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HOJIy‘{eHbI aHaJIUTUYIEeCKUe d)OpMy.HbI JJIA OIITUMAaJILHON BOJIHOBOIT d)OprI MOHU3UPYHOIIEro NMITyJabCa U

OTBEYAIOIIUX eif MAKCUMAaJIbHBIX 3HAYEHUN IIJIOTHOCTU OCTATOYHBIX TepareplroBbIX TOKOB. HaﬁaeHHme AHAJINTU-

JeCKHue penieHnusi MoryT OBbITH peain30BaHbl C UCIIOJIb30BaHUEM MHOI'OIIBETHBIX (beMTOCGKyHI[HbIX NMITYJIBCOB,

Ccoep2Kalllux II0oJie Ha OCHOBHOM YaCTOTE U HECKOJIbKO €ro HadaJIbHbIX TrapMOHUK, IIpU 3TOM B OITHUMAaJIb-

HOM /JIJIgl TeHepalluu TepareproBOoro u3JjayvdeHusd 110J1€ aMIIJINTYAbl HEYETHBIX I'apPMOHUK 60JII)H.I€, geM CcoceaHux

JeTHBIX. MakcumajabHas OCTaTO4YHas IJIOTHOCTH TOKa pacTeT KakK C YBEJIUYCHUEM YUC/la TapMOHUK, JIJINHBI

BOJIHBI OCHOBHOM TapMOHUKU U IIOTEHIIUAJIa MOHU3AIUN YaCTUl ra3a, TakK U C YMEHbIIEHUEM JJINTEJIbHOCTHU

MOHU3UPYIOUIEro UMITYJIbCA, HpI/I6HI/I)Ka,HCI) K IIPpE€AEJIbHBIM 3HAYECHUAM B yCJIOBUAX HACBIMICHUA MOHU3AUU IIPDU

HCIIOJIb30BaHUU MAJIOIMUKJIOBBIX UMITYJIBCOB.

DOI: 10.31857/51234567820140037

Merozpr renepaiuu tepareprosoro (TTi) uzmydge-
HUsl, OCHOBAHHBIE HA MOHU3AIUU ra30B MHTEHCUBHBIMU
deMTOCEKYHIHBIMU JIA3EPHBIMUA UMITYJILCAMU, TTO3BOJISI-
IOT TOJIYYATh MOIIHBIE CBEPXITAPOKOIIOJIOCHBIE UMITYJIb-
CBI, CIEKTP KOTOPBIX MpocTtupaercsd orT exmuwni T
0 Heckosbkux JecstkoB TT'nm [1-5]. Kak mpasuio,
9TH METOJIbl PeaJIn3yIOTCsl C KCIIOJIb30BAHUEM OUXPO-
MaTA9eCKUX WMIIYJIbCOB C IHKOBON HWHTE€HCHUBHOCTBHIO
~ 10'...10% Bt/cM?, cooTBeTcTByIOMmEH TYHHEIBHOM
MOHM3AIUU aTOMOB M MOJIEKYJI, IIPU 3TOM OTHOIIEHUE
9aCTOT OTHOIIBETHBIX KOMIIOHEHT, OOPA3YIOIMINX ST M-
myJbebl, pasro 2 [1-11]. Kak 6b110 npeckasano B [12]
U 3aTeM SKCIEPHMEHTAJbHO MOATBEPKIeHO B [13], ad-
dexktuBnas TI1-reHeparus BO3MOXKHA TaK:Ke W IIPH
HCIIOJIb30BAHAN OUXPOMATUIECKUX UMITYJIHCOB C JIPYTH-
MU YACTOTHBIMHU OTHOIIEHHSIMY, PABHBIMU PAIMOHAJIb-
HBIM JIPOOSIM C HE OYEHb OOJIBINON HEUETHOW CyMMOIt
YUCIUTEJsT ¥ 3HAMEHATEJIsl; DA STOM CAMO BO3HUKHO-
Berne TTI-u3jrydeHus siBJIsSIeTCsl YaCTHBIM IIPOSIBJIEHU-
€M HMOHM3AI[MOHHOT'O MHOI'OBOJIHOBOI'O CMEIIEHUs, IIPH-
BOJSINIEr0 K TEHEPAINY M3JIyI€HUs] TAKXKE U B JIPYTHX,
6oJiee BBICOKOYACTOTHBIX, CIEKTPAJIbHBIX IHAIIA30HAX
[14-17]. BepxHsisi rpaHuiia, J0 KOTOPOH IIPOCTHPAET-
¢ CIeKTp mosrydaeMbiXx 11 I-uMIrysibCcoB, Onpeessercs
00paTHO JJINTETBHOCTHIO HOHU3AINH, KOTOPAst, BCIE-
CTBUE PE3KOCTH 3aBUCUMOCTH CKOPOCTU WOHUBAIMH OT
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HAIPSKEHHOCTH TI0JIsI, MHOT'O MEHbIIe IJIUTEJIbHOCTH
Jiazeproro ummyibca [4,10-15, 18]. Ucnoub3oBanue Ta-
kX TTT-UMITYJILCOB CYIIECTBEHHO PACIIUPSIET BO3MOXK-
HOCTH CIIEKTPOCKOIINU U JIMATrHOCTUKH, a TAKIKE peasiu-
3aI HEJIMHEHHBIX CBOWCTB PA3JINIHBIX MATEPUAJIOB U
cpen o cpapuennio ¢ TTi-ummyabcaMu, oIy YaeMbIMU
JpyTUMA MeTogaMu [2—4].

