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JTUHAMMNYECKHHN TMOJIIPU3AIIMOHHO-ONITUYECKNN AHAJIN3
YIHOPAJOYEHHBIX ®YHKINOHAJIBHBIX MATEPUAJIOB
N HAHOCHUCTEM (0630p)

PaccMoTpeHBl HHCTpYMEHTAIbHBIE 0COOCHHOCTH NPEoOpa3oBaHMsl M PETUCTPALMH AaHATUTHYECKUX CUTHAJIOB JUHA-
MHUYECKOT0 MOJISIPU3aLHOHHO-ONTHYECKOTO aHanu3a. HaliieHs! onTuMabHble S9KCIIEpUMEHTANIBHBIE YCIOBHS HCCIIE-
JIOBaHMS AMHAMUKHU CIAa0BIX TMOJSPHU3AIMOHHBIX OTKIMKOB. OmNKCaH IMOCIEA0BATENbHbBIH CTaTHCTHYECKUN aHaIIN3
MOJISIPU3ALUOHHBIX MarHUTOONTHUYECKUX OTKJIMKOB MarHUTHBIX HAHOXHUJKOCTEH B IIMPOKOM, COCTABISIOLIEM TpPHU
HopsiJIKa Iuarna3oHe KoHueHTpauuii. [lonyyeHo konuyecTBeHHOE 000CHOBAaHHE a/IeKBATHOCTH UCIIONB3YEMBbIX (H3H-
YECKHUX MOJIeNeil U CIIEAYIONIMX U3 HUX aHAIMTHYECKUX (DYHKIMH, OMUCHIBAIOIINX OPUEHTAIIMOHHYIO YIOPSIOUEeH-
HOCTh MarHWTHBIX HAHOYACTHI] BO BHEIIHEM MarHUTHOM nosie. OOHapy>KeHHbIE BapHualiy OMIMOOK IIPOTHO3a Mapa-
METPOB JMAarHOCTHKH YKa3bIBAIOT Ha HECITydYaiHble OCOOCHHOCTH TUHAMHKH IMOJSIPU3ANNOHHBIX OTKIMKOB U CBf-
3aHHBIX C HUMU ITapaMeTpoB (CBONCTB) MCCIIEyEMbIX MAarHUTHBIX HAHOXKUAKOCTEH.

HccnenoBanuss HEpe30HAHCHBIX HAHOCHUCTEM JOMOJHSCT TEOPETHYECKHH aHalin3 OCOOEHHOCTEH IMHAMHKH
UMITYJILCHOTO PAaCCEsIHUSI KOTEPEHTHOTO CBETa aTOMHBIMU aHCaMOJISIMH, OXJIXKJCHHBIMH JI0 CYOJIOTIIEPOBCKHUX TEM-
nepatyp. IlokazaHo, 4TO MoJsIpU3aNUs U CIEKTPAIbHBIA COCTaB BTOPUYHOTO M3IIyYeHHUs TaKUX aHcamOueil nperep-
TNEBAOT KAYE€CTBECHHBIC U3MCHCHHUSA B IIPOLICCCE MOCICCBCUCHMS. 910 OTKPBIBACT MECPCIECKTUBY Pa3BUTHSA HOBBIX JKC-
NEPUMCHTAJIBHBIX U TCOPCTUYCCKUX IMOAXOA0B K UCCICIAOBAHUAM Pa3IMYHBIX PE30OHAHCHBIX aHcaMOJell TOYEUHBIX
pacceuBareneil.

Onwucanable B 0030pe TEOPETHUECKHE M BBICOKOUYBCTBHUTEIBHBIC JTa3€PHBIE METO/IBI KOJMYECTBEHHOTO IOJSIPU3a-
IIMOHHO-ONTHYECKOTO aHAJIN3a W BBITIOIHEHHBIH CTATUCTUYECKUH aHAIN3 TOyYeHHBIX AaHHBIX (popmupyroT 6azuc
TIPELM3HOHHON ITOJISIPU3AIIMOHHO-ONITHYECKOH HAHOJMArHOCTUKH (KOJMYECTBEHHON XapakKTepu3aluu) (QyHKIHO-
HAJIBHBIX YHOPSI0YEHHBIX MAaTEPHAIIOB U HAHOCHCTEM.

Pa3BuBaeMble METONBI MOJSPU3AIMOHHON HAHOIUATHOCTHKU MOTYT OBITh MCIOJIB30BaHbI JUIsl MCCIIEI0BAHUA MaTe-
pHasoB, OOBEKTOB U CHCTEM CaMOil pa3HOil MPUPOJIBI U COCTaBa, HAIIPUMEP METaMaTepuaioB, ONOJOTHYECKUX KU~

KOCTEH U TKaHEH! U T.]I.

Kn. cn.: Jlasep, HOJ'I)IpI/I?:aHI/IOHHO-OHTI/I‘lCCKI/Iﬁ aHaJIn3, CTaTUCTUYCCKUM aHAIU3 SKCIICPUMCHTAJIbHBIX
AAaHHBIX, aHAJIUTUYICCKas alllipOKCUMaAlHsd, MAarHUTHbIC HAHOXKUAKOCTH, OIITO3JICKTPOHUKA,
MAaraouTOOIITHKA, JIa3€pHasd MOJAPpHU3alIlUOHHO-O0ITUYECKAad HAHOAUArHOCTUKA

BBEJIEHUE

OnnuM U3 MHGOPMATHUBHBIX METOJOB HW3yUCHHS
(YHKIMOHAILHBIX ~ ONTHYECKUX W MAarHUTHBIX
MaTepHajoB, 3JIEMEHTOB M CHUCTEM SBISIETCS WX Jia-
3€pHOE IOJIIPU3ALUOHHO-ONTUYECKOE 30HAUPOBAHUE
[1-7]. Beicokas moporoBasi 4yBCTBUTEJIBHOCThH IO-
JOOHOTO 30HIMPOBAaHUS, KOTOpas OrPaHUYMBACTCS
TOJIBKO €CTECTBEHHBIMH IIyMaMH 30HIUPYIOLIETO
JIa3€pHOrO M3JIyYCHHMs, I103BOJIET PETUCTPUPOBAThH
B HCCIIEAYEeMBIX OO0BEKTaX pa3NuYHbIE W JOCTATOYHO
tonkue >ddexter [8—13]. B cuimy atoro paspaboTka
W JajbHeWlIee pa3BUTHE OCHOBHBIX —IIPHUHIIUIIOB
JUHAMUYECKOTO  TMOJISIPU3AIIMOHHO-ONTHYECKOTO  aHa-
TM3a  YIOPSIIOYCHHBIX (DYHKIMOHABHBIX MaTepUalioB
Y HAaHOCHCTEM IPEICTaBIIIIOTCS BECHMa aKTyalbHBIMHU.

B 0030pe paccMOTpeHbI HEKOTOpPBIE OCOOCHHOCTH
JIa3epHOTO  IMOJISIPU3ALMOHHO-ONTHYECKOTO aHaJIu3a
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OUHAMHUKH ~ CJa0bIX TOJIIPU3ALMOHHBIX  OTKJIMKOB.
AHann3 MHCTPYMEHTAIBHOW pean3aliy COMPOBOX-
JaeTcsl ONMMCAHMEM alrOPUTMOB, MpPEIHA3HAYEHHBIX
st 00pabOTKU IKCIIEPUMEHTANIBHBIX AaHHBIX. Omnu-
CaHbl MCIOJb3YEMBbIE B JITOPUTMAaX TEOPETHUECKHE
(puzmyeckne) MOJIENIM U COOTBETCTBYIOIIME UM aHa-
TuTHYecKre (PyHKIHH.

UccnenoBannsd MarHUTOONTHYECKUX XapaKTEpH-
CTHK HEpPE30HAHCHBIX OOBEKTOB OIOJIHEHBI aHAIIH-
30M pPE30HAHCHBIX OTKJIMKOB XOJIOJHBIX ATOMHBIX
aHcamOel. PaccMOTpeHo HecTallioHapHOE (JUHAMHU-
9YeCcKoe) B3aMMOJACHCTBHE XOJOIAHBIX aTOMOB C 3JICK-
TPOMarHUTHEIM MoJsieM. lIpescTraBieHsl OCHOBBI T€O-
PETUYECKOro aHanu3a IUHAMUKH (IIyopecLeHLNH,
BKJIIOUAsl UCCIIEJOBAHNE TMOJISIPU3ALMOHHBIX XapaKTe-
PUCTHK W CHEKTPaJIHHOTO COCTaBa M3IYUYECHHS HCCIe-
IyeMBIX aTOMHBIX aHcamMOJIen.
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1. ”THCTPYMEHTAJIBHBIE ITPUHIIUIIBI
JUHAMMWYECKOI'O AHAJIN3A
N AIIIMPOKCUMAIIUA JAHHBIX
O MATHUTOOINITUYECKHUX OTK/IMKAX
MATI'HUTHBIX HAHOKUJIKOCTEHN
AHAJIMTUYECKOU ®YHKIHUEHN

1.1. OcoGeHHOCTH HHCTPYMEHTAJIbHOMI
peain3aliui HeCTAMOHAPHOIO
NOJISIPU3ALIMOHHO-ONITHYECKOr0 AaHAIU3A

WucTpyMeHTanbHBIE TPUHIUIBI JTAUHAMHYECKOTO
MOJISIPU3AIMOHHO-ONITUYECKOTO aHAIN3a UMEIOT HEKO-
Topele ocobeHHOCTH. OHA M3 HUX 3aKI0YaeTCs
B HEOOXOJMMOCTHU JICTCKTUPOBAHUS CIa0bIX aHAJIUTH-
YECKUX CHUTHAIOB (ITOJIIPU3AIOHHBIX OTKJIUKOB), OTI-
penensieMbIX IMHAMHUKOH HCCIIEAYEMBIX MPOLIECCOB.
BeInonHEHHBIE HaMH  HCCJICAOBAaHHS OKa3bIBAIOT
MPEUMYIIECTBa UCIONb30BAaHKU B 3TOM ciiydae (azo-
BOW MOJYJISIIMHU, KOTOPasi 1aeT BO3MOXHOCTH d(deK-
TUBHOTO BBIJICJICHUS] CHTHAIIOB, OTBEYAIOUIMX 3a TO-
TSPU3AIMOHHBIC XapaKTEPUCTUKU HCCIETYyEeMBIX 00b-
€KTOB pasnu4Hoi mpuponst [8, 10, 11, 13-16].

Jlnst peructparyu ciabbIX MOJSIPU3AIMOHHBIX OT-
KIIMKOB HEOOXOJUMO TOJJIEPKUBATH ONTHMATbHBIH
YPOBEHb MOIYJISIMH, 00ECIIeYNBAIOUINNA MaKCUMallb-
HYIO BEJIMYMHY CUTHAJIOB B ONTORJICKTPOHHOM TpaKTe.
OntumanbHasi aMILTUTY1a MOAYJISIUA COOTBETCTBYET
MakcuMmyMmy (yHknun Beccensi, KoTopasi COOTBETCT-
ByeT 4YacTOTe JETEKTUPYEeMOro HWH()OPMATHBHOTO
curHana v, (cM. puc. 1). IIpu aTom B criektpe ¢poroTo-
Ka CTAHOBATCSl PaBHBIMU aMIUIHTYJIBI COCEIHHX Yac-
TOTHBIX KOMIIOHEHT V; H V3, KaK 3TO BUAHO Ha puc. 1.
DTO 00CTOSATENECTBO OBLIO TMOJIOKEHO B OCHOBY Me-
TOJa KOHTPOJS AaMIUIMTYIbI (a30BOH MOAYJISAIUH
30HJIUPYIOLIETO Ja3ePHOTO H3ITyUYECHUSI.

Vi V2 V3

Puc. 1. PaBeHCTBO aMIUTUTY YaCTOTHBIX KOMIIOHEHT
VI V3
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Vi V2 V3

Puc. 2. ITonaBnenne HeMH()OPMATUBHBIX aHATUTHYECKUX
CUTHAJIOB HA 4aCTOTax V| U V3

B mocneayromux WcciaeqOBaHUSAX BBISICHHIOCH,
YTO TPHUCYTCTBUE B CIIEKTPEe (POTOTOKA COCETHUX Yac-
TOTHBIX KOMITOHEHT, XOTSl M MO3BOJIAECT KOHTPOJIHUPO-
BaTh aMIUTUTYTy (a30BOH MOIYJISLMH, HO TPH 3TOM
3HAYUTEJILHO 3aTPYIHACT ACTEKTHPOBAHUE IOJIE3HBIX
CHTHAJIOB, BEIMYMHA KOTOPBIX B psifieé OCOOCHHO
MHTEPECHBIX CIIy4aeB MOJKET OBITh 3HAYMTENBHO (Ha
HECKOJBKO TOPSIKOB) MeHbIe. JlJis yMEHBIICHUS
BIIMSIHASL HEMH(OPMATHBHBIX COCEIHUX YaCTOTHBIX
KOMIIOHEHT OBUIO OCYIIECTBJICHO WX MOJaBIICHHE
B AJIGKTPOHHOM TpakTe. DPPeKTHUBHAST YaCTOTHAS Ce-
JIKIMsI, UCTIOJIb30BaHHAS IJISl 3TOM 1IeJH, MO3BOIMIIA
CHHU3UTHh YpPOBEHb HEMH()OPMATHUBHBIX KOMIIOHEHT
6onee uem B 100 pa3, 6e3 CyIIECTBEHHBIX MCKKEHUH
MoJIe3HOTO curHana. Ha puc. 2 moka3aH CIEKTp CHT-
HaJla TIOCIie BBHITIOJHEHHOW (uiubTpanuu. B cpemneit
YaCTHu CIHEKTpa XOpOUIO BHUACH CHUI'HAJ MOJApHU3alu-
OHHOTO OTKJIMKa HCCIIeAyeMoro o0beKTa, o o0e cTo-
POHBI KOTOPOTO BHJHBI OCJIa0JIEHHBIE B Mpolecce ce-
JeKIUH HenH(POpMaTUBHbIE KOMIOHEHTH. OTMeETHM,
4TO B cHekTpe GoTtoToka Ha puc. 1 ciabble aHANTUTH-
YECKHE CUTHANBI (OTKIUKH) MPAKTHICCKH HE 3aMETHEI
Ha ¢oHe HeMH(POPMATUBHBIX KOMIIOHEHT.

