMjp B KpyriioM Pe30HATOPE MOXKHO
paccMaTpuBaTh Kak CyNnepro3ULMIO MaJar0Ie U OTPAKEHHON BOJIH THUIIA
TMy; B KpyriioM BOJTHOBOJE NPH A —> Ay, T.€. V¢ — 0.). B BogopogHom
reHeparope BiaMsHHE 3(dekTa Jlomepa Ha MUPUHY CHEKTPaJIbHOU
JIMHUU MOKET ObITh TAK)KE YCTPAHEHO IMyTEM BbIOOpa JOCTATOYHO MAJIbIX
pa3sMEPOB HAKOMUTEIbLHOU STYECUKH.

Takum oOpa3zom, mIUMPHHA CHEKTPAIbHOW JUHUM MHUKPOYACTHUI] B
MOJIEKYJIIDHBIX W AaTOMHBIX T€HepaTopax OIpeensieTcs, TIJaBHbIM
o0pa3oM, BpeMEHEM HX KU3HM Ha BepxHeM paboueM ypoBHe. B
MOJIEKYJIIDHOM TE€HEepaTrope BpeMs IKU3HU MNPUOIMKEHHO pPaBHO
CpEelHEMY BpPEMEHM MpoJieTa MOJEKYJ Yepe3 pe30HaTop T W ILIMpUHA
criekTpaiibHOU nuHuM coriacHo (1.15), (1.16) paBusieTcs

1
2Af = ;
/. 2nT

B  BOmOpOoIHOM TreHepaTOpe AaTOMHBIA IIy4OK, IIONaB B
HaKOMMUTENBHYIO SYEHMKY, pa3pyllaeTcs, M aTOMbl JBWKYTCS B HEU
xaotnuecku. IloaToMy BO3pactaeT BKIaJd, BHOCUMBIA B IIUPUHY
CIEKTPAJIbHOW JIMHUM COYJApEHUsIMU aTOMOB Jpyr C JPYroM.

(3.11)
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Onpenensiemas no ¢opmyne (3.11) mupuHa AMHUKM aTOMOB BOJIOPOJIa
mpu T = | ¢ cocTaBuseT [ONM Tepua, a VIIAPSHHe JIHHHH,
00yCJIOBJIEHHOE COYJapEeHUSIMU, UMEET 3HaueHue nopsaka 15 — 20 [y.
JIOOpOTHOCTH CHIEKTPANIBHOM JIMHUK aTOMOB BOJIOPOa paBHA

g:lﬁgm?
TO2Af

J

[IlupyHa JWMHAKA W3JIYYEHHUS MOJIEKYJSIPHOTO M aTOMHOIO
TrE€HEPATOPOB OKA3bIBAETCSI BO MHOI'O pa3 MEHBIIE IUPUHBI CIEKTPATIBHON
JUHUM MHUKpoOYacTul u3-3a 3Qdekra perenepauuu. Ilpu Bo30Oyx) neHuu
reHepaTopa B HaydaJbHbBIH MOMEHT MMKPOYACTHLIBI  COBEPIIAIOT
BBIHYK/ICHHBIE NIEPEXOJIBI N0/ IEMCTBUEM TEILUIOBOIO M3JyYEHHUS! CTEHOK
pe30oHaTopa M TaK KaK CHEKTPajbHAsl IUIOTHOCTb JTOTO HW3JIYYEHHUS
MIPAKTUYECKA HE 3aBUCUT OT YaCTOTHI, TO IIMPHUHA JIMHUW W3JIYyUYEHUS
paBHa 2Af,. B nanpHelieM n3-3a HAaKOILICHUS B pe30HATOPE U3ydaeMoit
MHKPOYACTHULIAMHU JHEPTUM YBEJIIMUMBAETCS €€ CIEKTPAJIbHAS IUIOTHOCTH
Ha 4YacToTax, OJM3KUX K LEHTpaJbHOW YacToTe JUHUM. B pe3ynbrare
YBEIIMYMBAECTCS ~ BEPOSITHOCTh  BBIHY)KJIEHHOTO  MCIYyCKaHHs  Ha
COOTBETCTBYIOIIMX  4YaCTOTaX, YTO IMPUBOAUT K  JaJbHEUIIEH
KOHLEHTpAIMU YHEPTUU B Y3KOM YaCTOTHOM MHTepBaye. Takum o0pazom,
BO3pacTaHUE aMIUIUTYAbl KOJIEOAHUH B MOJIEKYJIPHOM U aTOMHOM
reHepaTopax CONPOBOXKAACTCS CYKEHUEM JMHUM u3nydeHus 2Af.. B
YCTAaHOBUBLIEMCSl PEKHUME H3-3a PACCMOTPEHHOro 3¢ dexra KojaedaHus
MOJIEKYJIIPHOTO M aTOMHOI'O TIE€HEpPaTOpOB SABIAIOTCS OJU3KUMHU K
MOHOXPOMAaTHYECKUM. Y BOJOPOJHOIO T'€HEpaTopa OTHOCUTEIbHAs