OpHOIl U3 KJIOUEBBIX MpoOJIEM B HCCIIEIOBAHU-
ax reneparun 1T I-UMITy/IbCOB SBJISIETCS TOUCK CITO-
coboB yBenmuyeHUs dDPEKTUBHOCTH U SIPKOCTH COOT-
BeTCTBYIOMUX UCTOYHUKOB TT'1-uzsyuenus 3a cuer us-
MEHEHUSI CBONCTB MOHU3UPYEMON CpeJIbl WM Tapa-
METPOB CAMUX HOHHU3UDYONIUX HMMIOyJibcoB [1-8, 19—
25]. Tlocnennee BKIIOYAET HMCIIOJIB30BAHME MHOIOIIBET-
HBIX HMILYJIbCOB [21725] BMECTO TPaIUIIMOHHO HMCIOJIb-
3yeMbIX OUXPOMATHYECKUX (JBYXIIBETHBIX) UMILYJIHCOB.
B pa6ore [21] B yciaoBUSIX CPABHUTEJILHO HEBBICO-
KUX 3HAYEHUH WHTEHCUBHOCTEN WMOHU3UPYIOUIUX WM-
IMyJIbCOB, KOrma 3(P@EKTbl HCTOINEHUs HEATPAJIHHBIX
YaCTUI[ HE CTOJb CYIIECTBEHHBI, OBLJIO IIOJy9IEHO, UTO
IIOCJIeJIOBATE/ILHOE JI00aBJIEHNE TAPMOHMK K OCHOBHO-
My TIOJIIO 3HAYUTEJHHO YBEJIMIUBAET IJIOTHOCTH TO-
Ka B o0pasylomeiicss ma3Me, OTBEYAlOIero 3a re-
vepammio TTi-uznydyenus. OpHAKO BaXXHBIM BOIIPOC
0 TOM, Kakue 3HadeHus mjaoTHoctn TIT-Toka MOryT
OBITH JIOCTUTHYTHI IPU HUCIOJB30BaHUU 0OOjiee WHTEH-
CUBHBIX MHOTOI[BETHBIX HOHU3UPYIONINX UMITYJIHCOB, CO-
OTBETCTBYIOIIUX BBLICOKUM 3HAYEHUSAM CTEIEHU HOHU-
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3anuu 00pa3yIoIelics MIa3Mbl, JO CHX TOP OCTAETCS
OTKPBITBIM.

B macrosmeit pabore MbI mcciieryeM, Kak HCTOIIE-
HUe HeHTPaJIbHBIX YACTHUI] OTPAHUIMBAET POCT MJIOT-
Hoctu TT'1-TOKA W, COOTBETCTBEHHO, BO3MOYKHOCTH IO~
BBIIIIEHUsT SIPKOCTH OCHOBAHHBIX Ha wmoumzaruu TTm-
HUCTOYHUKOB 38 CUET ONTUMUI3AINKA BOJTHOBOW (HOPMBI 1
MHTEHCUBHOCTU MOHU3UPYIOIINX UMILYJILCOB. Mbl BIep-
BbI€ HAXOJMM ILJIOTHOCTH TOKA HACBHIMIEHUS] W OTBEYAIO-
Y10 el BOJIHOBYIO (hOPMY MOHU3UPYIOMIErO MMITYJIbCA,
MO3BOJISIIONIYI0 ONPEJIE/INThb, B YACTHOCTH, ONTUMAJIb-
HbIe COOTHOINEHUS MEXK Y aMIUINTYIaMi FapMOHUK, 00-
PA3YIOIMIUX MHOTOIBETHBIA HOHU3UPYIONUH UMITYJIHC.

Kax wusBecTHO, 3HEpPrusi HU3KOYACTOTHOW YACTU
TTu-uznydenus: (¢ gacroramu, HuzKe OOpaTHON JIU-
TeJILHOCTH  (DEMTOCEKYHIHOTO JIA3€PHOTO UMILYJIBCA)
IPOIOPIMOHAJIbHA KBaJIPATY TEeHEPUPYEMON B ILIA3Me
ocrarounoii rorHoctu Toka (OIIT) [10, 18, 26-28]. Kak
OBLIO TOKA3aHO paHee [JIsi OMXPOMATHIECKUX ITOJIEH,
COCTOSIIIUX U3 JINHEHHO TI0JISIPU30BAHHBIX OTHOI[BETHBIX
KOMIIOHEHT, Hambojee wuHTeHCHBHBIE 11 I-mMITy/IbCHI
PEHEPUPYIOTCs B CJIydae Mapajile/IbHBIX MMOJIAPU3AIUi
(T.e. KOrJIa CyMMapHO€ TI0JIe BCETJia HAIIPABJIEHO BIOJIb
oznoit npsimoit) [10, 13]. TIpu ogHOKpATHO TYHHEIBHO
MOHU3AIUN ATOMOB WU MOJIEKYJT B 3JIEKTPUIECKOM
nosie ¢ Hanpspkenuocroio E(t) = E,(t)xg = —a(t)xo
(X0 — euHUIHBI BeKTODP BA0Jb ocu ) npoekrus OIIT
Jp Ha OCh T HAXOJWUTCS U3 ypaBHEHUH

:eN’”/ 0B, dt = 2N/ Gadt, (1)
= (1 —o)uw(|al) (2)

=0, rue a(t) =
=— fioo E.(t') dt', e —snemenrapHblii 3apsij, m —Macca
JIEKTPOHA, N,
HBIX wacrul, o(t) =
N(t) — mnorHoCTH WIa3MBL, W(|d|) — BEPOATHOCTH HOHU-
3aIyl B €JUHUIYY BPEMEHH, TOYKA HaJ| CHMBOJIOM 000-
3HAYAeT [IPOU3BO/IHYIO [0 BPEMEHH t.