[IpakTuyeckas peanu3anus pacCMOTPEHHBIX OCO-
OEHHOCTEH MHCTPYMEHTAIBHBIX MPUHINIIOB OTKPHIBA-
€T BO3MOXKHOCTh HAOJIOACHUS JUHAMHUKH CJIA0bIX I10-
JSIPU3ALMOHHBIX OTKJIMKOB CaMbIX Pa3lIMYHBIX 00BEK-
TOB W CHCTEM, HalpUMEp MAarHUTOYIOPAJOYECHHBIX
KPHUCTAJUIOB, IJIOTHBIX XOJOAHBIX ATOMHBIX chaM6-
ned mt.a. [10-13, 17, 18].
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1.2. AnnpokcuManusi MArHUTOONTHYECKHUX
OTKJMKOB MATHUTHBIX HAHOKUAKOCTEMH
aHaJMTHYecKoH GpyHKIMei

1.2.1. IlocTanoBKa 3aga4y 00 aNMPOKCUMAIUH
MarHHTOONTHYECKHX OTK/JINKOB AaHAJUTHYECKOH

(pyHknuei

HanpHelilliee pa3BUTHE JIA3€PHOTO MOJISPU3ALIMOH-
HO-ONTHYECKOTO aHaiun3a (YHKIMOHAIBHBIX Marte-
pHaJOB U CHCTEM, OOJIAIAIOUIMX CPABHUTENBHO Clia-
OBIMM MarHWTHBIMH CBOWMCTBaMH, BBHI3BIBAET B Ha-
CTOsIIIee BpeMsl 3HaYUTENIbHBIN nHTepec. K mogoOHsM
00BEKTaM MOXXHO OTHECTH, HalpuUMep, MarHUTHbIE
HAHOXXHUJIKOCTH, KOTOpPBHIE UIMPOKO HCIOIB3YIOTCS
B Hay4YHBIX HCCIIEIOBAaHUIX, TEXHOJOTHIX, MEAULINHE
[19-25].

AnmnpoxkcuManus 3HAUYUTENBHOrO o0beMa 3Kcrie-
PUMEHTAIBHBIX JAHHBIX O MAarHUTOONTHYECKHX OT-
KIMKax (JBYJIy4elpeIoMIICHMH) MarHUTHBIX HaHO-
xunkocredt (HX) ananutuueckodt QyHKumei B 1mu-
POKOM  Jama3oHe KOHIEHTpAIMidA HCCIelyeMbIX
MarHWTHBIX HaHOXWJIKOCTEW BIEepBble OblIa OMHMCaHa
B pabote [26]. Ilpu 3TOM OBUTH YYTEeHBI WHCTPYMEH-
TaJbHBIE OCOOCHHOCTU U BayKHBIE ACTAIM IPOBEICHHBIX
9KCTIEPUMEHTOB W JIOCTATOYHO TIIATEIHHO BHITIOIHEHBI
BCE HEOOXOIMMBIE MaTeMaTHyecKue mpoueaypsl [17,
26]. OCHOBHBIMH HWCXOTHBIMH  TPEATIOCHEUIKAMH
JUTSE TOYHOM M HaJIeKHOW anmpOKCUMAIMUA SKCIIEPH-
MEHTAJIBHBIX JAHHBIX C TOMOUIBIO AHAJIUTHYECKOH
(YHKIMH SBISUTHCH  CIIEAYIOIIHE 00CTOSITeIhCTBA:

— aHAJIN3 MOJISIPU3ALMOHHBIX OTKIMKOB BBITOJIHSII-
Csl JUTI HAHOCHCTEMBI "KHJIKas MaTpHIla — MarHUTHBIE
Y4acTUIBI" OJHOTO U TOTO JKE€ COCTaBa,

— BCE MarHUTOONTHYECKHE TTapaMeTPhl MarHUTHBIX
HAHOYACTHUII B UCCIIEAYEMON CHCTEME HE M3MEHSIIHC,
a TpH Mepexo/ie OT OMbITA K OMNBITY MEHSUIACh TOJIBKO
X 00beMHast KOHIIEHTPAIHS;

— B KauecTBE amlmnpoKCUMHpYIoUed (yHKIUU HC-
MOJTb30BANIACh AHAINTHYECKas 3aBUCHMOCTH, OCHO-
BaHHAas Ha NpPEACTaBICHUSIX 00 OpPHEHTAMOHHON
YHOPSA0OYEHHOCTH MAarHWTHBIX YacTHIl B MarHUTHOM
noxie [27, 28].

Crnenyst UCXOAHBIM MPEANOCHUIKAM, JUIsl IOCTpOe-
HUSl anMpOKCHUMHPYIOMEH (YHKINK HCTOIh30BATACH
CJICAYIOIIAsl aHAJIUTUYECKas! 3aBUCUMOCTh (CM. TaKxKe
[27, 28]):

p=aF(p). (M

B ¢dopmyne (1) ¢ — monApU3aLMOHHBIA OTKIHUK;
KOA(POUIIMEHT o OmpeAenseTcss ImapaMeTpaMHu Mar-
HUTHBIX HAHOYACTHL. JTOT KO3(QQHUIMEHT Hpo-
MOPIHMOHATIEH 00BbEMHOM KOHLEHTPAIUH HAHOYACTHIL
Y HE 3aBUCHUT OT 3HAYEHUH MarHUTHOTO noisi. B coot-
BeTCTBUM ¢ paboToi [28], 3aBucumocts F(p) B (hop-
myne (1) sBnserca GyHKIMEH MarHUTHOTO TIOJNS M HE
3aBUCHUT OT KOHLEHTPALIUH:

F(p)=1- coth(p) + . @)
P P
_uH

p=tl, 3)

rJie X — MarHUTHBIA MOMEHT YacTHLI,

H— HanpspkeHHOCTh  BHEUIHETO  [OTIEPEYHOTO
MarHUTHOTO TOJIA,

k — nocrosiHHas bonpliMaHa,

T — teMmepatypa.

JUyist BBITIOJTHEHUSI AMIPOKCUMAIIMU aHATUTHIECKOM
¢ysakmueir ucronb3ytores popmynsr (1)—(3), wu am-
npokcumupyromas Gyukius ¢ (a, f, x) 3anuceiBa-
eTCs B CIICYIONIEM BUJIC:

o™ (a,B,x) = aF(Bx), “)

A€ BCIUMYUHBI O U IB SABJIAIOTCA BapbUPYCMbIMU 663-
pasMepHBIME MapaMeTpaMu, a X — BCIOMOTaTelbHas
He3aBucuMas nepeMmeHHas. IIpy 3ToM BapbUpyROTCS
TaKXKe 3HAYCHUS Mapamerpa p, OMPEIeNIIeMOro ciie-
nyroted GopmyIiou:

p=px. (5)

1.2.2. AHaIuTHYeCKAs aNMPOKCHMALMSA
KCIEePUMEHTAIbHBIX JAHHBIX
0 MarHUTOONTHYECKUX OTKJINKAX

AHanuTudeckass anmnpoKCHUMalus OSKCIEepUMEH-
TaJbHBIX JAHHBIX, OMHCHIBaeMBbIX Gopmyroi (1), ObI-
J1a BBIMOJIHEHA Ha OCHOBE aJITOPUTMOB OLIEHKH Tapa-
METpOB HeNWHEeHHbIX (yHKIui. Takne anropuTMBI
onucaHbl B padorax [29-33]. 3akiIrOuNTENbHBIA Tam
HaXOKACHUS TapaMeTpOB HETMHEHHBIX QYHKIHHA co-
JEPKUT PEIICHNE CUCTEMBI HEJIMHEHHBIX YpaBHEHUM.
OTO0 pemeHne MOXeT ObITh HaAWJeHO METOJaMHM, OTH-
CaHHBIMH, HaTIpUMep, B pabotax [34, 35].

Cnenyss pabore [26], 0003HAUYMM IKCIEPUMEH-
TaJbHBIE TaHHBIE V;, TIE | — HOMEP N3MEPEHHUS B IIpe-
Jenax OJHOrO0 CKaHa MAarHUTHOTro nosd. Bwmecto
HEIPEPBIBHON IEPEMEHHOW X BBEIEM JUCKPETHYIO
nepeMeHHYI0 X;. COOTBETCTBYIOIUE AUCKPETHBIE 3HA-
YeHHs X; He3aBUCHUMOW MEePEeMEHHOM X OMpeAensoTcs
CJIEIYIOIIUM COOTHOIIIEHHEM:

x, =iy i=1...,n, (6)

rie #© — KOJWYECTBO 3HAYCHHWH ); (UHCIO TOYEK).
[To skcnepUMEHTANLHBIM JaHHBIM V; © YHCIY TOYCK 7
MOTYT OBITh HaliJIcHbI TAPAMETPHI ¢ U 5, HEOOXOAUMBIC
JUTSL TIOCTPOEHUSI allPOKCUMUpYFoIei GpyHKimu (4).
JlJis MOCTpOCHUST aNMPOKCUMUPYIOUICH (PYHKIIUN
MIPUMEHSIETCS] METOJ] HauMeHbIHX kBaaparoB (MHK),
COIJIACHO KOTOPOMY CyMMa KBaJpaTOB OTKJIOHEHUI
S(a, f) dKCIIepUMEHTANBHBIX JAHHBIX OT alIpPOKCH-
MUpYIOLIeH (YHKIMHA JOJDKHA CTPEMUTHCS K MHHH-

MyMy:
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n 2
S(c. )= [y ™ (x.a.B)] —min, ()
i=1
rIie TmapaMeTpsl o U S NOJKHBI OBITH TAKUMH, YTOOBI
obecniean e MEHIMYM S(at, f) = Smin-

B pabote [26] moka3zaHo, 4TO sl HAXOKACHUS Olpmiy
A Puin, YIOBICTBOPSIOMNX YCIOBHIO (7), MCHOIB3Y-
IOTCSl JIBa UTEPAIIMOHHBIX anroputMma. B mepBom ai-
roputMe nouck MuHumyma S(o, f) OCyIIeCTBISICS
MyTeM BapbHPOBAHHA MAPAMETPOB ¢ U [ HA KOKIOM
nrare uTepamuy, Ha KOTOPOM BBIYHMCISUIOCH 3HAUCHHE
S(a, f). s mepBoro mrara UTEparmoHHOTO Mporecca
ObUIM HCTONB30BaHBl MPUOTU3UTEIbHBIE 3HAYCHUSA
MapaMeTpoB a | ff, KOTOphIe 0003HAYAINCH Oy U fy.
AJNTOPUTM HaxOXIEHHUS MapaMeTpoB ag U fy noapoO-
HO omucaH B pabote [26].

His Toro, 4To0Bl HAUTH Oiyin U Puin, YIAOBIETBO-
psromye yciaoBuio (7) MO BTOPOMY HTEPAMOHHOMY
ANITOPUTMY, ObLIa COCTaBJICHA CHCTEMa U3 JIBYX ypaB-
HEHHH, B KOTOpPbIE BXOAAT YAacTHbIE NPOM3BOAHBIC
S(a, f) mo a u f. 3aTeM dTa cucTeMa ypaBHCHHUH pe-
11aJ1ach YUCICHHBIM METOAOM ONTUMH3AILINH.
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1.2.3. CocTaBjieHHe U pelIeHHe CHCTEMBbI
YPaBHEHHIi /15 TOMCKA MUHUMHM3HPYIOIIHX
3HaYeHNi mapamMeTpoB a u

JIIst HOCTPOCHUST CUCTEMBI ypaBHEHMH, HE00X0 -
MBIX JJIs1 HAXOXKICHHS TapaMeTpOB o U f, MUHUMH3H-
PYIOIMX CYMMy KBaJpaToB OTKJIOHEHUH SKCHepH-
MEHTANBHBIX JAHHBIX OT alNpOKCUMUpYIomen (QyHK-
[IUH, TIPUPaBHIEM HYJIO YacTHBIE MPOW3BOAHBIE S(a,
) no o u f. YautsiBas (4), monyyaem:

%z_zi[%—O‘F(ﬁx,-)]F(ﬂx,-)zo, (8)
a(@.p) _

o
= 22[%— —aF(ﬂxi)][—a%ﬁx")} =0. )

YuuteBas (2), (5), (7), moixydaeMm cucTeMy W3 ABYX
TPAHCUEHICHTHBIX YPaBHCHUM JIJIs o U [3:

3
(Bx)

- 3
1-—
Z‘ (Bx)

(Bx)

2 9

3
(Bx)

Zyi 1-

_ =l

coth(B x,)+

coth(fB x,)+

3(coth(Bx) 6
B B x’

3coth(S x,)
B’ x

=

dp

2 3 3

3[(eoth(Bx)] 6 3coth(Bx)

(10)

0.

coth(f x,)+

(Bx;) (Bx) B

B x’ B’ x (11)

ITonydenHass cucrema ypaBHEHHMI pellajiach 4HC-
JIEHHBIM METOJIOM ONTHMH3AIIUHU C IeJIeBOH (hyHKITH-
eif, COOTBETCTBYIOLCH MHHHMMU3AIIMA CyMMBI KBajpa-
TOB OTKJIOHEHHH alNpOKCHMHUPYIOIIEH KPUBOM OT AaH-
HBIX SKCIIEpUMEHTa. B KauecTBe HayalbHBIX YCIOBUI
OBLTH WMCTIONTK30BAHBI HAWJICHHBIC BBINIC 3HAYCHUS O
u Py [26]. B pesynprare pemrenus ypasaenuii (10)
u (11) ObUIM TOJTYYCHBI 3HAYCHUS: Oyin= 4.28 U Liin =
=0.054 nna sKcHepUMEHTa C KOHIEHTpauueud mar-
HUTHBIX HaHouacTul, paBuHoil 1%.  Iloxyuennas
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JUISL 3TUX 3HAYEHUH CyMMa KBaJpaTOB OTKJIOHEHUM
S(a, f)=2.7x10"".