Eﬂi;zm“.

J

HIMPUHA CIIEKTPAJIBHOW JIMHUM U3JTy4YECHUS! COCTABIISET

3.2.4. CtaOUJIBLHOCTD YaCTOTHI

IlenTpasibHasl dYacTOTa JIMHUM W3JIYYCHUS MOJICKYJISIPHOTO |
aTOMHOTO TEHEpPaTOpPOB MOXKET OBITh OMNpeJeieHa IO CIEIYIONeH
npuoOIKeHHO dhopmyIie:

f=L+MrL%%a (3.12)

rae f; u O, — COOTBETCTBEHHO IIEHTpajbHAsl 4acTOoTa U JIOOPOTHOCTH
CHIEKTpaJIbHOU JIUHUM; fo U (). — COOCTBEHHAsi 4acTOTa U JIOOPOTHOCTH
pe3oHaTopa.

BrnusiHue peszoHatopa Ha 4YacTOTy TE€HEPUPYEMBIX KojaeOaHU
MOJIEKYJIIPHOTO W aTOMHOI'O TEHepaTopa AaHaJIOrMYHO SBJICHHUIO
3aTSTUBAHUSI  4YacTOTHl  aBTOTeHEpaTopa, KoyiebarelbHass CcUCTeMa
KOTOPOTO COCTOMT W3 JABYX CBSI3aHHBIX KOHTYpPOB. B MojekynspHOM u
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aTOMHOM  TeHepaTopax TaKUMU  CBSI3aHHBIMH  KOJeOaTeIbHbBIMU
CUCTEMaMU SIBIISIFOTCS aKTUBHBIE MUKPOUYACTHIIBI U pe3oHaTop. Tak kak
N0OPOTHOCTh PE30HATOPA HA HECKOJIBKO MOPSIKOB MEHBLIE JOOPOTHOCTH
UCIIOJIb3yeMOW CHEKTPaIbHOW JMHUHM, TO COOTBETCTBEHHO ciabee U ero
BJIMSIHUE Ha 4acTOTy reHepanuu. Tem He MeHee, KojebaHusi COOCTBEHHOM
YacTOThl ~ pe30HATOpa,  OOYCJIOBJICHHBIE  HECTaOWJIBHOCTBIO  €r0
TEMIIepaTypbl, MOTYT SIBISITBCS OJHOW W3 OCHOBHBIX TPHUYUH
HECTaOMJIBHOCTU YaCTOThI MOJIEKYJISIPHOTO IeHepaTopa.