€ HavaJbHBIM ycJoBHeM o(t — —00)

— HaYaJbHAsl KOHIEHTpalus HelTpaJb-
N(t)/Ny, — crenieHb nOHU3AIMH,

B mepBoit wactu gamHOit pabOTHI HaliEeM aHAJM-
raueckn MakcuMadabHytlo OIIT Jy.x(or) m orBevaro-
mee eif onTuMaJibHOEe mojie F, =

Ey(|t|>T/2)=0, [17, Erdt=0n

/T/2 adt =0 3)

—T/2

opt () Taxoe, 9TO

npu puKcnpoBanubIX T’ 1 KOHEYHOIT CTEIeHN HOHU3AIIH
or = o(T/2). ycts n(E) = w'(E)E/w(E) > 1 upn
mobeix E. Torna Jyax(or) = €2NporT Emax(or)/m,

rie Enax(or) Haxoaurcd U3 BapUAIMOHHONW 3aJadu
MakcuMuzanuu pyHKINOHAJIA

T/2 .
11721 oyw(|al)a dt

To(T/2) = o(=T/2)]

upu orpannverusx (2), (3) 1 KpaeBbIX yCJIOBHUsIX

Erla(t),o(t)] =

o(=T/2) =0, o(T/2)=0or, a(£T/2)=0. (5)

MeromoM Heonpe/ie/IeHHbIX MHOXKUTe e Jlarpanika
HOHCK YCJIOBHOrO 9KcTpeMyMa Erla(t), o(t)] cBomurces K
HaXOXKJIEHUIO 6e3yCJ'IOBHOI‘O IKcTpeMyMa (DOYHKITMOHAIA,

Sla(t),o(t),p fTﬁQ Ldt ¢ dynxuueii Jlarpan-
xKa E(a,a,p,a,o,x) = xa+po—(p+a)(1-o)w(|a]), rae

p(t) u x —muOXKUTEM JlarpaHKa, OTBEYAIONIHE YCIOBU-
sim (2) u (3) coorBercTBerHO. Ha sKcTpeMasn coxpaHsi-
erca sHadenne pyHKIMU [aMuabTOHA

oL, oL, _
H = aa a+ %O' — L=
—(n—=1)(p+a)(1 — o)w — xa = const; (6)

37ech W Jlajiee MJisi KPATKOCTH OIyCKAaeTCs apryMeHT
|Ez| = |a| upu n n w. Ucnons3ys (6), nckmodaeM p u3
ypaBHeHuii Ditiepa—Jlarpaska u 1ojydaem CBsi3b MEXK-
Iy a U 0 Ha dKCTPeMaJIu,

n H+xa
n—1 a

o=1+xt— (7)
rje 1 — koHcranta unrerpupoBanus. Ilogcrasiss (7)
B (2), MOXKHO TIOJy4IHUTh OOBIKHOBeHHOE nuddepenty-
aJIbHOE yPaBHEHUE BTOPOTO MOPSIKA ISt @. JHAUYEHUS
JBYX KOHCTAHT WHTErPUPOBAHUs, a TakxkKe 1, Y u H
onpenensorcs u3 yenosuit (3) u (5).

IIpu o7 < 1 3a/1a9a CBOJUTCA K yPABHEHUIO TIEPBO-
r0 TOPSIKA JJIA G, KOTOPOe MHTEIPUPYETCs B KBAJIPa-
rypax. B wacrHoctn, mis w(E) = CE™ ¢ nOCTOSIHHBIM
koaddunuenrom C nosydaeM Eopy = —(opt, T

topt(t) ~ EmaxT {21 |<1+%,1%> 11], (8)

n . mw ar 1/n
Enax & 7S [7@ — 1)C’T] , (9)
w=2{(t = ta)/ T+ 1/2} = 1, ta ~ —(T/2) L 1) pon(1
—1/n,14 1/n), durypusie ckobru {z} = z — |z 060-
3HavaloT JpobHylo Yacthb, I, (a, ) u I 1(a, B) — pery-
JIApU30BaHHAS HemoJiHas Oera-DyHKIMS U 00paTHAS K
Heil (1o aprymenty z) coorBercrseHHO [29]. IIpu n > 1:
ta~ —T/4n

Eopt (1) ~ 4Emax (1/u] — 1) signu.  (10)
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Pemmenne g1 npousBosbHol 3aBucnmoct w(E) mocra-
TOYHO TPOMO3JIKO, OJHAKO NPU Ner = N(4Emayx) > 1
(korma E = 4Fp,x COOTBETCTBYET OBICTPOPACTYIIE-
My yuactky w(FE)) MoxuO HafiTu Fyax U3 ypaBHEHUs
W(4Emax) = or/Tnes (KoTOpOE coorBercTByeT w(FE) o
o E™ett). B wacTHOCTH, JUIsl TyHHEIbHON (opmyasr [30]

s Fa 2:k3E, ,
4wali fexp — 3E , E<E,
’LU(E) = E? (11)
!
2.4&]@@, E 2 E

oty auM Epax ~ K3 E, /6neg 1

Ner & —2Wm|[—+/o7/24K2w, T ~

~ In[(6x%w,T/o7) In*(24r>*w,T/oT)], (12)

e wy ~ 4.13x 10 ¢t u B, ~ 5.14 x 10° B/cM — aTom-
HbIe eJMHUIBI YaCTOTHI U II0JI COOTBETCTBEHHO, Kk =
= \/U;/Un, E' =~ 0.084k>E,, U; — ioTeHINaT HOHU3A-
muu, Uy ~ 13.613B, Wm o6o3nagaer —1-10 (HeoCHOB-
HyI0, “HrkHI00”) BerBb (hynkuuu Jlambepra [29].
Basucumoctb  Jpax(oT)
TaeT M OrpaHMdYeHa, TaK YTO CYIIECTByeT TOY-
Hag BepXHAA TpaHb Jg,p = eQNmTEsup/m, riue
Eqp = lime, 1 Enax(or). Qs onenkn Egy, CBEpXy
MOXKHO He CTaBUTh ycjaoBue (3), 4UTO CyIIeCTBEeH-