Ha puc. 3 Touykamu moOKa3aHbl HOPMHPOBAHHBIC
9KCIIEPUMEHTANIbHBIC TaHHBIC JJIs1 00bEMHOM KOHIICH-
Tpauuu MarHuTHbIX vactun 1% [17], a Takxke am-
npokcumupyomas  ¢yakmus ¢ (crurornHas
TUHHS), TocTpoeHHas 1o Qopmymnam (4), (5) ¢ uc-
MOJIb30BAHUEM 3HAUCHUH Oin = 4.28 U fnin= 0.054,
MoJTydeHHBIX U3 penreHus cuctemsl (10), (11). Bugao
XOpOIIIee COBMAJICHUE PE3YyJIbTaTOB aHAIUTUYCCKOH
ANIPOKCUMAIIMH C IKCIICPUMEHTAIBLHBIMHU JTaHHBIMHU.
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aj
Vi, ¢ PP

p

Puc. 3. Annpokcumanusi NoJsSPU3AUOHHBIX OTKIUKOB V;

> o aj
AHAJIMTUYCCKOU KPUBOU () pp.

To4ukm — SKCIEPUMEHT, JHHUS — alpPOKCHMHPYIOIAs

hyHKIHSA

Ta6a. 1. Pe3ynmpTaThl pacuera CyMM KBaJpaTOB OTKJIOHEHHH OT ammpoOKCHUMHUpYOMEeH (QyHKIwH
JUISL SKCIIEPUMEHTOB C PA3HBIMH KOHIIEHTPAUsIMI MarHUTHON HaHOKUAKOCTH

X Howmep sxcnepumenta
ApaKTCpUCTUKA 1 2 3 4 5
0
N, % (xoruerTpauus 1 0.2 0.01 0.003 0.001
marautHoi HXK)
Smin
(MHEAMATBHAA | ) g0 5 | 69006 | 1.2e-07 | 6308 8.6e-08
CyMMa KBaJIpaToB
OTKJIOHCHHH)
5Smins%
(otHOCHTENBbHAs Be- | < 0.003 <0.004 0.002 <0.002 <0.009
JTUIHHA Sppin )

Jisi KOJIMYECTBEHHOM OIIEHKH TOYHOCTH BBIMOJ-
HCHHOW aHAJUTHYECKOW armpoOKCUMAIMU ObUTH BbI-
YHUCIICHBI OTKJIOHEHHsS O; SKCIIEPUMEHTAIbHBIX JIaH-
HBIX y; OT ammpoKCUMUpYomied GyHKuuu ¢*(X, Oumin,

ﬂmin):
51' zyi_goapp(xi’amin’ﬁmin)’ (12’)

A€ 3HaYCHHUC HE3aBHCUMOH nepeMeHHoﬁ X; B TOUKE [

onpexaensieTcst popmynoit (6). Bennunaa 3THX OTKIIO0-
HeHuil mana u He npesbimaeT 0.25% oT Makcumalb-
HOTO CHTHajla. AHAJOTHYHBIE Pe3yJbTaThl ObUTH TIO-
Jy4eHbl W JUI1 APYTMX KOHLEHTPAaUi MarHUTHBIX
YaCTHII.

B Tabn. 1 mokasaHbl OTHOCHTEJIbHBIE 3HAUCHHS
OSmin CYMMBI KBaJpaTOB OTKJIOHCHUH IS SKCIEpH-
MEHTOB C pa3HbIMM KOHLEHTPAUMSMH MarHUTHBIX

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 3
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HAHOYACTHUIl U JUIS 3HAYCHUHN O U Puin, MOIYYCH-
HBIX JJIS 3THX 3KCIEPUMEHTOB. lIpu 3TOM BEIHMUYMHBI
Smin ONPEICISUIUCh KaK OTHOLWIEHUE Sy, K BEIHYMHE
MaKCHUMAaJIbHOTO CHUTHAJIA /ISl JAHHOW KOHIICHTPAIIUH.
BunHo, 4TO OTHOCHTEIBHBIC 3HAYCHUS CYMMBI KBaJ-
paTOB OTKJIOHEHMM HKCIEPUMEHTANIBHBIX JAHHBIX
OT aIMpPOKCUMUPYIOLIENH KPUBOH Il KOHIIEHTpalui
ot 1 mo 0.003% mpakTuyecku OIUWHAKOBBI. TOJBKO
n1st camoit Manoit kouteHTparmu B 0.001% sta Benm-
YUHA HECKOJIbKO OOJbIIEe. DTO MOKA3bIBACT, YTO OITH-
chIBacMasi METOJIMKA OIICHKH MapaMeTPOB AaImMpOKCH-
MUPYIOIIEH KpUBOH MOKET UCIOJIBb30BAThCS JIJISl Mar-
HUTHBIX HAHOXHUAKOCTEH pa3HbIX KOHIICHTPALUU.
3HAYCHUS BEITUYHH OSp,, MAJIBI, 9TO TAK)KE YKa3bIBAET
Ha JOCTOBEPHOCTD MPOBEICHHBIX U3MEPECHUM.

1.2.4. UcnoJib30BaHMe NApaMeTPOB AHAJIUTHYECKOM
annpoxkcuMupymomei GpyHkuuu

AJIA KOJIMYeCTBEHHOH XapaKTepu3alui MAarHUTHBIX
HAHOKUAKOCTel

B npenpinymem pasnene ObIIM ONMUCAHBI METOJBI
MOMCKa 3HaYeHUH Oe3pa3MepHBIX MapaMeTpoB aHAJIH-
TUYECKOW (PyHKIMH, KOTOpas alNpOKCHUMHUPYET JKC-
NEpPUMCEHTAJIbHBIC IaHHBIE O MarHUTOONTHYECKHUX OT-
KIIMKaX MarHUTHBIX HAHOKUJIKOCTEH. DTH mapaMeTphbl
Obutn 0003HaveHBI o M . B 3TOM pa3zerne MBI moka-
KE€M, 4YTO pa3BUBaEMbIC METOJbl BBICOKOYYBCTBH-
TEJIBHOTO  OJISIPU3aLMOHHO-ONITUYECKOTO  aHau3a
W HaxOXJICHHE 3HAaUeHH Oe3pa3MepHBIX MapaMeTpoB
0 ¥ f C IOMOUIBIO OIUCAHHBIX IPOLEAYP COCTABIISIIOT
OCHOBY JHMarHOCTUKU HCCIIEAyEeMbIX MarHUTHBIX Ha-
HOXHJIKOCTEH, T.K. JAHHBIC MapaMeTPbl KOJIHYESCTBEH-
HO XapaKTepU3yIOT HCCIIeAyeMble MarHUTHBIE HaHO-
xuakocta [27, 28, 36].

JleHCTBUTENbHO, B COOTBETCTBUHM C (OpMyJIaMH
(1), (4) u (5) c noMomIBIO MapaMeTPOB ¢ U f MOXKHO
BBINIOJTHUTH OLIEHKY KOJIMYECTBEHHBIX XapaKTEPUCTUK
CBOICTB HM3Yy4YaeMbIX MAarHUTHBIX HAHOXKUJKOCTEN
[36]. Takyio KONMMYECTBEHHYIO OIEHKY OyJeM Hasbl-
BaThb MOJSPU3ALNHOHHO-ONTUYECKOW AMArHOCTUKON
MAarHUTHBIX HAHOXHUJKOCTeH. [l mpoBepku BO3-
MOYKHOCTH BBITIOJIHEHHS TIOAOOHOM AUAarHOCTHKH ObLI
MPOBENICH PsiJl BBIYMCIUTENBHBIX JKCIIEPUMEHTOB.
B 5THX 3KcnepuMeHTax ObUIM HCIIOIB30BaHbl MACCH-
BBl OKCIEPHUMEHTAJbHBIX JaHHBIX JJISi MAarHUTHBIX
HAHOXKUJAKOCTEH C W3BECTHBIM M MOCTOSIHHBIM COCTa-
BOM, HO C BapbUpyeMOH KOHUEHTpaLUUe MarHUTHBIX
HaHodactuir [17].

BBenem cnepyromue o0o3HaueHMs AN JUArHO-
CTHPYEMBIX NTapaMeTPOB:

ﬁdiagn = ﬁmin- (1 3)

B ¢opmyne (13) auarHoctupyemble THapameTphl
Odiagn Y Pdiagn — ITO TApaAMETPbl aHATMTUYECKOI ar-
NPOKCUMUpYIOIIEH (QYHKIUH, KOTOpPBIE TMOIy4EHBI
myTeM OOpabOTKH OSKCIEPUMEHTAIBHBIX JJTaHHBIX
10 METOJIMKE, PACCMOTPEHHOM BBIIIIE.

adiagn = Omin,
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Kak Bumno u3 ¢opmyn (1)-(4) u mnosicHeHuU#H
K HUM, BapbUPYEMbIl MapaMeTp o MPONOPIHMOHAICH
00BEMHON KOHIIEHTPAIMU HAHOYACTHII, a mapamerp f
HE 3aBUCUT OT KOHIEHTparuu (cMm. Ttake [11]).
Hcnonw3yst 3HaHMS O KOHIEHTPAIUSAX MArHUTHBIX
HAHOXHUJIKOCTEH M O 3HAYCHUSAX HANPSKCHHOCTH Mar-
HUTHOTO IOJIsl, MOKHO Ha 3TOI OCHOBE ClIeNaTh arpH-
OpHYIO OIICHKY IapamMeTpoB o u f. bynem Ha3bIBaTh
TaKyl alpHOPHYIO OLIEHKY MPOTHO30M, & COOTBETCT-
BYIOLINE 3HAYEHHs IIAPAMETPOB ¢ U ff 0003HAYUM Oty
1 Sy IIporuozupyemeie ¢ y4eTOM TOTO 3HAYEHHS Ofpy
JUTSL 9KCTIEPUMEHTOB, BBIIIOJIHEHHBIX C JKAIKOCTSIMHU
C Pa3IMYHON KOHIICHTpalUeH MarHUTHBIX HaHOYa-
CTHII, TIpeicTaBNeHbl B Tabn. 2. B aT0i# xe Tabmmie
MOKHO BHUJIETh Hal/ICHHbIE 3HAUEHUS Clgiagn, & TAKKE
OTHOCHTEIIBHBIE OIIMOKHU MPOTHO3a Oty

(14)

[Mockosbky 3HaueHHWE TapaMeTpa fj HE MEHSETCS
MpH MU3MEHEHHH KOHIIEHTPAIlUH, TO B COOTBETCTBUHU
¢ ¢opmynamu (1)—(4) napamerp f, L1 Bcex dKCIe-
PUMEHTOB C pa3HBIMU KOHIICHTPALUSIMHU SIBJISETCS 110~
CTOSTHHOM BenuuuHou, paBHou 0.054. [uarnoctupye-
MBIl mapameTp Saiagn ONPEAEHATCA IO METOJMKE,
OTIMCHOW BHINIE, W TpeacTaBieH B Tabn. 2. OtHocH-
TEJIbHBIE TOTPEIIHOCTH MPOTHO3HPYEMBIX JTaHHBIX
Ofpr BBIUMCIISINCH 110 HOpMYJIE:

5ﬁpr = (ﬂdiagn - ﬁpr) /ﬁph (15)

Berancnensele 3Ha4eHUs Of,, TakxkKe INpejcTaBlie-
HBI B Ta0JI1. 2.

W3 naHHBIX, NPEACTABICHHBIX B Ta0J. 2, XOPOIIO
BHUJIHO, YTO NAPaMETP Ogiagn YBETUUUBAETCS C POCTOM
KOHIIEHTPAIIUH, B TO BPEMSI KaK 3HAYCHUS fgiagn MPAK-
THYECKHU HE MEHAIOTCI. TeM caMbIM BBIBOJI O ITOI00OUH
MOJIAPU3AIMOHHBIX OTKJIIMKOB MarHUTHBIX HAHOXH]I-
KOCTeH, copMyIHpOBaHHEII B padote [37], HaxoauT
3lIeCh KOJMYECTBEHHOE NOATBepxkacHue. [IpuBeneH-
Hble B Ta0]. 2 JMaHHBIE YKa3bIBAIOT TakXKe Ha Ipa-
BUJIBHBIN BBIOOP (PM3UYECKON MOJEITU M ONKCHIBAIO-
el 3Ty MOJEb aHAIMTUYCCKOW (DYHKIIMU, MCIIOJIb-
30BaHHOW 3/IeCh [UIS AaNMpPOKCHMAIUU HW3y4aeMbIX
MarHUTOOIITHYECKUX OTKIUKOB.