Kak cnenyet u3 (3.12), ans yBenaudeHus CTaOWJIBHOCTH YaCTOTHI
HEOOXOIMMO YBEJIMYMBATh JOOPOTHOCTH HCIOJIB3YEMOM CHEKTpabHOU
nuHud. B BogopogHOM TeHepaTope 3TO JOCTUTAETCsl MyTeM YBEIUUYCHUS
BPEMEHHM B3aUMOJCHUCTBHUS aTOMOB C OJJEKTPOMAarHUTHBIM TOJIEM B
HakonuTenbHOM stueiike. M3 (3.12) Takxke BHUJIHO, YTO CTaOUIILHOCTH
YacTOThl MOJKET OBITh YBEJIMYEHA 3a CUeT YMEHBIICHUS JTO0OPOTHOCTH
pezonatopa Q.. OnHaKo 3TO JAenaTh HELeaecooO0pa3Ho, MOCKOJIbKY MpHU
MEHbIINX (J. HEOOXOAUMBI OOJIBIIME TOTOKH MHUKPOUYACTHI] JJIsI
BO30YXJIeHUs U paOOThl reHeparopa. JJisi yMEeHbIIIEHUSI YXOI0B YaCTOTHI,
CBSI3aHHBIX C U3MEHEHHUEM TEMIIepaTyphl, PE30HATOP MOJEKYJISPHOTO U
aTOMHOT'O T'€HEPATOpPOB TIIATEIBHO TEPMOCTATHPYIOT, oOOecrneunBast
CTaOMJIBHOCTh TEMIEPATYPBI C TOUHOCTBIO J10 COTBIX JI0JIEH Ipajyca.

CtaOUJIbHOCTh YaCTOThl T€HEPUPYEMBIX KOJIeOaHUM 3aBUCHUT HE
TOJIBKO OT CTaOMJIBHOCTM COOCTBEHHOM 4YacTOThl pe30HATOpa, HO U OT
psana npyrux gaktopoB. Hanpumep, B BOIOPOAHOM IreHEpaTOPE BHEIIHUE
MarHuTHbIE  TIOJS  BBI3BIBAIOT  CJABUTU  IEHTPAJbHOW  YacCTOTHI
CIEKTPAJIbHOW JIMHUU, @ UX HEOJAHOPOJAHOCTh MPUBOAUT K YIIUPEHUIO
JUHUU, YTO TaKXKe YXYAMIaeT CTaOWIBHOCTh YaCTOTHI. /(71 TOro 4to0bI
0oCJIa0UTh  BJIMSHUE  BHEIIHUX  MAarHUTHBIX  TOJEH, pe30HaTop
BOJIOPOJTHOTO TEHEPATOpPA 3AKIOYAIOT B MHOI'OCIOMHBIM MAarHUTHBIN
sKkpaH. M3MeHeHue ynciaa MUKpPOYacTHUll, BJIETAIOLIUX B PE30HATOP, WU
W3MEHEHUE X COCTOSTHUM TaKXe MOXKET MPUBOJAUTH K YXOJ1Y YaCTOTHI.

CtaOUIbHOCTh YAaCTOTHI XapaKTEPU3YETCS CPeIHEKBAIPATUYHBIM
3HAQYEHUEM M3MEHEHHUS 4YacTOThl 3a OINpEJEJICHHBIH MNPOMEKYTOK
BpeMeHH. Hawmnyuimas oOTHOCHUTENbHAas CTaOWIBHOCTH 4YacTOTHl B
HACTOsIIlIee BpeMs MOJydYeHa Yy BOAOPOAHOro reHeparopa. OHa umeer
suauenue ~ 2 107" B neHs. Bocripon3BoauMoCTh 4aCTOTHI T€HEPATOPA OT
BKJTIOYCHHIO 0OECIIEIHBACTCS ¢ TOYHOCTHIO ~ 1077,

3.2.5. llpumeHeHne MOJIEKYJIIPHBIX U aTOMHBIX T€HEPAaTOPOB
OO6nacTp NMPUMEHEHHS] MOJIEKYJSPHBIX M ATOMHBIX T'€HEPATOPOB
onpejensieTcss WX OCHOBHBIMM CBOWCTBAMH: BBICOKOW TOYHOCTBHIO