MOHOTOHHO BO3pac-

HO YIpOIIAeT 3aJady U CBOJUT €€ K YPABHEHUIO
epBOro IopsaAKa i F,, U3 peneHus KOTOPOro
it w(E) = CE™ noayuaem Egp < (nCT)_l/".
s upoussBosbHOM  GoicTpopactyieit  w(E), upu
Nei = N(Esup) > 1, W(Esup) S 1/Tneg. B wacruocry,
st (11) neg &~ A +2In(Ar/2), Esup S 263E, /3neg n

Joup S 26263 Ny Eo T/ 3mnes ~
~ 640 U3/2[3B]Nm [1019 CM_3] A1[mMrM] MA
- Ar + 21In(Ap/2) em2’

(13)

rie Ar = In(24k%w,T) ~ In(240U;[3B|\1 [MxM]), A\ =
= ¢T u ¢ — CKOPOCTH CBETA
Bo BTOpOIT WactTu paboThI C UCIOJIBL30BAHUEM pe-
mennit (8) — (10), (12) (OmHCHIBAIONIMX OJHOINKJIOBBIIL
UMITYJIbC) HANIEM ONTHUMAJLHYIO BOJIHOBYIO (bOpMY H
IJIOTHOCTH TOKA HACHIIEHUS B MIPUOJINKEHHO [IEPUOIU-
qeckoM nosie B, (t) = f(t)E.(t), tae f(t)—merenHas B
macmrabe T orubaiomas umiysibea, a E.(t) — nepuomu-
ST Bt = o.
Iis upocrorsl npumeM, 9to f(t) — K0JIOKOIONOA00HAS
dbysxust ¢ omanm makcumymoMm f(0) = 1 m xapakTe-
PHU3YeTCs OJJHAM BPEMEHHBIM MACIITAG0M — [OJTHON J1)1U-
TeJTBHOCTBIO T, (110 ypoBHIO 1//2).
O6osnaunm A(t) = o(t +T/2) —o(t —T/2) u 3a-
mumem OIIT (1) xak J, = (€2N,,/m) ffooo A(t') x

veckas Hecymast, E.(t+T) = E.(t)
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x Epla(t—1t'),0(t —t')] dt’. B mogpaTerpassHOM BbIpa-
JKEHIH BTOPOH COMHOXKUTEIb 50Jiee MeJJIEHHO 3aBUCHUT
ot t’, 4eM 1epBbIii, 1 MOXKET ObITh BHIHECEH 38 WHTEIPAJL:

Jy ~ Erla(t —t;),o(t —t;)],  (14)

€2Nm0‘fT
e
rie t; — MOMEHT BPEMEHH, KOTJIa CPEIHAA CKOPOCTh BO3-
pacTaHus CTENCHM HOHU3AIME MAKCUMAJbHA, U Of =
=o(t - +o00) = (1/T) [7_ A(t') dt’ - bunanbuas cre-
HeHb HOHU3AIHH.

CorunacHo (14) makcumyM J; COOTBETCTBYET MaKCH-
mymy dbyskimonana Er, a samena o(t) = o(t; — T/2) +
+5(t)[1 —o(t; — T/2)] upuBOIUT K KPAEBBIM YCIOBUSIM
qis 6 Buna (5) ¢ o = A(t)/[1 — o(ti — T/2)]. Ta-
KUM 00pa30M, HaiijleHHas B IIepPBOil 4acTU paboThl 9KC-
TpeMasib pyHKIMOHAIA (4) OIpeesisieT ONTUMAJIBHYIO
dopmy mouss upu |t; — t| < T/2 B upubiuzKeHHO Ie-
PHOJIMYIECKOM HUMITYJIbCe U cooTBercTByforLyio et OITT
(pu dbuxcuposanuoM o) Jsat = €Ny T0 ¢ Bt /M, T10
Eqot = FEnax(or). 3uavenuwe op 3asucur or f(t) u
Tp U HAXOOUTCH KaK O = W|i=¢, T ¢ UCHOIB30BAHU-
em (mo amasiornu ¢ [18]) ypasuenus ¢ = (1 — &)w,
IJe W W 0 —CpejHue 1o rnepuoay 1 BeposaTHOCTb U CTe-
HeHb MOHU3AIUH COOTBETCTBEHHO. VI3 3TOro ypaBHeHus
cJIeIyeT ffooo wdt = —In(l — o), a t; oupenensierca
yeaosueM o=y, = 0. Orcioma g w(E) = CE™ u
ft) = e 228/ nomyuaen

or & {(of)VnT/ 7, (15)

rae {(of) = 2\/111 2 Wp[In*(1 — o) /27, Wp - ocrosmast
BeTBb QyHKIwHN Jlambepra [29]. ITogcranoska (15) B (9)
Jaer

Egay = (n/4m) sin(r/n)[E(o5)v/n/(n = 1)Cry]'/".

s BeposrHocTu wonusanuu (11) wucmosibzyem
ypasHeHue (15) ¢ n = neg, oupenensiemsim (12). Pemus
€ro OTHOCUTEJILHO Neff, TIOJLY IUM