Crnenmyer Takkxe OTMETHTh HEKOTOPBIE OTIIMYHS OT-
HOCHUTEIIbHBIX HOTPEHIHOCTEN Oay U Of, AT DKCIe-
PUMEHTOB C pa3HbIMH KOHIEHTpanusiMu. OcoOeHHO
BRKHBIM  SIBIIICTCS TOJYYEHHOE JUIS HEKOTOPBIX
KOHIICHTPAIIMH COTJIACOBAHHOE YBEIHMUYCHHUE IMOTPEIll-
HOCTEH TPOTHO3a Kak 0 MapaMeTpy a, Tak W Mo Ia-
pamerpy f. HauGosblime MOTPENIHOCTH IPOrHO3a
OKa3aJIuCh ISl SKCIEpUMEHTOB 2 u 5. i skcnepu-
MeHTa 2 — day: = 8.9%, Of, = 5.5%; nns skcnepu-
MEHTa 5 — oay: = 6.8%, Jf, = 6.9%. Torna xak aus
JKCIIEpUMEHTa 3 yKa3aHHbIC TOTPEHIHOCTH MPOTHO3a
MMEIOT 3HAYUTENbHO MEHBIIYI0 BEIHUYMHY: OOy =
=0.5%, Jfyx < 0.05%. BreiaBneHHble Bapualuu

00 = (Qdiagn — Opr) | Ay
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Tao6.. 2. Pe3ynbTaTel OLIEHKH KOJMYECTBEHHBIX XapaKTEPUCTHK M3YIaeMbIX MArHUTHBIX HAHOXKUAKOCTEH

Howmep 3xcnepumenTa
XapakTepucTuka 1 > 3 4 5
N, %
(KOHLIEHTpaLKs Mar- 1 0.2 0.01 0.003 0.001
HutHoit HXK)
e 4.28 0.86 0.043 0.013 0.0043
(mporuo3)
Giagn 4.28 0.94 0.043 0.012 0.0040
(ImarHocTHKa)
0
00k, o <0.0005 8.9 0.5 3.1 6.8
(ommOKa mporHo3a)
Por 0.054 0.054 0.054 0.054 0.054
(mporHo3)
Piaen 0.054 0.051 0.054 0.055 0.058
(ImarHocTHKa)
o
Pre, %o < 0.0005 5.5 <0.05 1.8 6.9
(ommbka mporxHosa)

MOTPEITHOCTEH MPOTHO3a MOTYT CBHIIETEIHCTBOBATH
0 HECITyYalHBIX OCOOCHHOCTSAX, MPUCYIIHX HCCIe-
JTy€MbIM MarHUTHBIM HaHOXHUJIKOCTSIM.

Hawnboiee BepOSTHRIMU TIPUYUHAMHU HECITYIaHBIX
0COOCHHOCTEW MOTYT OBITh YKa3aHbl HEOOJBIIUE pa3-
TUY¥s B TapaMeTpax HCXOAHBIX OO0pasIoB pa3HBIX
cepuid, U3 KOTOPBIX MPUTOTABIMBAIUCH MPOOBI s
SKCIIEPUMEHTOB. B TakoM ciydae oOHapyXCHHE IO-
TPENIHOCTEN MPOTHO3a JEMOHCTPUPYET BO3MOXKHOCTH
MPUMEHEHHUST Pa3BUBAEMBIX METOJIOB ISl TUATHOCTHU-
KU MaJIbIX BapHWalWi IOJSIPU3AITHOHHO-ONITHYECKUX
XapaKTepUCTUK MArHUTHBIX HaHOXUIKOcTeH. Pa3Bu-
BaeMbI€ TOJIXOJBI U METOJBI MOTYT OBITH TaKXKe HC-
MOJIb30BaHbl W JUISA BBITIOJHEHUS BBICOKOYYBCTBH-
TETBHBIX UCCIICIOBAaHUN U JUATHOCTUKUA MHOTHUX JIPY-
X OOBEKTOB W cHucTeM (cM., Hampumep, [8, 10-13,
38, 39]). B wactHOCTH, aHaNMM3 NWHAMUKH OTKIUKA
Ha ONTHYECKOE BO3OYKICHHE MOXKET OBITh MCIIOIB30-
BaH JIJIsl M3YUYCHHS CBOWCTB aTOMHBIX aHCaMOIeH, 0X-
JMAXICHHBIX N0 HU3KUX TEMIIEPaTyp B CIIEIHATLHBIX
noBymkax. TeopeTnyeckoMy aHajIn3y BO3MOXKHOCTEH
HCITOJI30BAHHUS MOJO0OHBIX METOIUK IOCBSINEHA BTO-
pas 4acTh JaHHOTO 0030pa.

2. IMTHAMUKA ®JIYOPECHEHIHUA XOJIOJHBIX
N PABPEXXEHHBIX ATOMHBIX AHCAMBJIEN
IMOCJIE UMITYJIBCHOI'O BO3BY KJIEHUSA

2.1. IlocTanoBKa 3aJa4u

ATOMHBIE aHCaMOJIH, OXJaXIEHHbIE IO CyOIOILIe-
POBCKHX TEMIIEpaTyp B CIENHAIBHBIX JIOBYIIKAX, SBII-
I0TCSl BECbMa NEPCHEKTUBHBIMA OOBEKTaMU IS LIHPO-
KOTO Kpyra MpakTUYeCKuX MPUMEHEHHH B 3a/ladax KBaH-
TOBOI METPOJIOTHH, CTAaHIAPTH3ALMH YaCTOThI, KBAHTOBO-
WH(DOPMAIMOHHBIX TPUIIOKEHUSX | T.1. [40-42].

[IpakTryueckn Bce TMpemyioKeHHBIE CXEMBI MpHMe-
HEHHMS XOJIOHBIX aTOMHBIX aHcaMOJel U OONBIIMHCT-
BO METOJIOB JHWAarHOCTHKH HMX COCTOSIHWS OCHOBAHBI
Ha HUX B3aUMOJEHCTBUM C 3JIEKTPOMArHUTHBIM H3IIy-
yenueM. OnHuM 3 3(Q(EKTUBHBIX M YaCTO HCIOJb-
3yeMbIX METOAOB U3yUCHHS CBOMCTB XOJIOAHBIX aTOM-
HBIX aHcaMmOJiell ABISETCS HCCIENOBaHHE IUHAMHUKHU
¢yopecueHIuy 1OoCiIe MMILYJIbCHOTO BO30YXKIEHHUS.
B nanHOM paznene Mbl mpoaHaATIU3UPYET TEOpeTHYe-
CKH 0COOEHHOCTH TaKOW AMHAMHUKH, 9TO YPE3BBIYAITHO
BaKHO JJI aJCKBaTHOM HMHTEPIpPETAllUd COOTBETCT-
BYIOIIMX 3KCIIEPUMEHTOB.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 3
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MNpobHoe PoTogeTekT

nanyveHume

0
CeepxusnyyeHue
I(t)
CybusnyuyeHue
|
0 F ¢
dIn( /(¢
r(z)=%; ZORTING

Puc. 4. Tunuunas cxema HaOIIOJEHHS (IyOPECILEHIMN aTOMHOTO aHCaMOJIs MOCIe ero WMITYJILCHOTO

BO30YKIICHHS

Tunuynas cxema HaOmoJeHUs (IIyOpECHCHIUH
aTOMHOI'0 aHcaMOJIsl IIOCJIe €ro UMITYJILCHOTO BO30Yy-
JKACHUA MTOKa3zaHa Ha puc. 4, a. Immynsc MoHOXpoMa-
TUYECKOTO M3IIy4EHHUS [UTUTEIHHOCTHIO 1 paccemBaeT-
sl Ha McCIeyeMOM aTOMHOM aHcaMOIe.

OcHoBHOW HaOIrOMaeMOM, KOTOpas TPaIUuIIOHHO
AQHAJIM3HPYETCSA KaK NPH TEOPETUYECKOM, TaK M NPHU
9KCIIEPUMEHTAILHOM M3y4YeHHUH TOCIECBEUEHHS], SBIIS-
€TCsl BPEMEHHAs 3aBHCHMOCTb IOJHOW HHTEHCHUBHO-
CTH CBETa, PAaCCESIHHOTO B 3aJ]aHHOM HarmpaBiieHHH 6.
B Teopum 4acTO BBIYUCISAETCS CyMMapHasi HHTEHCUB-
HOCTh B NOJHBIA cepudeckuil yroi. XapaKTepHBIH
BHJI MOJO00HOHM 3aBHCUMOCTH TIOKa3zaH Ha puc. 4, O.
KonnuecTBeHHO AMHaMuKa (IyopecleHIUH OMHCHI-
BAETCS BEJIMYMHONW MIHOBEHHON CKOPOCTH H3JIy4YEHUS
I'(t)=dIn(I(¢))/dt wim oOpaTHON €i BETUINHOU —

MTHOBEHHBIM BpEMEHEM IUIeHeHus 7(t) =1/T(z).

2.2. OCHOBBI TEOPETUYECKOI0 ONIMCAHUS
JUHAMHUKH (1yopecueHIun

JlnHaMUKy COCTOSIHHN aTOMOB OyIeM OTHCHIBATH
C TIOMOUIBI0 MOJENMU CBSI3AHHBIX JTUIOJIEH, Tpagulu-
OHHOI JISI 9TOr0 Kiacca 3ajad. JTa MOJEIL Oblia
BIIepBbIe Tipeiokena Gomnan [43], a 3aTem oapoOHO
obcyxknena Jlakcom [44]. Msbl paccmartprBaeM aH-
caMOJ1b, cocTosmmii 3 N OAMHAKOBEIX aTOMOB C OCHOB-
HBIM COCTOSIHMEM C YITIOBBIM MOMEHTOM J, = 0 U ¢ BO3-
Oy>XmeHHBIM cocTostHEeM J, = 1. Bpems >km3HE Beex
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Tpex 3eeMaHOBCKMX moaypoBHe# (m = —1, 0, 1) oxu-
HAaKOBO M paBHO 7, =1/y (rme y — eCTeCTBEHHas

HIMPHHA BO30YKICHHBIX aTOMHBIX COCTOSHHH). ATO-
MBI CYHUTAEM HETOJBIKHBIMH, & MX CMEIICHHE, 00y-
CJIOBJICHHOE HHW3KOW TeMIlepaTypoil aHcamoOns, y4u-
THIBAETCSl YCPEIHECHUEM PACCUUTHIBACMBIX BEITHYNH
M0 CIy4alHOMY MPOCTPAHCTBEHHOMY PaCIOJIOKEHUIO
aromoB. [ImoTHOCTH aTOMOB B aHcambie — 7.

B nmanHOM citydyae OBLI MCIIONIB30BaH BapHaHT MO-
JICJIU CBSI3aHHBIX OCHUILISTOPOB, C(HOPMYJIMPOBAHHBIN
B paMKax MOCIEI0BaTEIIEHOTO KBAaHTOBOTO TOJXOAA,
paspaboranHoro B pabore [45]. OTMETHM OCHOBHBIC
0COOEHHOCTH JaHHOTO moaxona. CHagama permaeTcs
HecTanuoHapHoe ypaBHeHue Illpenunrepa st BoJi-
HOBOW (DYHKIIMW \/, ONMUCHIBAIOIICH COCTOSIHHE 00be-
MUHEHHOH CHCTEMBI, COCTOSIIEH W3 aTOMOB W JJIEK-
TPOMAarHUTHOTO W3IIYYCHHsSI, BKIIOUYas BaKyyMHBIN
pesepByap. BomHOBYIO (QYHKIIMIO WIIEM B BUIC pas-
JIOXCHUS 10 COOCTBEHHBIM (DYHKIIMSM raMHJIbTOHHAHA
HEB3aMMO/JICUCTBYIOIIMX aTOMOB M CBETa. YUMTHIBas
TUITUYHYIO CJIa00CTh BO30YXKICHUS, B 3TOM pa3jioxkKe-
HUU OCTaBJISIEM COCTOSHUS, COZepKaiue He Ooliee
onHoro ¢ortoHa. B pesynbrate mis ammmtyn b, Bo3-
Oy’KIECHHBIX COCTOSHMH aroma vy, =|g,...e,..g > Io-

JIy4aeM cJenyIoIIylo CHCTEMY YPaBHEHUI:

ob. _ (15 - 1) bo— itk LSy, b,
at 2 2 2 e'#e

(16)
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3neck nHAEKC "e" moKa3bIBaeT 36EMaHOBCKUI MOJI-
YPOBEHb M HOMEp aTroma, BO30YXIEHHOTO B COCTOS-
HUU Y, =|g,...e,...g >. IlepBoe ciaraemoe B mpaBoit
yactu ypaBHeHus (16) oTBedaeT 3a CBOOOIHYIO 3BO-
JIIOLMIO aTOMOB. BTopoe ommchiBaeT BiIMsSHUE BHEIL-
Hero Bo30yxnatomiero m3nyuenus. Yacrora Pabu sto-
ro MOJIsi B TOYKE PACIOJIOKEHHS aToMma e paBHa 2,
OTCTpOiiKa — O.