YCTaHOBKH, BOCITPOHU3BOANMOCTBIO u CTaOMIIBHOCTBIO HaCTOThI.
MOJICKy.HSIpHBIC N aTOMHBIC T'CHEPATOPbI HCIHOJB3YIOTCA JId CO3OaHUs
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CTaHJApTOB YacTOThl — TPHUOOPOB, BBIJAIIIUX JJICKTPOMATrHUTHBIC
Koje0aHusi ¢ (UKCUPOBAHHON 4acTOTOM MM HAOOPOM (PUKCHPOBAHHBIX
4acTOT, a TaKXe I CO3JaHUS TOYHBIX MOJICKYJISIPHBIX W ATOMHBIX
9acoB, XOJ KOTOPBIX OMPEIEISAETCS TEPUOAOM JIICKTPOMArHUTHBIX
KOJIeOaHUN MOJICKYJISIPHOTO (ATOMHOTO) TeHepaTtopoB. s OoabIIMHCTBA
CIly4aeB  TPAKTUYECKOTO  TPUMEHCHHS  BBIXOJAHAS  MOIIHOCTH
MOJIEKYIISIPHOTO (aTOMHOr0) reHeparopa, He mpeBocxomsimast 107! — 107
BT, oka3siBaeTcss HegqocraTouHoi. HeoOxouMas MOIITHOCTE MOKET OBITh
nojlydyeHa JuOO0 MyTeM YCHIEHHUs CHUTHaJla MOJEKYJISPHOTO (ATOMHOTO)
reHepaTopa €  TIOMOIIBIO  MAaJOIIyMSIIUX  YCHJIMTENEH, Jmbo
CHHXpOHHM3alMel Oojee  MOMIHBIX T'EHEpPaTOpOB 1O  CHUTHAIY
MOJIEKYJISIPHOTO (2TOMHOI0) TE€HepaTopa C TMOMOIIbI0 cxeM (a3oBoii
aBTOIOJCTPOUKHU YaCTOTBHI.

[Ipy WCTMOMB30BaHMM CTAHIAPTOB YAaCTOTHI JKEJIATEIBHO, YTOOBI
BBIXOJTHOW CHUTHAJI CTAHJAPTOB YaCTOTHI HAXOAWJICS B PaaUOAHANa3OHE.
[ToaTOMy CTaHmapT dYacTOTHI TMOMHMO MOJICKYJSPHOTO (aTOMHOTO)
reHepaTopa JOJDKEH BKJIIOYAaTh B ce0s TakKe CHHTE3aTOp YacTOTHI,
npeoOpa3yronmii 4acTOTy MOJICKYJISIPHOTO (aTOMHOT0) TeHepaTopa B
TpeOyemMyto pabouyro 4acToTy.

3.3. [TaccuBHBIC CTAHAAPTHI YACTOTHI

[ToMHMMO aKTUBHBIX CHCTEM, KAKHUMH SIBISIFOTCSI MOJCKYJSPHBIC
(aToMHBIE) TEHEPATOPHI, U CO3/IaHUsI KBAHTOBBIX CTaHJAPTOB YaCTOTHI
NPUMEHSAIOTCS TaK)K€ IAaCCUBHBIE KBAHTOBbIE NPUOOPBI, B KOTOPHIX
CHEKTpasibHasi JIMHUSA aTOMOB HCHOJB3YeTCs KakK 3TajoH (I0J00HO
BBICOKOJJOOPOTHOMY  PE30HATOpy) IS  CTAOWIM3allMM  YacCTOTHI
KBaplLIEBOro reHeparopa. B Hacrosiiee Bpemsi MCIOJIb3YIOTCS JBa BUIA
MoTIOOHBIX CTAaHAAPTOB YAaCTOTHI: HA I[E3MEBOI aTOMHO-TTy4eBOi TpyOKe U
Ha sueiike ¢ mapamu pyounus. Huxe paccMmaTpuBaroTcs yCTpOWCTBO,
NPUHLUI ICUCTBUS U TapaMeTpbl PyOUINEBOTO CTAHIAPTOB YaCTOTHI.