Neft ~ —(3/2)Wm[—(9v6k%w,7,/26)72/3] ~
~ A+ (3/2)In(2A/3), (16)
Esat = K°E, [6nes, (17)

e A = In(9v6rk3w,7,/26). Ecm o; < 1, 10 € =
~ opV2r~1In2; ecm 05 — 1, To £ MeneHHO pacrer
kaKk 21/2In2 In[—In(1 — of)]. Basab snauenne § ~ 1.8,
orsevaromiee oy = 0.99, nosyaum

A ~ In(6K%w,Tp). (18)

Iajee mpoaHAM3UPyEM, KaK IOy I€HHBIE BBIIIE De-
MIEHUsT MOTYT OBITH PEAJIM30BAHBI C HCIOJIH30BAHUEM

6*
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MHOTOITBETHBIX HMITYIbCOB, COJEPXKAIIX I0Je Ha OC-
HOBHO}1 YacToTe wi = 27/7T M HECKOJIBKO €r0 HAuaJlb-

HBIX I'apMOHUK,

K
Ez (t) - f(t)EC(t)ﬂ Ec = Z Es Sin(swlt + QSS) ) (19)

s=1

rne Fs u ¢s —ammmatynsl u dasel Pypbe-KOMIIOHEHT
Hecymeit, K —unciao rapMoHuK. Jrerpemasn (8) coor-
BercTByeT peaes K — oo c ¢ps =0m

T/2
E, = %(Stl) /_T/2 opt (1) cos[swi (t — tq)] dt.  (20)

Coruacno (20) E; sBasiercs GyHKIWmedH s, n U o, KOTO-
pas BBIPAXKAeTCA AaHAJIATHYECKA Ipu 1L = 2 U n 3> In7s.
ITpu n = 2, ucnonwsys I,(3/2,1/2) = (2/7)[arcsin /v —
— v(1 —v)], naxomum Es ~ 4wJ.($)Emax/f(ti), e
J(z) — npoussoguas dyuxiuu Beccena. Ilpu n >
> Inmws:

8Emax 5 1 + (_1)‘S .
E, =~ —(-1)*+ ———C , (21
T (-1 + inms (21)
rpe Cinz = — f:o(l — cosv)v ™! dv—uHTerpaabHbIH Ko-

cunyc. ITockombky Cinws ~ v + Innws ams HaTypaib-
HBIX S, The v & 0.577 —nocrosiunas itiepa, uz (21)
nonyuaeM Es = 16Epay/7sf(t;) Njsi HEYeTHBIX S U
Es; = 16Emax(y + Inns)/msnf(t;) masa gernsix s. Or-
CI0JIa, B ONTUMAJIBLHOM it reHeparun 11 n-n3myyenus
HoJIe aMILIUTY/Ibl YeTHBIX FAPMOHUK IPUMEPHO B 1. Pa3
MeHbIIle, YeM aMILIATYIbl COCEJIHUX HEeYeTHBIX TrapMo-
HUK. 3aMEeTHM, YTO, TAaKUM O0pa30M, MPEJIOKEHHOE
B [21] nunoobpasnoe mose (A KOTOPOrO aMILIATYIbL
MOHOTOHHO CIIQJIAI0T OOPATHO IPOIOPIMOHAIBHO §) B
obmem cnyqae HE SBJISIETCS ONTUMAJIBHBIM.
IIycrs JSat — makcumasibaasg OIIT HpI/I KOHeqHOM
sat /J‘Sat ~
~ E,(,fi,l / Emax, v Eﬁ,ﬁi — MakcuMyM 1o Fs 1 ¢s pyHK-
moHasa (4) Ha nome Ei(t) = Zfil E; sin(swit + ¢s)
upu yeaosusx (3) u (5). Ecom w(E) = CE™, T0 oTHO-

K pna mosst (19), Torma B cuiay (14) J,

menue Jg,,' /Jsat ABAsieTCs dyHKIUEH K n u or. llpu

sat
HeKOTOPBIX K u n u op K 1 3nauenus .J, bat / Jsat HAXO-
naTcea anaguTudeckn. B wacrnocru, man =2 u K = 2
nocJjie UHTerpupoBanus (4) ¥ ONTUMH3AIMU HAXOIUM,
gro Fy/FE = 1/\/5 u JS(aQt)/Jsat ~ 1/\/(_3 ~ 0.41. Ilpu
n > 1 uHTerpan (4) Berumciaserca MerogoM Jlamaca,
Kak 910 jesanocsk B [10, 12, 18], uro gaer B onTuMyMe
st K = 2 (1. e. 1y1st 0GBIMHO MCIIOJIB3yeMON JIBY XI[BET-
Hoit cxembl renepanuu TTi-usnyuenus) Fo/Fy ~1/2 u
J2 ) e ~ 1/V31 ~ 018, a m11 K = 3 E3/B, ~
~ 1/3, By/Ey ~ 1/n u Js(st/Jsat ~ 4/31 ~ 042,
sat/Js(a2t ~ 4/\/§ ~2.3.