[locnennee cmaraemoe B ypaBHeHHHU (16) yduThI-
BAaCT [UIOJIb-TUIIONBHOE B3aUMOACHCTBHE aTOMOB
apyr ¢ apyroM. Marpuna V,,, Bxoasmas B 3TO cia-

racémMoc, uMeCT CJ'IC)_'[y}O]_I_[I/Iﬁ BUO:

= Iyara b s, (1—ikr,.j ~(kr, )2)_

i hr;]
vy

11fr

(3= 3ikr, ~ (k) ) a7
Ty
371€Ch MBI IPEIIONOKHUIIA, YTO B COCTOSHUSAX € U €'

BO30Y>XIEHbl COOTBETCTBEHHO aTOMBI i U j; deg—

ManI/ILIHHﬁ QJICMCHT OIi€paTopa AUIIOJIBHOIO MOMCH-

Ta i 1nepexola g — e, r,,j:rl.—rj; I’;j.=|l‘l.—l‘j|

U k=w®,/c — BOIHOBOE YHCJIO, COOTBETCTBYIOLIEE
4acTOTE 3TOT0 MEpPexo]a; ¢ — CKOPOCTh CBETa B Ba-
Kyyme. MHIexcel y wnM v 0003HA4YaroT MPOEKLIUU
Ha OCH BBIOPaHHOW CHCTEMBI KOOpDAHMHAT. YpaBHEHHUE
(16) nns ammuMTyx b, (f) pelaercst YMCIEHHO Ul pas-
JIMYHBIX CIyYalHBIX MPOCTPAHCTBEHHBIX KOH(MHUTYpa-
LU HETTOIBUKHBIX aTOMOB.

Ha ocHOBE BBIYUCIICHHBIX 3HAYCHUH b,(f) MBI MO-

J)KEM HaWTH AMIIIUTY bl BCEX JpPYIrux COCTOHHHﬁ,
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KOTOPBIC OIPENEISIFOT BOJIHOBYIO (DYHKIHUIO ¥ 00be-
JWHEHHON CHCTEeMBl aToM — mosie (ToapoOHee CM.
[45]) m, cllemoBaTeNbHO, CBOWCTB KaK aTOMHOTIO
aHcamOJIs, TaKk U PacCcesTHHOTO CcBeTa. Tak, MHTCHCUB-
HOCTH TIOJIIPHU3AIIMOHHON KOMITOHEHTHI CBETA ¢, M3IY-
yaemass O0OJaKOM B €IUHHYHOM TEJIECHOM YTIJE BO-
KpyT TIPOM3BOJILHOTO HAIMpPABICHUS, 3aJIaHHOTO BOJI-
HOBBIM BekTOpoM Kk (Q = 6, ¢), MOXHO ONpene/uTh
CleyonumM oopasom [46]:

2
k Zua ge e

lm

2

1,(Q 1) = (¢)exp(—ik-r) . (18)

31ece ua — EIMHUYHBIA BEKTOp MOJISIpU3aLIUU
BTOPUYHOT'O U3JIYUYEHHUS.

2.3. Pe3yibTaThl pac4eToB JTHHAMHKH
dayopecuenunu

2.3.1. CymmapHasi HHTEHCUBHOCTb
dayopecuenunu

Pacuer aunHamukm QuyopecueHIMM Ha OCHOBE
(16)—(18) mMoxeT OBITH MPOBEACH I TIPOU3BOILHOM
($opMBI M TIPOCTPAHCTBEHHOT'O pAaCHpe/CICHUs] aTo-
MOB. MBI paccMmaTpuBaeM caMblil MpPOCTOH ciyvail
OJTHOPOJTHOTO aTOMHOTO O0JIaka KyOM4ecKoil Qpopmal.
OTO0 ympouaeT HccieloBaHHE AWHAMHUKU IMPOCTPaH-
CTBEHHOI'O paclpeesieHHsT BO30y>KICHHBIX aTOMOB
B aHcamb6iie. Kpome Toro, nmpm HaJM4uM pe3KHX Ipa-
HUI| aHcaMOJyi1 yIOOHO TPOBOJNTH CpPaBHEHHE YHC-
JICHHBIX PpE3yJbTaTOB C JaHHBIMU AU(py3HOHHOI
TEOPUH TIEPEHOCA H3ITyICHUSI.

Jnst MozienupoBaHysl CUTYallH C TUIIHYHBIMH JIJISI
9KCTIEPUMEHTOB Pa3peKEHHBIMH aTOMHBIMH aHCaMO-
JSIMM TJIOTHOCTH aTOMOB BO BCEX pacueTax BbIOepeM
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Puc. 5. /lunamuka ¢uryopecueHIny aTOMHBIX aHCcaMOJIe pa3IMYHOro pasMepa.

II10THOCT aTOMOB 7k >
0 — HepesonaHcHoe (0= 47)

=0.005, nmurensHOCTH Bo3OYxaenus yT = 50. a — pe3oHaHcHOE Bo30yxaeHue (6 = 0),
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paBHO# nk~ =0.005. UMmynbc BO3OYXKIEHHS CUMTA-
€M MpSMOYTONbHBIM ¢ AnutensHocThio Y1 = 50. Ero
MOJISIpU3anMs MpeojaraeTcsi sl ONpeaeIeHHOCTH
neBol 1UpKyJsipHOW. Ha xapakTep nuHAMUKH KOH-
KPETHBIH THUI MOJSAPU3AIMHA KAa4eCTBEHHOT'O BIIUSHHS
HE OKa3bIBaerT.

PesynpTaThl pacueToB CyMMapHOH HHTEHCUBHOCTH
(ryopecrieHIInyY, H3Iy4aeMOoi BO BCEX HAIPaBICHHIX,
BO BCEM CIEKTPaJIbHOM JAWaNa30He U BO BCEX MOJIAPH-
3allMOHHBIX KaHaJlaX MPUBEACHBI HAa PUC. 5 I aTOM-
HBIX aHcaMmOueil pasnuuHoro pasmepa. Pasmep 3ana-
eTcs JUIMHOM pedpa kyba L. Puc. 5, a, cooTBeTCTBYyeT
pe3oHaHcHOMY BO30ykaenuto o = 0, puc. 5, 6, — He-
pezonancHoMmy (0 = 4y). llomydeHHble KpuBBIE fe-
MOHCTPHUPYIOT PSA BaKHBIX (PU3MUYECKHX DPE3yJIbTa-
TOB. Bo-mepBrIxX, xapakTtep (ryopecleHIHH CYIIecT-
BEHHO 3aBHCHUT OT OTCTPOUKH BO30Y>KJAIOIIETO CBETA.
PaccMoTpuM 0coOeHHOCTH Uit ABYX 3THX CIydacB
10 OTAEIBHOCTH. Ha KpUBBIX pHC. 5, a, MOXKHO BBIJIE-
JUTh YETHIPE XapaKTEpHBIX 3Tana M3MEHeHus. B ca-
MOM Hauyasie, ocjie OKOHUYAHHUS UMITYJIbca BO30YXKIe-
HUS (3TOT MOMEHT COOTBETCTBYET ¢ = (), Ha BpeMeHax
t <7, Habmonaercs 3pdekr cynepusityuenus. Cko-

pocth pacraga 1'(f) Oonbpie ecTecTBEHHOW MIMPUHBI
BO30Y>KJICHHBIX aTOMHBIX COCTOSIHUM y. 3aTeM HacTy-
MaeT JTar IUICHeHUs u3ny4deHus. [lepeHoc u3nmydeHus
onuceiBaeTcs Au(pQY3HOHHBIM ypaBHeHHEM [47].
DTOT 3Tan MOXKHO Pa3JeNIUTh Ha JBE YACTH.

Bravane nuddysus u3NydeHHs ONHMCHIBACTCS
MHOIOMOJIOBOM AuMHaMukoil. Ha 3Tom 3Tane Bpems
IUIGHEHHSI BO3PACTaeT. 3aTeM HACTYNaeT PEeXUM Of-
HOMOJIOBO# Ju(¢y3un, KOTJa pacraji OMUCHIBACTCS
OJTHOAKCTIOHCHITUAIBHBIM 3aKOHOM C  XapaKTEPHBIM
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BpeMEHEM 7,. XOpOLIO BUAHBI IIPSIMOIMHENHbIE y4acT-
KM Ha puc. 5, a. Benmunna 7, W JUIMTEIBHOCTH DTOTO

JTara BO3pacTaeT ¢ yBEINYCHNEM Pa3MEPOB CUCTEMBI.

Ha 3akirountensHOM 3Tane HaOMIOAAETCs 3aMerT-
HOE BO3pacTaHue BpeMeHH TuieHeHus t(¢). [lpu 3aman-
HOHU TJIOTHOCTH, HE3aBUCHUMO OT pa3MepoB aHcaMOIIs,
BCE KPHBBIE BBIXOAAT Ha OJHY aCHUMITOTY, MpHUYEM
pa3iuyus B MTHOBEHHBIX CKOPOCTSIX pachajaa U MTHO-
BEHHBIX BPEMEHAX IUICHEHHUS TMPaKTUYECKU JIeXaT
B Tpejesax TOYHOCTH BBIYHCICHHWHA. B 310l oOmactu
BpEMEH 3aBHCHUMOCTb XapakTepa CyOH3JIydeHHs
OT pa3MepoB CHCTEMBI MPaKTHUECKH Hcue3aeT. Takoe
pe3Koe HM3MEHEHHE IIOBEINECHUS CHCTEMbl TOBOPUT
00 M3MEHEHHH OCHOBHOT'O MEXaHW3Ma, MPUBOJSIIETO
K 3aIepkKe (IyopecrieHnny. 3/1eCh MBI IMEEM JIEJI0
C M3IYYEHHEM KJacTEpOB, CIlydyailHO 0Opasylomuxcs
13 OJM3KO pacToIOKEHHBIX aTOMOB. B cimyuae paspe-
JKEHHOTO O0JIaka 3TO IPEHMYIIECTBEHHO KJIACTEPBI,
COCTOSIIIIME M3 JABYX aTOMOB. Y TaKMX JBYXaTOMHBIX
KBa3MMOJIEKYJ, ITUMEPOB, CPEeAH BO30YXKIEHHBIX CO-
CTOSHUN €CTh JOJITOXKUBYIIUE COCTOSHHUS, KOTOPHIE
XapaKTepu3yIoTCs OONBIIUMH BpEMEHAMH JKH3HH,
u "KIacCHYeCcKHil" mpolecc CyOu3IydeHus, MpelcKa-
3annbnii [luke. Ilpn HepesoHaHCHOM BO30YXACHUU
MOPSAZOK 3TaloB HMHOH. JTam JUMEpOB HAYMHAETCS
cpa3y MOcCie CBepXHU3IydeHHUss. ITO SICHO U3 TOTO, YTO
3aech Ha puc. 5, 0, HET 3aBUCHMOCTH OT Pa3MepoB
oOnaka. Dran aAuddy3un SIBISETCS 3aKITIOUNTEIIbHBIM,
NPUYEM OH IPOSIBIACTCS, €CIM XapaKTEpHOE BpeMs
7, TIPEBBIIIAET BPEMS KU3HU KIIACTEPHBIX COCTOS-
HUl, 2QPeKTHBHO BO30Y>KIaeMbIX MPH 33JaHHOI OT-

ctpoiike O (moxpobHee cm. [18]). [Jns paccmartpuBae-
MBIX CPAaBHUTEIFHO MaJIBIX aHCaMOJIeH 3TO He TakK.
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Puc. 6. CpaBHeHne mpecKa3aHuid CKAJSIPHOW M BEKTOPHOM MOJETEH I pe30HaHCHOTO (a) ¥ Hepe3oHaHCHOTO (0)

BO30yxneHMA. OnrTndeckas ToamuHa b = 5
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3aMeTHM, 9TO Pe3yJIbTaThl, IPUBEJCHHBIE HA pHC. 5,
MOJTyY€HBl C yUETOM IOJISIPU3AIMOHHBIX CBOMCTB CBE-
Ta W HaJINYMs 3€EMAHOBCKON CTPYKTYphI aTOMHBIX
coctosiHMH. OYeHb YacTO NMPH ONHCAHUH Pa3pekeH-
HBIX 00JIaKOB HCIIOJNIB3YIOT CKaIAPHOE NMPHOIMKEHUE,
B KOTOPOM 3TH OOCTOATENHCTBA UTHOPHUpPYIOTCA. UTO-
OBl OLICHUTh NPUMEHHMOCTH ATOTO IMPHOIMKEHUS,
OBLT TIPOBE/IEH KOHTPOJIBHBIN pacder. Ha puc. 6 mns
aTOMHOT0 00JaKa ¢ ONTHYECKOW TONIUHON 5 i pe-
30HAHCHOTO M HEPE30HAHCHOTO BO30YXXICHWI ITOKa-
3aHBI PE3yJIbTATHI IBYyX PacueToB.