OcHOBHOM YacThl0 MpUOOpa SABIAETCA YACTOTHBIN JUCKPUMHHATOP
Ha Ta30BOM siUEiKe, MPEACTAaBICHHBIN Ha puc. 3.6. OH COCTOUT U3 caMou
ra3oBoy sSYEHKW |, yCTAaHOBJIEHHOW BHYTPU pPE30HATOpa 2, UCTOYHHUKA
cBera 3, ontuyeckoro ¢uneTpa 4 u oroaerexkTopa 5. ['azoBas sueiika
MpEeACTaBIAECT cO00M KBaplEeBYHO KOJOYy, HANOJHEHHYIO CMEChIO MapoB
pabodero BemiecTBa: wu3oTOma pyomams RH’, Haxomsuierocs mof
naieHreM mopsiaka 10° mop um GydepHOro rasa — KpHITOHA OJ
JABJIEHUEM IIPUMEPHO S5 mop.

B oTnuyme oT MONEKYISIPHOTO W aTOMHOT'O TEHEPaTOPOB MpUOOp
paboTaeT Mo Tpex ypoBHEBOUl cxeme. lcmonb3yeMble HHEpPreTHUYECKUE
ypoBHH aToMoB Rb"’, ycioBHO 0G03HaYeHHBIE depes 1, 2, 3, OKa3aHbI Ha
puc. 3.7. PaGounii mepexon Mexay ypoBHsIMH 2 — | Haxonurcs B
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nuarnazone CBY: f,= 6835 MI'n. [lepexoast 3 — 2 u 3 — 1 HaxoasatTcs
B ONTHYECKOM Juamna3zoHe. VIHBepcHs HaceleHHOCTeW Ha pabodmx

OPHEPreTUYECKUX YpOBHAX 2 — 1 cozmaeTrcss myTeM BO3JIECUCTBUS Ha
aTombl Rb®’ BcioMoratebHOro U3JIyueHus (ONTUYECKas HaKayKka).