IMpu 15 <n<20u K <
YUCJIEHHO, YTO

20 (m o7 < 1) MBI HAIILIH

J(It() K—1 2(1—-1/n)
sa ~
i =] R
Joar | 7 0.54 3.44
= -2~ - 0.27;
! ljs(;t)] no124 nidaz 70
q(2) = \/6 - 27 hmn—>oo q(n) = 31/47'('1/2 — 2. HpI/I

5<n<20:g(n)~10"
70 (K1)

sat 2 Jsat K2

3(14+7.6n) < 1u

2Ny T Eayy (K — 1)2
m K2

st BepositHOCTH MoHM3ammu (11), caurast n = neg
oy~ 1, u3 popmyxa (16)-(18), (22

1\? e2k3N,,E, T 1)\?
JS(,::)%<1§) Lzlb‘()(l—) x

6Mmnesr
Ui?’/Q[aB]Nm[lo19 em 3]\ [mrm] MA (23)
A+ (3/2)In(2A/3) o2’

. (22)

) HaXOZUM

rae A = In(20U;[3B]7,[dc]), A1 = ¢TI’ — nimsa BOIHEL OC-
HOBHOI rapMOHMKHU. 3aMeTHuM, 4TO it (peMTOCeKyH/I-
HBIX UMIYIbCOB A &~ 7...11 u neg = 9...14, upu sTOM
coryacao bopmyiie (23) Js(at) MeJteHHO (s1orapud>Mu-
YeCKM) PACTET C yMeHbleHueM 7,. IlIpu 7, ~ T dopmy-
Jia (23) BBIXOJUT 3a PAMKHU CBOEIl IPUMEHUMOCTU U POCT
cranoBuTcs GoJiee peskuM [18, 26, 28, 31|, oguako Mak-
cumasbio BosmoxkHag OIIT orpanuyena mpenesbHLIM
snadeHueM Joup (13).

PaszBuTast Teopus IIOATBEPKIAETCS PE3YJILTATAMA
YHUCJIEHHBIX PACYETOB I MHOTOIBETHBIX (heMTOCe-
KYHJIHBIX BMITy/I6c0B (19) ¢ rayccosoit orubarommeit f(t).
Yucnennsie 3unadenuss OIIT J, maxomwiucs u3 ypas-
wernit (1), (2) u (11). Ho ammmmrygam Es u daszam
¢s TapMOHUK C S > 1 mpOBOAMIACH ONTUMUBAIUI U
naxonmwica MakcumyMm OIIT Jg = maxgp ., 4., Jo B
obnmactu |Eg~1| < 0.2E,k® npu (bUKCUPOBAHHBIX 3HA-
YeHUsIX IHC/Ia TapMOHUK K, MaKCUMAaJbHON MHTEHCUB-
HOCTH OCHOBHO# Tapmonmku S; = cE?/8m, ee dasnl
¢1 = 0, nuabl Bostabl A1 = 0.8 MKM, TIOJIHOHN IAJITUTEIIb-
HOCTH 110 YPOBHIO 1/2 OT MakKCHMAJIbHOI WHTEHCHBHO-
CTH Tp, HATAIBHOI KOHHGHTpaHI/II/I HEHTPAJIBHBIX JACTHIL

N,, = 2.3x10"° cm—3 u norennuasna nornzamuu U;. Pac-
JeTsl poBoamiuchk mpu S; = 10 ... 5 x 1014 BT/CM ,
Tp = 30...200bc, K = 2...10, U; = 13.613B n

U; = 15.769B (coorBeTCTBYIOT ATOMAPHOMY BOIODPOJLY
u aprony). OnruMasbHbIe 3HAUEHUs] ¢s OJU3KU K HYJIIO,
a CYIIECTBEHHO HEHYJIEBBIE ()g IIOJIYyYAJUCH JIUIIb Y J10-
CTATOYHO CJIAOBIX [0 CPABHEHUIO C JAPYTUMH FAPMOHUK.
Pesynbrarel 9uciieHHBIX PACYETOB W UX COIOCTAB-
JIEHUE C TIOJIyYeHHBIMH aHAJUTUYECKUMEU (DOPMYyJIaMu
TTucema B 2K9TO
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10F

(@) K=10 (b)
S S
= 6F K=3 =75
S S
=45 P =5 w7, =30fs, H a1,=200fsH
e 1,=1001fs,H ¢ t,=100fs, Ar
2 1 1 1 | 1 1 1 1 1 1 1 1
1 2 3 4 5 255 4 6 8 10

Number of colors K

Number of colors K

Harmonic order s

Puc. 1. (IIsernoii onnaiin) (a) — Halinenunle B pe3yabrare unciaeHHOro pemenns ypasuenuii (1), (2) u (11) ¢ & = 1 3aBucumo-
CTH MaKCUMAJIbHOM octarounoii miuorHoctr Toka (OIIT) Jx, renepupyeMoiit MHOTOIBETHBIM HOHU3UPYIOIIUM UMITYIbCoM (19),
OT IMKOBOI MHTEHCHBHOCTH OCHOBHON TapMOHHKH S1 C JyIMHON BOMHBI A1 = 0.8 MKM npu jumurensHocTa T, = 100 dc, Ha-
YaJIbHOM KOHIEHTPAIUE HeHTpanbHbiX dacTul Ny, = 2.3 X 10 em™® u pasmuanom umcie rapmonnk K. (b) — Mapxkepsr:
HaliIeHHble YuCcIeHHo 3aBucuMoctu Jx ot K npu 7, = 30, 100, 200 dc u morenmumanax monmsanuu vactur, U; = 13.613B
(H) u U; = 15.769B (Ar); ocranbHble napaMeTpbl Takue »Ke, Kak Ha naHeiau (a). [[yHKTUpHBIE JIMHUM: IIJIOTHOCTH TOKA
HACBIIEHUs], onpeesnennas no dopmyne (23). (¢) — Haiinenuble 1ucIeHHO HOPMUPOBAHHBIE AMILIATY/BI rapMOHUK Es/E1 B
sapucuvoct or K mpu S; = 3 x 10 Br/cM?; ocraiabHbe mapaMeTphl Takne e, Kak Ha mamenn (a). (d) — HopmupoBanmas
aMIuIITya rapmoHuku Fg/E; B 3aBucumoctu or s st K = 10, ocrajybHBle IapamMeTpbl Takue Ke, Kak Ha IaHean (c).
Mapkepbl, COeJIMHEHHBIE CIIOMHBIMA OTPE3KAMHU, OTMEYAIOT PE3YJILTAThl YUCIACHHON ONTUMU3AINH, 8 COEIMHEHHBIE Ty HKTH-
POM — BHAUEHUsI, Oy deHHBIe 110 dhopMyite (21) ¢ n = neg, onpenesenuniM u3 (16) u (18). Ha Bcraske nanenu (d) usobpaxken
BpPEMEHHO! Npoduib HOPMUPOBAHHOIO ONTHMAJIBbHOIO 1ois Fy/E, Ha nsyx nepuomax T = Ai/c. CruomHasi Kpusasi co-
OTBETCTBYeT 3Ha4YeHUusM Fs u ¢s, HAMJIEHHBIM B pe3yJbTaTe YUCJIEHHON onTuMusanuu jist K = 10, IMyHKTHP IOCTPOEH IO