Xopomo BHAHO, HACKOIBKO CKAISpHOE NpUOIH-
JKeHue sBisgeTcs rpyobiM. OHO IPUBOJUT K KOJIMYECT-
BEHHBIM OIIMOKaM Tpu onucanuu Iuh y3nOHHOTO
dTamna Ajisi pe30HAHCHOTO BO30YXKIEHHS M K KadecT-
BEHHO HEBEPHBIM NPEJCKa3aHUsAIM Ha 3Tale, Korjaa
TJIAaBHYIO POJIb UrpatoT guMepbl. OCOOEHHO SIPKO 3TO
NpPOSIBIISICTCS NIPU  HEPE30HAHCHOM  BO30Y>KACHHUH.
3/1ecks BMECTO IOCTOSHHOM CKOPOCTH pacliaja OHO
MPEJCKA3bIBACT CHJIBHOE YCKOPEHHE 3TOro pacmaja
C TEYCHHEM BPEMEHH.
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W3mepeHne IMHAMUKH MOJIHON HMHTEHCHBHOCTH
(iyopecueHIny SBISeTCsl AOCTATOYHO WHPOPMATHB-
HBIM, OIHAaKO BO3MOXXHOCTH IHAarHOCTHKH MOKHO
CYIIIECTBEHHO PACIIMPHUTh, €CJIM MPOBECTH JOTOJHHU-
TEJIbHBI aHAIU3 €€ CIEKTPabHOTO COCTaBa M IOJIs-
puzamuy. B gacTHOCTH, 3TOT aHAJIN3 MO3BOJSET yOe-
JTUTHCA B YIOMHUHABIIEMCS BbIIIE M3MEHEHUH MeXa-
HU3Ma TUTEHEHHs Ha PAa3HBIX dTalax IMOCIeCBEYCHNS.

Ha puc. 7 B KauecTBe WIIIOCTpallUU IOKa3aH
CHEKTp BTOPUYHOTO H3IYyYEHHUS I PasHBIX BpeMEH
1ocjae OKOHYaHHsI PE30HAHCHOTO MMITYJIbCa BO30YXK-
neHus. B maHHO# paboTe A OmpeneNieHus CIeKTpa
MBI HCHOJB3YyeM OKOHHOe mpeoOpazoBanue Dypne
[48] ¢ OKHOM TIPSAMOYTOIBHON (HDOPMBI M JITUTEIHHO-
ctbio yAt = 30. Ha puc. 8, a, moka3aHbsl CIIEKTPHI ABYX
OPTOTOHAJIBHBIX LUPKYJISAPHO-TIOJISIPU30BAHHBIX KOM-
MOHEHT W3JIY4CHUsI, PACCESIHHOTO Ha yrou 6 = /4, nis
Ccllyyasi, KOIrJla CepeinHe OKHA COOTBETCTBYET MOMEHT
BpemeHH p¢ = 20 mocie OKOHYaHUS BO30Y>KACHUS.
Ha sToMm »Tame Mbl HabmogaeM JIOPEHLEB KOHTYD
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Puc. 7. CriekTp U3I1y4eHusi, pacCeTHHOTO aTOMHBIM 00JIakOM Ha yrout & = m/4, 1J1sl pa3HbIX MOMEHTOB BPEMEHH

yt =20 (a), 110 (6).
Pacuer npoBeznen juist ancam6is kL =40 (N =320)
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HMHTEeHCHBHOCTD PasHBIX
MOIAPH3ALHOHHBIX KOMITOHEHT
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Puc. 8. /lunamrika n3MeHEHHUsT MHTCHCUBHOCTH JIByX OPTOTOHAJIBHBIX IUPKYJISIPHO-TIOJSIPU30BAHHBIX KOMITOHEHT (a)
U CTENeHH HUPKYJSIPHOH nossipu3anuy (0) nzinydeHus Ha yrou n/4
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Puc. 9. IlpoctpancTBeHHOE pacmpeaeneHue (BIOJb
ocu Z) Bo30YXIEHHBIX aTOMOB B obOinake kL = 40 nus
pa3HbIX MOMEHTOB BPEMECHH.

a—ypt=20,06—ypt=110

HAVYYHOE [NIPUBOPOCTPOEHME, 2023, Tom 33, Ne 3

Ha JacToTe Bo3OyxaeHus. [lpu nepexoze k 3tamy nu-
MepoB yt = 110 cHeKkTp CYLIECTBEHHO H3MEHSETCS.
3nech (ITyOpeCIeHITHS XapaKTEepPU3yeTCsl CIOKHOM
(bopmoii criekTpa, UMEIOLIEH MIUPOKUE KPBUIbSI.

2.3.2. lonsipu3aMOHHBbIE CBOICTBA U3JIy4YeHUS
H NMPOCTPAHCTBEHHOE paclpeiesieHue
BO30Y K/IEHHs] AaTOMHOT0 aHCaAMOJIs1

[lneHeHue U IByXaTOMHOE CYOHM3JIyUCHUE B IKCIIC-
PUMEHTE MOXKHO Pa3lIM4UTh HE TOJBKO 1O XapakKTep-
HbIM BpEMCHAM 3aTyXaHus WM 10 CHCKTPaJIbHOMY
cocTtaBy. OTH J[Ba MEXaHHW3Ma pa3IMYaIOTCS TaKKe
MOJIAPU3AIIMOHHBIMU CBOMCTBAMH BTOPHYHOTO HU3IY-
yeHusl. MHOTOKpAaTHOE paccestHhe B YCIOBHAX AM(]-
()y3MOHHOTO TUICHEHHS BBI3BIBACT JCTIOJSPU3AINIO,
YTO XOPOIIO BHIHO Ha puc. 8. HTEHCHBHOCTH IBYX
OpPTOTOHAJBHBIX TOJSPHU3AMHOHHBIX KOMIIOHEHT OJIH-
HAaKOBBI, T.€. CBET He mnossipusoBad. IIpu paccesHuun
Ha JWMepax CBET OCTAeTCs YaCTUYHO MOJISPH30BaH-
HBIM, YTO XOPOIIO BHUJHO JUIsi MHTEPBAJIOB BpPEMEH
yt>175.

Eme ogHuM crmoco0oOM yTOYHEHHSI CBOWCTB aTOM-
HOTO aHCaMOJIsi MOXET CIYXKUTh aHaJIu3 HMPOCTPAHCT-
BEHHOTO pacrpeieleHns BO30YKIACHUS B HEM.

Ha puc. 9 nmannoe pacnpenenenue mo ocu Z moka-
3aHO ans obmaka ¢ kL = 40 (N = 320) ans AByX Mo-
MEHTOB BPEMEHHU IOCJEC OKOHUAHUS MMITYJIbCa PE30-
HAHCHOTO BO30YXIeHUs1. BUIHO, 9TO IS BpEeMEH, IS
KOTOPBIX HaONIOJaeTcss MeJICHHass 3aBUCHUMOCTh
MTHOBEHHOT'O BpEMEHH IuieHeHus 7(f) (puc. 9, a), mpo-
CTPaHCTBEHHOE paclpeielicHHe BO30YKIECHHBIX aTo-
MOB, KOTOPOE€ COBIIQ/IaeT C pacHpeAeiCHUEM IUICHEH-
HOTO M3ITyYeHHs], C XOPOIIeld TOYHOCTBIO OIMCHIBAET-
Cs 3aKOHOM CHHyca. Takas 3aBUCUMOCTh XapakTepHa
st 1udGy3nOHHOTO TIepeHoca W 00ECIIeYnBaeT I10-
CTOSIHHYIO CKOPOCTh 3aTyXaHHS U3ITyUCHUSI.

Jns mHTEpBaNoB BpeMeHH, korma auddysus 3a-
KOHYMJIACh, PACIpelieicHne BO30YKIEHUS CTAaHOBHT-
Csl TPAKTUYECKH PABHOMEPHBIM, YTO CBS3aHO C OJIU-
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HaKOBOM BEpOATHOCTHIO 00pa30BaHUs AUMEPOB B pas-
HBIX OOJIACTSX aHCaMOllsl MPH PaBHOMEPHOM B Cpell-
HEM paclpeiencHud atoMoB. DIIyKTyaluu, KOTOpbIe
XOPOILO BHIHEI Ha puUC. 9, 0, CBSI3aHbI C YCpPEAHEHUEM
M0 KOHEYHOMY WYHCIy PACCMOTPEHHBIX CITy9alHBIX
MPOCTPAHCTBEHHBIX KOHPUTYpauuii ancamOIs.

3AK/JIIOYEHHUE

B 0030pe mpencraBneH aHaIM3 HEKOTOPBIX BaX-
HBIX MHCTPYMEHTAJIBHBIX OCOOEHHOCTEH NpOLECcCOB
mpeoOpa3oBaHUA W PErHCTPaldi  aHATUTHYECKHX
CUTHAJIOB NP BHINOJHEHUU TUHAMUYECKOIO IMOJISIpHU-
3alMOHHO-ONTUYECKOro aHanu3a. HaiineHsl onrtu-
MajbHbIE JUIsI JAHHBIX SKCIEPUMEHTOB YCJIOBHS Jie-
TEKTHPOBAHUSI CINA0BIX TOIAPU3ALUOHHBIX OTKIHKOB.
Brutag HewmH()OpPMATHBHBIX MOAYISIIMOHHBIX KOMIIO-
HEHT B pe3yJbTaThl U3MEPECHUH ObUI YMCHBIICH MpPHU
aToM He MeHee ueM B 100 pas.

PaccMoTpeH BBIMOTHEHHBIH COIIACHO PAa3BUTHIM
alNropuT™MaM  MOCJEAO0BATENIbHBIA  CTAaTUCTUYECKUI
aHaJIU3 MOJISPU3ALUOHHBIX MArHUTOONTHYECKHX OT-
KITUKOB (JIBYJTydenpesoMJIEHHs]) MarHWTHBIX HaHO-
JKUJKOCTEH B IIUPOKOM, COCTABIIAIOIIEM TPHU MOPAJIKA,
JIMAMAa30HE KOHUEHTpauuil. JlaHHBI aHalld3 KoJIu4e-
CTBEHHO TOATBEPIMII aaeKBAaTHOCTh HCIOIB3yEMbIX
MOJETBHBIX NPEACTABICHUM U CIEAYIOIUX W3 HUX
AHATUTHYCCKUX (DYHKITUH, OIMCHIBAIONINX OpPHUEHTA-
LUOHHYIO YNOPSA0YEHHOCTh MarHUTHBIX HAHOYACTHI]
BO BHEIITHEM MarHUTHOM IIOJIE.

OOHapyXeHHbIE B TMPOIECCE CTATHCTUYECKOTO
aHajM3a BapHalWM OMMOOK MPOTHO3a 3HAYCHHUH Ta-
pamMeTpoB IMAarHOCTHUKM yKa3bIBAalOT HA HECITydalHBbIC
0COOCHHOCTH TMOJIIPU3AIMOHHBIX OTKJIMKOB M CBS3aH-
HBIX C HUMH TapaMeTpoB (CBOWCTB) HCCIEIYEMBIX
MAarHUTHBIX HaHOXKHUAKOCTEH. TeM cambIM 3aJI0)KEHBI
OCHOBBI JTMAaTHOCTHKH TOJIIPU3AIIMOHHBIX OTKJIMKOB
MarHUTHBIX HAHOCUCTEM.

HccnenoBanuss MarHUTOONTHYECKUX XapaKTepH-
CTUK HEPE30HAHCHBIX HAHOCHUCTEM JIOIIOJIHEHBI TEOpe-
TUYECKUM aHAIM30M PE30HAHCHBIX OTKJIMKOB aHCaMO-
neit aroMoB. IIpoaHanu3upoBaH XapakTep UMITYJIbCHOTO
paccesiHis KOTEPEHTHOTO CBETa aTOMHBIMU aHCaMO-
JSIMH, OXJIQXKJCHHBIMU 0 CYOIOIUIEPOBCKHX TeMIIe-
patyp. Ilokazano, uro B mpolecce MNOCIECBEYEHUs
MoJIsipU3anys M CHEKTPAIbHBIH COCTAaB BTOPUYHOTO
W3IyYeHHsI TaKUX aHcamOiel mpeTeprieBaroT KadecT-
BEHHBIE M3MEHEHMs. JOTO MOXKET CIYyXXHTb OCHOBOH
HOBBIX DKCIEPUMEHTAIBHBIX M TEOPCTHUECKHUX IMOI-
XOIOB K HCCIICIOBAHUSIM PA3IUYHBIX PE30HAHCHBIX
aHcaMOJiell TOUYEUHBIX pacCeuBaTeleH.

Takum 00pa3oM, pa3BHBaeMble TEOPETUUECCKUE
Y BBICOKOYYBCTBUTEJIbHBIC JIA3€PHBIE METO/ABI KOJIHYe-
CTBEHHOIO MOJSPU3ALUOHHO-ONTHYECKOTO aHAaIM3a
Y BBIIOJHCHHBIM CTAaTUCTUYECKUN aHAIU3 IOTy4YeH-
HBIX JaHHBIX (HOPMHUPYIOT 0aznc MPEenn3NOHHON Mo-
JISIPU3AIMOHHO-ONITUYECKON HAHOUArHOCTHKH (KOJH-
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Onucannble B 0030pe METOABI MPEIU3NOHHON T0-
JIAPU3AUOHHO-ONTUYECKON HAHOJMATHOCTUKUA MOTYT
OBITH HCIIOJNIB30BAHBI [UIT HCCIIENOBAHHUNA W IHArHO-
CTHKH OOBEKTOB M CHUCTEM CaMOW Pa3HOW TPUPOIBI
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DYNAMIC POLARIZATION-OPTICAL ANALYSIS OF ORDERED
FUNCTIONAL MATERIALS AND NANOSYSTEMS (overview)
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The instrumental features of transformation and registration of analytical signals in dynamic polarizing opti-
cal analysis are considered. The optimal experimental conditions are determined for studying the dynamics of
weak polarization responses. A consistent statistical analysis of the polarization magneto-optical responses of
magnetic nanofluids in a wide concentration range of three orders of magnitude is described. A quantitative
grounding has been obtained for the adequacy of the physical models used and the analytical functions follow-
ing from them, which describe the orientational ordering of magnetic nanoparticles in an external magnetic
field. The detected variations in the prediction errors of diagnostic parameters indicate non-random features of
the dynamics of polarization responses and related parameters (properties) of the studied magnetic nanofluids.