_—
) L
(33\ >,

4

v

I

Puc. 3.6. HacTOTHBIN TUCKPUMUHATOP HA ra30BOM AYEHUKE

A

Onrnyeckas HaKadyka

2

:: £,= 6835 My

1

Puc. 3.7. DOHepreruueckue ypoBHU aTOMOB RBY

["azoBast sueiika ocBeUIaeTCsl razopaspsaHoil pyOuAMeBOl nammoil c
MAaKCUMAJIBHOW CIIEKTPAJIbHOMN IJIOTHOCTBIO U3JIYyYEHHMS Ha JJIMHE BOJIHBI
A = 7900 A°. Tlonagarommii B SYEHKY CBET MPEABAPUTEIBHO TMPOXOIUT
yepe3 ONTHUYECKHM (QUIbTP, Cpe3arolluil JIJTMHHOBOJIHOBYIO 4YacCTh
U3JlydeHus pyOuMeBoi Jammbl. BenencTBue 3TOro B CBETOBOM MOTOKE
coJiepKaTcsl TOJIbKO Takve (POTOHBI, KOTOPbIE MOT'YT BO30YIUTh aTOMBI,
Haxonsmuecss Ha ypoBHe |, HO He Ha ypoBHe 2. Iloxg BozxelicTBHEM
ONTUYECKOW HaKaYKu aTOMBbI pyOUIHs IEPEXOMST C YPOBHS 1 Ha ypOBEHb
3. BpeMs )KM3HH B 3TOM COCTOSIHUM OYE€Hb MAJIO U COCTABIISIET BEIMUUHY
nopsika 107 ¢, Mo3TOMy aTOMBI CIIOHTAHHO TIEPEXOAT Ha YpoBHH 1 1 2,
MpUYEM BEPOATHOCTU MEPEXOA0B 3 — 2 U 3 — | MOYTH OJUHAKOBBI.
Ecnu BpeMs )K13HU aTOMOB B COCTOSIHMM 2 JTOCTaTOYHO BEIUKO, TO Yepe3
ONpENEIICHHbIA HMHTEpPBaJl BPEMEHHM IIOYTH BCE aTOMBbl MEPEUAYT B
COCTOSIHME 2 M MPOLECC HaKayKK 3aKkoH4YuTCA. [Ipu 3TOM razoBas sdeiika
npo3payHa il OTQUIBTPOBAHHOTO CBETa PyOMIMEBOM JamIlbl, TaK Kak
ypOBEHb | HE 3aceneH.
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Curnai, Bo30y>XIaromuil KojaebaHus B pe30HATOPE, UMEET YACTOTY
onu3Kyto K f,; = 6835 MI'n. [loaToMy OH MHAYLMpPYET NMEPEXObl aTOMOB
pyouguss ¢ ypoBHa 2 Ha ypoBeHb 1. UYem Ommxke wyacTtoTa
ANEKTPOMAarHUTHBIX KojJebaHuit K f,, TeM OOJblIe BEPOATHOCTH
BBIHY)KJIEHHBIX TepexofoB. [lOCKOJIbKY BBIHYKJIEHHOE H3JIyYEHHUE
YCWJIMBAET CUTHAJI, UHJIUKALMS PE30HaHCA MOXKET OBITh OCYIECTBIIECHA
no makcumymy MomiHoctd CBY B pe3zonarope. OgHako H3-3a Mayou
YyBCTBUTEJIBHOCTU ATOTO METOJIa MHIUKALMS PE30HAaHCA MPOU3BOAUTCS
110 U3MEHEHUIO MPO3PAYHOCTHU ra30BoM suerku. [Ipu pesoHance ckopocTh
nepexojga aTroMOB C YpPOBHA 2 Ha YypoBE€Hb | MakCUMallbHa W,
CJIeI0BaTEIbHO, MAKCHUMAJIbHO TMIOTJIONMIEHHUE (DOTOHOB, BBI3bIBAIOIIUX
nepexonapl 1 — 3. CBeToBOM NOTOK, MPOXOIAIINN Yepe3 SUEHKy, MpH
STOM MHUHUMAaJE€H, U COOTBETCTBEHHO MHHUMAaJEH TOK (DOTOAETEKTOpa.
3aBuUCcUMOCTh TOKa (QoroaerekTopa oOT yactoThl curHana CBY
otoOpaxkaeT (opMy CIIEKTPaIbHOM JIMHUU U NpeACTaBiIeHa Ha puc. 3.8.

Us

»
»

f

fo V12

Puc. 3.8. 3aBucumocTb Toka porogeTeKkTopa oT
yactotsl CBY curnana

B cocrtaB craHmapra 4acToThl, KpOME JAUCKPUMHUHATOPA, BXOAAT
KBapLEBbII TE€HEpaTop, CXeMa NpeoOpa3oBaHUsl YACTOThI U CXeMma
aBTOMOJCTPOMKM dacToThl. Ilpu mnomoum cxembl MpeoOpa3oBaHUs
4aCTOThI, COCTOSALLEN U3 YMHOMKMTENA, BCIIOMOraTeJIbHOIO I'eHeparopa u
CMECUTENIS, HOMUHAJIbHAS 4YacTOTA KBapLEBOI0 '€HEPATOPa TOBOIAMUTCS 10
YacTOThl MCHOJb3YEMOM CHEKTpanbHOW JUHUM pyOouaus. llomyueHHbIN
CBY curnan Bo30yxkjaer kojiebaHusi B pes3oHarope. Ecim yacrora
KBapLEBOI'O I'€HepaTopa OTKJIOHAETCA OT HOMHHAIA, TO U3MEHAETCSA TOK
¢dotonerexkropa u cxema AIIY noactpauBaeT renepaTop.