dopmynam (10) u (21) ¢ u = 2t/T un = neg

npejcrasiensl Ha puc. 1. Ha pucynke la mpusesens: 3a-
BucuMocTH Ji OT S [isd pa3nuaabix K, 1eMOHCTPUpPY-
oll[ue MOHOTOHHBIN pocT Jg ¢ yBejmuenuem Sp. OHa-
ko pu S7 ~ 2 x 104 Bt /cM? ero ckopocTh cymecTBen-
HO TAJIAET, YTO CBS3aHO C MCTOIIEHUEM HEHTPAJIHHBIX
vqacTur (HACBHIIEHNEM MOHU3AIMN), KOTua (DUHAIbHASI
CTelleHb MOHM3AIMU 0f ~ 1 M POCT BXOJAIIET0o B (op-
myasl (16), (17) u (22) mapamerpa £(of) cramoBHTCS
Bce Oosree MeJICHHBIM MO Mepe IpuOIKeHnd o5 K 1.
SaMeTrM, YTO BBIXOJ, Ha [IO00HBIE HACBIIIAIOIIIECS 3a-
BUCHMOCTH HAOJIIOJAJICS B PA3IUIHBIX IKCIEPUMEHTAX
o TTi-reHeparuy B JBYXIBETHBIX HOHU3UPYIOIIX 10~
asx [1, 4, 10, 13, 19]. Ha pucynke 1b nzobpazkeHsl 3a-
BucuMocT Jx or K, HalifeHHbIe YMCAEHHO TIpu S| =
=3 x 10" Br/cm?, n Js(;f) or K, nony4ennsie o ¢dhop-
myse (23), mias pasnuusbix T, u U;. Kak suzguo, (23)
XOPOIIO OIHUCHIBaeT pocT Jx ¢ yBeaudenueMm K (u ero

IIucema B 2KOTP Tom 112 BRm.1-2 2020

nacolenue npu K >> 1), a rakxke ¢ yBesmdenuem U;
U yMeHBIIEHHEM Tp,, JEMOHCTPHPYH OTIMIHOE KOJIIIe-
CTBEHHOE COIJIACUEe C Pe3yJibTaTaMU YUCJIEHHBIX pacde-
TOB BO BCEM PaCCMOTPEHHOM JIHAIIA30HE [IapPaMeTPOB.
Pucynok 1c moka3piBaeT HaliIeHHbIE YUCIEHHO OIITH-
MaJibHble oTHOmeHus Es/Ey upu s = 2. ..5 B 3aBUCHMO-
ctu ot K. Kak BuguM, B OOBIYHO HCIIOJIB3YEMOM JIBYX-
usernoit cxeme renepaiuu Tln-uzsmydenus (r.e. upu
K = 2) ourumasnbuoe orHomenue Fo/E; ~ 0.6. Oxn-
Hako yxke npu K = 3 oTHOIEHUe Eg/El ~ 0.23 <
< E5/FE; = 0.41, 9710 sIBJIsieTCsl YACTHBIM CJIydaeM 00-
meil 3aKOHOMEPHOCTH, 3aKJII0YAIONIeics B mpeodIaia-
HUU HEYETHBIX 'apMOHUK (B ocoGeHHOCTH 3-if) B OnTH-
MaJIbHBIX JjIs TeHeparuu 11 I-u3jryd4eHusi MHOIOIBET-
HBIX UMITYJIbCAX. DTa 3aKOHOMEPHOCTH HJLIIOCTPUPYET-
cs Takzke puc. 1d, Ha KOTOPOM IOKA3aHO COIIOCTABJICHIE
Pe3yJIbTaTOB YUCJIEHHBIX PACYETOB OINTUMAJIBLHOTO OTHO-
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utenns Eg/E7 upu K = 10 B 3aBUCHMOCTH OT § C aHAJIU-
tudeckoit hpopmyoit (21) ¢ n = neg = 13, oupeznenen-
ubM u3 (16) u (18). BunHo, 9T0 Haii/leHHbIE YNCIEHHO
AMILTATY/IbI HEIETHBIX TADMOHUK OKa3bIBAIOTCS OOJIBIIE
COCETHIX YETHBIX, & X 3HAYEHUS C BHICOKOH TOTHOCTHIO
coBnaaor ¢ gapaembivu (21). Ha BcraBke n3obpazkeHo
HOPMHPOBaHHOE ONTHMasbHOe moie E,(t)/Fy Ha nByX
nepuonax T' = A1 /c, naitnennoe yucsenno s K = 10
u o popmysam (10) u (21) ¢ n = nes. Kak Bugnm, nme-
forree cyiabble cUHTy IsipHOCTH pentenue (10) Besze, Kpo-
Me OKPEeCTHOCTEeH 0COOEHHOCTEMH, I/le OHO MEHSAET 3HaK,
XOPOIIO NPHOJIMKAEeT ONTHMAJBLHOE MHOTOIBETHOE IIO-
se. C yBemuuennem K 3To moJie Bee JIydile OIMUCHIBACT-
csl gacTu9IHOM cymMmMoii psaga @ypee 3aBucumoctu (10) u
ONITAMAJILHBIE AMILIATY/BI TADMOHUK CTPEMSATCS K aHa-
JurndeckuM 3HaderusiM (20) u (21).