Studies of non-resonant nanosystems are supplemented by a theoretical analysis of the dynamics of pulsed
scattering of coherent light by atomic ensembles cooled to sub-Doppler temperatures. It is shown that the pola-
rization and spectral composition of the secondary radiation of such ensembles undergo qualitative changes dur-
ing the afterglow process. This opens up the prospect of developing new experimental and theoretical approach-

es to the study of various resonant ensembles of point scatterers.

Described in this review theoretical and highly sensitive laser methods of quantitative polarizing optical
analysis and the performed statistical analysis of the obtained data form the basis for high-precision polarizing
optical nanodiagnostics (quantitative characterization) of ordered functional materials and nanosystems.

The developed methods of polarization nanodiagnostics can be used to study materials, objects, and systems
of different nature and composition, for example, metamaterials, biological fluids and tissues, etc.

Keywords: laser, polarization-optical analysis, statistical analysis of experimental data, analytical approximation, magnetic
nanofluids, optoelectronics, magneto-optics, laser polarization-optical nanodiagnostics

INTRODUCTION

One of the most informative methods for studying
functional optical and magnetic materials, elements,
and systems is laser polarizing optical probing [1-7].
The high threshold sensitivity of such probing, which
is limited only by the natural noise of probing laser
radiation, makes it possible to register various and
rather subtle effects [8§—13] in the objects under study.
Because of this, the development of the basic prin-
ciples of dynamic polarizing optical analysis of or-
dered functional materials and nanosystems seems
very relevant.

The review considers some features of laser pola-
rizing optical analysis of the dynamics of weak polari-
zation responses. The analysis of the instrumental im-
plementation is accompanied by a description of the
algorithms intended for processing experimental data.
The theoretical (physical) models used in the algo-
rithms and their corresponding analytical functions are
described.

Studies of the magneto-optical characteristics of
nonresonant objects are supplemented by an analysis

of the resonant responses of cold atomic ensembles.
The nonstationary (dynamic) interaction of cold atoms
with an electromagnetic field is considered. The fun-
damentals of the theoretical analysis of fluorescence
dynamics are presented, including the study of the
polarization characteristics and the spectral composi-
tion of the radiation of the studied atomic ensembles.

1. INSTRUMENTAL PRINCIPLES
OF DYNAMIC ANALYSIS.
APPROXIMATION OF DATA
ON MAGNETO-OPTICAL RESPONSE
OF MAGNETIC NANOFLUIDS BY
AN ANALYTICAL FUNCTION

1.1. Features of instrumental non-stationary
polarizing optical analysis

The instrumental principles of dynamic polarizing
optical analysis have some peculiarities. One of them
is the need to detect weak analytical signals (polariza-
tion responses) determined by the dynamics of the
processes under study. Our studies show the advan-
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tages of using phase modulation in this case, which
makes it possible to effectively extract the signals re-
sponsible for the polarization characteristics of the
studied objects of different nature [8, 10, 11, 13-16].

To register weak polarization responses, it is ne-
cessary to maintain an optimal modulation level that
provides the maximum signal value in the optoelec-
tronic path. The optimal modulation amplitude cor-
responds to the maximum of the Bessel function,
which corresponds to the frequency of the detected
informative signal v, (see Fig. 1). In this case, the am-
plitudes of neighboring frequency components v, and
v; become equal in the photocurrent spectrum, as can
be seen in Fig. 1. This circumstance was taken as the
basis for the method for controlling the amplitude of
phase modulation of probing laser radiation.

Fig. 1. Equality of the amplitudes of the frequency
components vy and v3

In subsequent studies, it turned out that the pres-
ence of neighboring frequency components in the
photocurrent spectrum makes it possible to control the
amplitude of phase modulation, although it signifi-
cantly complicates the detection of useful signals, the
magnitude of which in a number of especially interest-
ing cases can be significantly (by several orders of
magnitude) less. To reduce the influence of non-
informative neighboring frequency components, their
suppression in the electronic path was carried out. The
effective frequency selection used for this purpose
made it possible to reduce the level of non-
informative components by more than 100 times,
without significant distortion of the useful signal.
Fig. 2 shows the signal spectrum after filtering. In the
middle part of the spectrum, the signal of the polariza-
tion response of the object under study is clearly visi-
ble, on both sides of which the non-informative com-
ponents weakened during the selection process are
visible. Note that in the photocurrent spectrum in
Fig. 1, weak analytical signals (responses) are practi-
cally invisible against the background of non-
informative components.

Fig. 2. Suppression of non-informative analytical sig-
nals at frequencies v; and v3

The practical implementation of the considered
features of the instrumental principles opens up the
possibility of observing the dynamics of weak polari-
zation responses of various objects and systems, for
example, magnetically ordered crystals, dense cold
atomic ensembles, etc. [10—13, 17, 18].

. A. ©O®AHOB, . M.COKOJIOB, B. B. MAHOMJIOB, A. C. KYPAIILIEB

1.2. Analytical function approximation
of magneto-optical responses of magnetic
nanofluids

1.2.1. Statement of the problem of approximation
of magneto-optical responses by an analytical
function

Further development of laser polarizing optical
analysis of functional materials and systems with rela-
tively weak magnetic properties is currently of consi-
derable interest. Such objects include, for example,
magnetic nanofluids, which are widely used in scien-
tific research, technology, and medicine [19-25].

Approximation of a significant amount of experi-
mental data on the magneto-optical responses (bire-
fringence) of magnetic nanofluids (NF) by an analyti-
cal function in a wide range of concentrations of the
studied magnetic nanofluids was first described in
[26]. In this case, the instrumental features and impor-
tant details of the experiments were taken into ac-
count, and all the necessary mathematical procedures
were performed quite carefully [17, 26]. The main
initial prerequisites for accurate and reliable approxi-
mation of experimental data using the analytical func-
tion were the following circumstances:

— the analysis of polarization responses was carried
out for the nanosystem "liquid matrix — magnetic par-
ticles" of the same composition;

— all magneto-optical parameters of magnetic na-
noparticles in the system under study did not change,
and only their volume concentration changed in the
transition from experiment to experiment;

— as an approximating function, an analytical de-
pendence was used, based on the concepts of the
orientational ordering of magnetic particles in a mag-
netic field [27, 28].

Following the initial assumptions, the following
analytical dependence was used to construct the ap-
proximating function (see also [27, 28]):

p=aF(p). (1)

In formula (1), ¢ is the polarization response; the
coefficient o is determined by the parameters of the
magnetic nanoparticles. This coefficient is proportion-
al to the volume concentration of nanoparticles and
does not depend on the value of the magnetic field.
According to [28], the dependence F(p) in formula (1)
is a function of the magnetic field and does not de-
pend on concentration:

F(p)=1-coth(p) + ., ®)
P P
_uH
p_ kT B (3)
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where u is the magnetic moment of the particles, H is
the strength of the external transverse magnetic field,
k is the Boltzmann constant, 7 is the temperature.

To perform the approximation by the analytical
function, formulas (1)—(3) are used, and the approx-
imating function ¢ (a, f, x) is written in the follow-
ing form

o™ (a, B,x) = aF(Bx), “4)

where a and f are variable dimensionless parameters,
and x is an auxiliary independent variable. In this
case, the values of the parameter p, defined by the
following formula, also vary:

p=px )

1.2.2. Analytical approximation of experimental
data on magneto-optical responses

An analytical approximation of the experimental
data described by formula (1) was performed on the
basis of algorithms for estimating the parameters of
nonlinear functions. Such algorithms are described in
[29-33]. The final stage of finding the parameters of
non-linear functions involves solving a system of non-
linear equations. This solution can be found using the
methods described, for example, in [34, 35].

Following [26], we denote the experimental data as
Vi, where i is the measurement number within one scan
of the magnetic field. Instead of a continuous variable
x, we introduce a discrete variable x;. The correspond-
ing discrete values x; of the independent variable x are
determined by the following relationship:

x, =iy i=1...,n, (6)

where 7 is the number of y; values (number of points).
From the experimental data ); and the number of
points n, the parameters o and § can be found, which
are necessary for constructing the approximating func-
tion (4).

To construct an approximating function, the least
squares method (LSM) is used, according to which the
sum of the squared deviations S(a, f) of the experi-
mental data from the approximating function should
tend to a minimum:
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S(a. )=y [y, —¢™ (x.a.B)] — min, (7)
i=l1

where the parameters a and ﬂ must be such as to en-

sure the minimum S(a, £) = Suin-

It was shown in [26] that two iterative algorithms
are used to determine a,,;, and S, satisfying condi-
tion (7). In the first algorithm, the search for the min-
imum of S(a, f) was carried out by varying the para-
meters a and S at each iteration step, at which the val-
ue of S(a, p) was calculated. For the first step of the
iterative process, the approximate values of the para-
meters o and S were used and denoted o and fo.. The
algorithm for obtaining the parameters oy and f. is
described in detail in [26].

In order to find oy, and S, satisfying condition
(7) using the second iterative algorithm, a system of
two equations was compiled that includes partial de-
rivatives S(a, ) with respect to o and . Then this sys-
tem of equations was solved by a numerical optimiza-
tion method.

1.2.3. Compilation and solution to the system
of equations for determining the minimizing values
of parameters « and §

To construct the a system of equations necessary to
obtain the parameters a and f that minimize the sum
of the squared deviations of the experimental data
from the approximating function, we equate the partial
derivatives S(a, f) to zero with respect to o and p.
Taking (4) into account, we get:

aS(Otﬂ)_ 22 ~aF(Bx)IF(Bx)=0,  (8)
aB(a.p) _
B
=23y~ F(px, )][—a %;’ﬂ =0. ©

Taking into account (2), (5), (7), we obtain a sys-
tem of two transcendental equations for a and S:

3
_zy‘(l_ (Bx >°°th(ﬁx)+(ﬁx,.>2]

3 2
1—
2 #e7)

i=1

2

coth(B x,)+

3
(B x)
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The resulting system of equations was solved by
a numerical optimization method with an objective
function corresponding to minimizing the sum of
squared deviations of the approximating curve from
the experimental data. The values oy and S, obtained
above [26] were used as initial conditions. As a result
of solving equations (10) and (11) the following val-
ues were obtained: o, = 4.28 and S, = 0.054 for the
experiment with a concentration of magnetic nanopar-
ticles equal to 1%. The sum of squared deviations ob-
tained for these values S(a, f) = 2.7x10™.

In Fig. 3 dots show the normalized experimental
data for a 1% volume concentration of magnetic par-
ticles [17], as well as the approximating function ¢
(solid line) constructed using formulas (4), (5)and the
values oy, = 4.28 and S, = 0.054 obtained from so-
lution to system (10), (11). One can see a good
agreement between the results of the analytical ap-
proximation and the experimental data.

Fig. 3. Approximation of the polarization responses v;
of the analytical curve ¢™".
Points — experiment, line — approximating function

To quantify the accuracy of the performed analyti-
cal approximation, we calculated the deviations J; of
the experimental data y; from the approximating func-
tion @™ (X, tmin, Pmin):

8, =Y, =0 (X, 0y s Broin)» (12)
where the value of the independent variable x; at point
i is set by formula (6). The magnitude of these devia-
tions is small and does not exceed 0.25% of the max-
imum signal. Similar results were also obtained for
other concentrations of magnetic particles.

Tab. 1 shows the relative values 05y, of the sum of
squared deviations for experiments with various con-
centrations of magnetic nanoparticles and for the val-
ues of oy, and S, obtained for these experiments.
The Syin values were determined as the ratio of Sy, to
the maximum signal value for a given concentration.
It can be seen that the relative values of the sum of

squared deviations of the experimental data from the
approximating curve are almost the same for concen-
trations from 1 to 0.003%. Only for the smallest con-
centration of 0.001%, this value is slightly larger. This
shows that the described technique for estimating the
parameters of the approximating curve can be em-
ployed for magnetic nanofluids with various concen-
trations. The values of 0SS, are small, which also in-
dicates the reliability of the measurements.

Tab. 1. Results of calculating the sums of squared
deviations from the approximating function for expe-
riments with various concentrations of magnetic na-
nofluid

1.2.4. Application of the parameters

of the analytical approximating function

to the quantitative characterization of magnetic
nanofluids

In the previous section, we described methods for
obtaining the values of the dimensionless parameters
of an analytical function approximating the experi-
mental data on the magneto-optical responses of mag-
netic nanofluids. These parameters have been desig-
nated o and f. In this section, we will show that the
evolvable methods of highly sensitive polarizing opti-
cal analysis and obtaining the values of the dimen-
sionless parameters o and S using the described pro-
cedures build the basis for the diagnostics of the stu-
died magnetic nanofluids, since these parameters
quantitatively characterize the studied magnetic na-
nofluids [27, 28, 36].