CraOuiabHOCTh YAaCTOThl TACCHUBHOIO CTaHJIApTa 3aBUCUT OT
TOYHOCTH COBMELIECHMS YaCTOThI JJIEKTPOMArHUTHOIO I10JI1 Pe30HATOpa €
LEHTPAJIBHOM YacCTOTOW CHEKTpajdbHOW JuHUK. [l IOBBILICHUS
CTaOMJIBHOCTH YaCTOThl HEOOXOAMMO YMEHbBIATh IIUPUHY CIEKTPaIbHON
auHuu. B pyOuameBoM cTaHaapTe 3TO JOCTUTAETCs IMyTeM HaroJHEHUs
AYENKH CMECBIO MapoB pyouaus u OydepHoro raza — KkpuntoHa. Beidbop
KpUIITOHA OOYCIIOBJIEH TEM, YTO CTOJKHOBEHHUSI €ro MOJIEKYJ C aTOMaMu
pyOuausl He MPUBOJAT K CYIIECTBEHHOMY M3MEHEHHIO YHEPreTUYECKOIo
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COCTOSIHUS TMOCJIENHUX. YTNPYrue CTOJIKHOBEHHUS aTOMOB pYyOUAMs C
MoJekyiaamMu Oy(depHOro raza yBeJIM4nBalOT BpeMst JudPy3un K CTEHKaM
AYEUKH, T.C. YIJIUHSAIOT BPEMs >KU3HU B BO30YKIEHHOM COCTOSHHH.
CornacHo (3.11) 3To NPpUBOAUT K YMEHBIIEHUIO HIUPHUHBI CIIEKTPaIbHON
munauu. CokpaleHue JJIMHBI CBOOOJHOTO Mpodera aToMoB padoyero
BEIIECTBA B Oy(PEpHOM rase yMEHbUIAET TAKXKE JOIJIEPOBCKOE YIIMPEHUE
JUHUM. TUIIMYHOE 3HAYEHUE IMIMPUHBI HCIOJb3YEMOW CIEKTPaIbHOU
JUHUM pyOuaust B Ta30BoMl sueiike cocraBiger 2Af;, = 200 I'm.
JlocTuraHyroe nOpH 3TOM 3HAYEHUE OTHOCUTENIbHOW CTaOMJIBHOCTHU
gacToTsl paBHO 5-107% 3a 1 yac.

OCHOBHBIMM JJOCTOMHCTBAMM CTaHJapTa 4YacTOTbl Ha Ta30BOM
AYeiKe SBISAIOTCA MNPOCTOTAa KOHCTPYKLUMH, Majblii BEC U pPa3Mephl.
Hanpumep, co3nansl npubopsl ¢ rabapuTHbiMH pazmepamu 280x230x150
MM U BeCOM 5,5 Kr. HeocTaTtok ra3oBbIX S4€EK COCTOUT B TOM, YTO M3-3a
CTOJIKHOBEHHUM aTOMOB pyouauss ¢ wMosieKyinamu OydepHoro rasa
BO3HHUKAET CABUT 4acTOThl. OH 3aBUCUT OT JaBjieHUsi OydepHoro raza u
MOKET JOXOAuTh 10 ~ 3-107, T.e. cocraBmser okomo 2 kI'm. ITosromy
CTaHJAPTHl YaCTOThI C TA30BOM SAYEHMKOM MCTIOJIB3YIOTCA KaK BTOPUYHBIE
ATAJIOHBl YaCTOThI, TPAAyUPOBAHHBIE MO MEPBUYHBIM ATAIOHAM,
HaIpUMED 10 BOJOPOJIHOMY F'€HEepaTopy.

B 1967 r. MexnyHapoaHast KOH(epeHLHsI BECOB U Mep IPUHsLIA 32
€IUHULY BPEMEHH aTOMHYIO CEKyHAy, onpenenus ee kak 9 192631770,0
NEPUOJOB  JJIEKTPOMAarHUTHBIX  KoJjeOaHuM, COOTBETCTBYIOLIHUX
KBAHTOBOMY Tepexo 1y aToMoB 1e3ust Cs' > (0" mociie 3amsaToil 03Hagaer,
YTO MPUHATOE OINpEJEICHUE NATbHEUIIEMY YTOYHEHHUIO HE TMOJICKHUT).
Vka3aHHble KOJeOaHUs BbIpA0ATHIBAIOTCS aTOMHO-TYYEBbIM MAacCCUBHBIM
CTaHJapPTOM C II€3UEBBIM PENEPOM 4acTOTHI (puc. 3.9).