B zakmodyenne chopmymmpyeM OCHOBHBIE De3yJib-
TaTel paborel. Paspaboran aHaIUTUYECKUI IOIXO,
JUIsl  ONIpEJeJIEHUsI  ONTUMAJIbHON JiIst  TeHepanuu
TTi-uzmydenns BOTHOBON (DOPMBI UMITYJIBCA, ITPOU3-
BOJIAIIErN0 TYHHEJbHYIO HMOHU3AIUIO Fa3a, U COOTBET-
creytoreit makcumasibHoi OIIT npu dukcupoBaHHOI
¢unanbHON crenenn monmzanmu. ITokasaHo, 4TO Hai-
JieHHbIe aHannTrdeckue pemenus (10), (15)—(18) moryT
OBITh PEAJIM30BAHLI € WCIIOJIH30BAHUEM MHOIOIBET-
HBIX (PEMTOCEKYHIHBIX UMITYJIbCOB, COMEPIKAIIUX II0JIE
HA OCHOBHOW 4YAaCTOTE€ W HECKOJBKO €ro HAYAJIBHBIX
rapMoHuK. HaiijieHbl  OnTUMaJIbHBIE  COOTHOIIEHUSI
MEXKJy aMIUIATYJAMUA TApMOHUK B 3aBUCHUMOCTH OT
ux uwucyaa K, mpH 3TOM BaKHBIM U HEOXKUJAHHBIM
PE3YJIbTATOM SIBJISIETCS TO, YTO AMILTUTYIbI Y HEIETHBIX
rapMOHUK JOJIZKHBI OBITH OOJIbINE, YeM y COCEJHUX
qeTHBIX. MaKcuMaJibHas MOIMHOCTh TEeHEePUPYEMOTO
TTu-uznygenus (nponopimonasnbhas kKsagpary OIIT)
¢ yseauuenneMm K pacrer cornacHo dopmyie (22) kak
(1 — 1/K)*, ycunusasich, TakuMm 06Pa3oM, TIPUMEPHO
B 16 pa3 mpu Gosibmmx K 110 CpaBHEHWIO C TEM, 9TO
JlaeT OOBIMHO UCIIOJIb3yeMas JIBYXIBETHas cxeMa. Ilpu
JIOCTATOYHO BHICOKUX MHTEHCUBHOCTSAX MOHU3UPYIOIIETO
HUMITYJIbCA, KOTJIa HACTYIAET WCTOINEHNE HEeHTPAbHBIX
qacTull U (PUHATHHAST CTEIEHb MOHW3AIUNA CTAHOBUTCS
oauska kK 1, makcumanabaas OIIT onpenensiercs dpop-
Mysoif (23) M IUIOTHOCTH TOKA HACBIMIEHUS (KOTOpAast
MOXKeT ObITh mopsiaka 107 A/ cM? mast 6ompmux K u
OOBIYHO UCIOJIB3YEMBIX B SKCIIEPUMEHTAX IapaMeTPOB)
pacrer Kak € yBeJMYEHUEM JJIMHBI BOJIHBI OCHOBHON
PApMOHUKY U [TOTEHIMAIA HOHU3AIUN JACTHUIL ra3a, TaK
U C YMEHBIIEHUEM JJIUTEIbHOCTHA UMILYJIbCA; IIPU ITOM
B Cydae HCIOJb30BAHUS MaJIOINUKJIOBBIX MOHU3UPYIO-
mux uMiysibcoB OIIT npubsmzkaercs K HanbObIIEMY
BoamoxkHoMy 3Hauenuto (13). Tlosyuenubie pesyib-
TAThl MO3BOJIAIOT YCTAHOBUTD IPEIEJbHBIE BEJIUIMHDI

sdderTuBHOCTH U sgpKOocTH T1III-MCTOYHMKOB, pea-
JIN3YEMBbIX B PA3JIUYHBIX YCJIOBHAX HOHU3AIUHA Ta30B
dEMTOCEKYHIHBIMU  JIA3€PHBIMUA ~ MMITYJIbCAMH. DBo3-
MOXKHOCTH TIOBBIIIEHUSI STUX BEJUYUH CBI3aHBI C
CO3/IaHNeM yCJIOBUN 1yt 9DPDEKTUBHON MHOTOKPATHOMN
MOHM3AI[MM YacTHI ras3a [6], a Tak»Ke € HCIOIB30-
BaHUEM MHOIOIBETHBIX WMITYJIbCOB C SJIIUNTHIECKH
WM [UAPKYJISPHO TMOJSPU30BAHHBIMU  OJHOIBETHBIMEI
KOMIIOHeHTamH 7, 8].

Pabora B 4aCcTH BBLINOJHEHUSI YUCJIEHHBIX PACYETOB
nojiepkana  Poccuiickum HaygubiM  (oHzoM (rpanT
#18-72-00103). AHaquTHYECKHE WCCIEJOBAHUS MO~
nepxKaHbl  PoccuitckuM  hoHgoM  (byHIaAMEHTATIbHBIX
uccienoBanuit (rpanrer # 18-02-01150, 18-32-00951 u
20-32-70213) u dongom “Baszuc” (rpant # 19-1-2-52-1).
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