Puc. 3.9. Cxema aTOMHO-J1y4€BOro CTaHAApTa C
L€3UEBBIM PENEPOM YACTOTHI

[Iydok aTOMOB 11€3Msl, BbUIETEB M3 UCTOYHMKA |, HampaBisieTcs K

1
npueMHuKky 5. Ilo myru artomsl Cs 33 MPOJETAIOT MEXAY IMOJIOCAaMU
OTKJIOHSIOIIEr0 MarHuTa 2. Benencrsue addekra 3eemaHa B MAarHUTHOM
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none [H; TNOpPOUCXOAUT PACUICIUIEHUE DJHEPreTUYECKUX YPOBHEM.
Kondurypaiiust moJitoCHbIX HAKOHEYHUKOB MarHuTa 2 BEIOMPAETCS TaKOM,
yTOoOBl MarHutHoe nosne [, Obulo HeoAHOpOoIHbIM. Torga aToMbl
HIDKHETO YPOBHSI OyIYT BTSTUBATHCS CUJILHBIM IOJIEM, aTOMBl BEPXHETO
— cnabpiM (Kak B KBaJpymoJibHOM KoHjeHcaTtope). Ecou mone N
HAaKOHEYHMKA CHJIBHEE, TO B JIyue | OCTaHyTCS aTOMBI BEpXHETO YPOBHS, a
B iyye II — HuxHero.

B pesonatop 3 moctymaror kojebanus ot ymnpasiasiemoro CBY-
reHepatopa. I[lpum wyacrtore KoneOaHui, COBHAJAIOIIEH € YacTOTOM
MepexXo0/la, DHEPreTUYECKUE COCTOSIHUS ATOMOB BEPXHErO0 M HUKHETO
YPOBHEN H3MEHSIOTCSI HAa NPOTHUBONOJIOXKHBIE. Torma maramutoMm 4
obOpazyrotcs yuu I u 11, Tak Kak ceBepHBII MOIIOC MarHUTa OTTAJIKUBAET
aTOMBI BEPXHEr0 YPOBHS, @ FOKHBIM IOJIOC — aTOMbI HUXKHETO YPOBHSI.
CdokycrupoBaHHbIE aTOMBI LI€3Ms TONAJAI0T B MPUEMHUK 5 U 00pa3yroT
Ha €ro BbIXOJE CUTHAI.

Ecnmu xe wacrora konebanuit CBY-renepatopa M3MEHHTCS, TO
YMEHBUIUTCS YHUCIO aTOMOB, BCTYNHMBIIMX B JHEProoOMEH € TOJeM
pe3zonatopa. [loaTomy Oosblliee YKUCIO ATOMOB HPUTSHETCS MOJKOCAMU
MarauTa 4 ¥ B NPUEMHHK MOMAAET MEHBIIE aTOMOB Lie3usl. BbIxogHOU
CUTHAJI IIPYA 3TOM YMEHBIIHUTCH.

CreioBaTenbHO, BBIXOJAHOE HAIPSIKEHHE 3aBUCUT OT YaCTOTHI
CBU-renepatopa U MOXKET HCHOJB30BATHCS [JIs1 aBTOIMOACTPOMKHU.
[TapameTpsl I€3ME€BOrO CTaHIapTa NpHUBeACHBI B Taduie 3.1.

Tabnuma 3.1
Crangapt
Tapaverp Bonopoansrit PyOunueBsrii Ile3ueBniit
TeHepaTop ATOMHO-
JIy4eBOU
Hommrabias 1 420 405 751 6 834 682 608 9192 631 770
gacroTa , I'1g
OTHOCUTENBHAS
CTaOUIBLHOCTh 3a 2-10 5.107"2 2:107°
CYTKH
O6beM, M 1,5 0,06 0,15
Macca, Kr 320 16 27
[MoTpebnsemas 200 40 60
MOIITHOCTH, BT
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