Indeed, using formulas (1), (4), (5), and the para-
meters a and S, one can evaluate the quantitative cha-
racteristics of the studied magnetic nanofluids [36].
Such a quantitative assessment is proposed to be
called polarization-optical diagnostics of magnetic
nanofluids. To check the possibility of performing
such diagnostics, a number of computational experi-
ments were carried out.

In these experiments, arrays of experimental data
were used for magnetic nanofluids with a known and
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constant composition, but with a variable concentra-
tion of magnetic nanoparticles [17].

Let us introduce the following notation for the di-
agnosed parameters:

ﬂdiagn = ,Bmin- (1 3)

In formula (13), the diagnosed parameters Ggiagn
and Biagn are the parameters of the analytical approx-
imating function, and are obtained by processing the
experimental data according to the method discussed
above.

As can be seen from formulas (1)—(4) and explana-
tions to them, the variable parameter o is proportional
to the volume concentration of nanoparticles, and the
parameter S does not depend on the concentration (see
also [11]). Using knowledge of the concentrations of
magnetic nanofluids and the values of the magnetic
field strength, it is possible to make an a priori esti-
mate of the parameters o and . We will call such an
a priori estimate a forecast, and the corresponding
values of the parameters a and f will be denoted by
oy and p,,.. Predicted oy, values for experiments with
liquids with various concentrations of magnetic nano-
particles are presented in Tab. 2. In the same table,
you can see the obtained values of agiagn, as well as the
relative errors of agi,gn forecast:

Odiagn = Omin,

5apr = (adiagn - apr) / Olpr- (14)

Since the value of the parameter f does not change
with a change in concentration, then, in accordance
with formulas (1)—(4), the parameter S, for all expe-
riments with various concentrations is a constant val-
ue equal to 0.054. The diagnosed parameter Paiagn 1S
determined by the method described above and pre-
sented in Tab. 2. Relative errors of predicted data Jfpr
are calculated by the formula:

OPor = (Baiagn— Bpr) / Por- (15)

The calculated values of Jf,, are also presented in
Tab. 2.

Tab. 2. Results of evaluating the quantitative charac-
teristics of the studied magnetic nanofluids

From the data presented in Tab. 2, it is clearly seen
that the parameter agi,gn increases with increase in
concentration, while the values of f4i,gn practically do
not change. Thus, the conclusion about the similarity
of the polarization responses of magnetic nanofluids
stated in [37] gets quantitative confirmation here. The
data in Tab. 2 also indicate the correct choice of the
physical model and the analytical function describing
this model, used here to approximate the studied mag-
neto-optical responses.
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It should also be noted that there are some differ-
ences in the relative errors day,, and Jf, for experi-
ments with various concentrations. Of particular im-
portance is the consistent increase in forecast errors
obtained for some concentrations, both in terms of the
parameter o and the parameter f. The largest predic-
tion errors were for experiments 2 and 5. For expe-
riment 2 — day, = 8.9%, Py = 5.5%; for experiment 5
— 0y = 6.8%, Ify = 6.9%.. Whereas for experiment
3, the indicated forecast errors are much smaller: day,
= =0.5%, Jfy < 0.05%. The identified variations in
forecast errors may indicate non-random features in-
herent in the studied magnetic nanofluids.

The most probable reasons for non-random fea-
tures can be indicated by small differences in the pa-
rameters of the initial samples of different series, from
which the samples for experiments were prepared. In
this case, the detection of prediction errors reveals the
possibility of using the developed methods for diag-
nosing small variations in the polarization-optical cha-
racteristics of magnetic nanofluids. The developed
approaches and methods can also be used to perform
highly sensitive studies and diagnostics of many other
objects and systems (see, for example, [8, 10-13, 38,
39]). In particular, the analysis of the dynamics of the
response to optical excitation can be used to study the
properties of atomic ensembles cooled to low temper-
atures in special traps. The second part of this review
is devoted to a theoretical analysis of the possibilities
of using such techniques.

2. DYNAMICS OF FLUORESCENCE OF COLD
AND RAREFIED ATOMIC ENSEMBLES
AFTER PULSED EXCITATION

2.1. Formulation of the problem

Atomic ensembles cooled to sub-Doppler tempera-
tures in special traps are very promising objects for
a wide range of practical applications in quantum me-
trology, frequency standardization, quantum informa-
tion applications, etc. [40—42].

Almost all the proposed schemes for the use of
cold atomic ensembles and most of the methods for
diagnosing their state are based on their interaction
with electromagnetic radiation. One of the most effec-
tive and frequently used methods for studying the
properties of cold atomic ensembles is the study of
fluorescence dynamics after pulsed excitation.

In this section, we will analyze theoretically the
features of such dynamics, which are extremely im-
portant for an adequate interpretation of the corres-
ponding experiments.

A typical scheme for observing the fluorescence
of an atomic ensemble after its pulsed excitation is
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shown in Fig. 4, a. A pulse of monochromatic radia-
tion with duration T is scattered by the atomic ensem-
ble under study.

Fig. 4. Typical layout for observing the fluorescence
of an atomic ensemble after its pulsed excitation

The main observable that is traditionally analyzed
in both theoretical and experimental studies of after-
glow is the time dependence of the total intensity of
light scattered in a given direction 6.. In theory, the
total intensity is often calculated as a full spherical
angle. A typical form of such a dependence is shown
in Fig. 4, 6. Quantitatively, the dynamics of fluores-
cence is the value of the instantaneous radiation veloc-
ity T'(¢)=dIn(/(¢))/ d¢ or its reciprocal — the instan-
taneous capture time 7(¢) =1/T(¢).

2.2. Fundamentals of the theoretical description
of fluorescence dynamics

We will describe the dynamics of the states of
atoms using the model of coupled dipoles, traditional
for this class of problems. This model was first pro-
posed by Foldy [43] and then discussed in detail by
Lax [44]. We consider an ensemble consisting of N
identical atoms with the ground state having the angu-
lar momentum J, = 0 and the excited state J, = 1. The
lifetime of all three Zeeman sublevels (m=-1, 0, 1) is
the same and equal. Atoms are assumed to be immo-
bile, and their shift due to the low temperature of the
ensemble, is taken into account by averaging the cal-
culated values over the random spatial arrangement of
atoms.

We used a variant of the coupled oscillator model
formulated in the framework of the consistent quan-
tum approach developed in [45]. We note the main
features of this approach. First, we solve the non-
stationary Schrdédinger equation for the wave func-
tiony , which describes the state of the combined sys-
tem of atoms and electromagnetic radiation, including
the vacuum reservoir. We seek the wave function in
the form of an expansion of the Hamiltonian of nonin-
teracting atoms and light in terms of eigenfunctions.
Taking into account the typical weakness of the exci-
tation, in this expansion we leave the states containing
no more than one photon. As a result, for the ampli-
tudes b, of the excited states of the
atomy, =| g,...e,...g >, we obtain the following sys-

tem of equations:

ob . y .
€ — 15 - = b — 1_6
ot ( 2] ¢ z

e'te

(16)
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Here the index shows the Zeeman sublevel and
the number of atoms excited in the state. The first
term on the right side of equation (16) is responsible
for the free evolution of atoms. The second term de-
scribes the effect of externally excited radiation. The
Rabi frequency of this field is equal to €, at the loca-
tion of the atom e, the detuning is .

The last term in equation (16) takes into account
the dipole-dipole interaction of atoms with each other.
The matrix ¥V, included in this term has the follow-

ing form:

'kr,

= __nggd:’e

7/;” 1]

(l—ik;;.j _(k”zj)z)_
P33k, — (k) )} (17)

Here we have assumed that the i and j atoms are

excited, respectively, in the e and e’ states; deg is the

matrix element of the dipole moment operator for the

g—e I;=r-r; rij:‘ri—rj‘, and

v /4

”u

transition

k=wm,/c is the wave number corresponding to the
frequency of this transition; ¢ is the speed of light in
vacuum. Indexes ¢ or v denote projections on the axis
of the selected coordinate system. System (16) for
amplitudes b,(¢) is solved numerically for various

random spatial configurations of immobile atoms.
Based on the calculated values b,(¢), we can de-

termine the amplitudes of all other states that set the
wave function y of the combined atom—field system
(see [45] for details) and, consequently, the properties
of both the atomic ensemble and the scattered light.
So, the intensity of the polarization component of
light o, emitted by a cloud in a unit solid angle around
an arbitrary direction given by the wave vector k (Q =
=6, ¢) can be defined as follows [46]:

k2 zua ge e

L)n

2

[a(Q t = exp(—lk r) . (18)

Here, u, is the unit polarization vector of the sec-
ondary emission.

2.3. Results of fluorescence dynamics calculations

2.3.1. Total intensity of fluorescence

The calculation of the fluorescence dynamics
based on (16)—(18) can be carried out for an arbitrary
shape and spatial distribution of atoms. We consider
the simplest case of a homogeneous cubic atomic
cloud. This simplifies the study of the dynamics of the
spatial distribution of excited atoms in the ensemble.
In addition, in the case of sharp boundaries in the en-
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semble, it is convenient to compare the numerical re-
sults with the data of the diffusion theory of radiative
transfer.

To simulate the rarefied atomic ensembles typical
for experiments, we take the density of atoms n to’ be
equal nk~ =0.005 in all calculations. The excitation
momentum is assumed to be rectangular with a dura-
tion y7 = 50. For definiteness, its polarization is as-
sumed to be left circular. The specific type of polari-
zation does not have a qualitative effect on the nature
of the dynamics.

The results of calculations of the total intensity of
fluorescence emitted in all directions, in the entire
spectral range, and in all polarization channels, are
shown for atomic ensembles of various sizes in Fig. 5.
The size is set by the length of the cube edge L.
Fig. 5, a corresponds to resonant excitation 6 = 0,
Fig. 5, 6 — non-resonant (6 = 4y). The obtained
curves demonstrate a number of important physical
results. First, the character of fluorescence essentially
depends on the detuning of the exciting light. Consid-
er the features in these two cases separately. On the
curves in Fig. 5, a four characteristic stages of change
can be distinguished. At the very beginning, after the
end of the excitation pulse (this moment corresponds
to ¢ = 0), the effect of superradiance is observed when
t<t,. The decay rate I'(f) is greater than the natural

width of excited atomic states y. Then comes the stage
of radiation capture. Radiation transfer is described by
the diffusion equation [47]. This stage can be divided
into two parts.

Fig. 5. Fluorescence dynamics of atomic ensembles of
various sizes.

The density of atoms is nk™ = 0.005, the duration of
excitation y7 = 50. a — resonant excitation (6 = 0),
6 — non-resonant (6= 4y)

Initially, radiation diffusion is described by multi-
mode dynamics. At this stage, the capture time in-
creases. Then the mode of single-mode diffusion sets
in, when the decay is described by a single-
exponential law with a characteristic time 7, . Straight

lines are clearly visible in Fig. 5, a. The magnitude 7,

and duration of this stage increase with the size of the
system.

At the final stage, a noticeable increase in the trap-
ping time (). is observed. At a given density, regard-
less of the size of the ensemble, all the curves go to
the same asymptote, and the variation in the instanta-
neous decay rates and instantaneous capture time is
within the accuracy of the calculations. In this time
region, the dependence of the nature of subradiation
on the size of the system practically disappears. Such
a sharp change in the behavior of the system indicates
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a change in the main mechanism leading to a delay in
fluorescence. Here we deal with the emission of clus-
ters randomly formed from closely spaced atoms. In
the case of a rarefied cloud, these are predominantly
clusters consisting of two atoms. Such diatomic qua-
simolecules, dimers, among the excited states, have
long-lived states and the "classical" subradiation
process predicted by Dicke. For non-resonant excita-
tion, the order of stages is different. The dimer stage
begins immediately after superradiance. This is clear
from what is shown in Fig. 5, 0, there is no depen-
dence on the size of the cloud. The diffusion stage is
the final one, and it manifests itself if the characteris-
tic time 7, exceeds the lifetime of cluster states effec-

tively excited at a given detuning ¢ (for details, see
[18]). For the relatively small ensembles under con-
sideration, this is not the case.

Note that the results shown in Fig. 5 were obtained
taking into account the polarization properties of light
and the presence of the Zeeman structure of atomic
states. Very often, when describing rarefied clouds,
a scalar approximation is used in which these circums-
tances are ignored. To evaluate the applicability of
this approximation, a control calculation was carried
out. Fig. 6 shows the results of two calculations for an
atomic cloud with an optical thickness of five for re-
sonant and nonresonant excitations.

Fig. 6. Comparison of predicted scalar and vector
models for resonant (a) and non-resonant (0) excita-
tions. Optical thickness b =5

It is clearly seen how rough the scalar approxima-
tion is. It leads to quantitative errors in the description
of the diffusion stage for resonant excitation and to
qualitatively incorrect predictions at the stage when
dimers play the main role. This is especially pro-
nounced with nonresonant excitation. Here, instead of
a constant decay rate, it predicts a strong acceleration
of this decay over time.

The measurement of the dynamics of the total fluo-
rescence intensity is quite informative, but the possi-
bilities of diagnostics can be significantly expanded if
an additional analysis of its spectral composition and
polarization are carried out. In particular, this analysis
makes it possible to verify the change in the trapping
mechanism mentioned above at different afterglow
stages.

Fig. 7 illustrates the spectrum of secondary radia-
tion for various time moments after the end of the re-
sonant excitation pulse. In this work, to determine the
spectrum, we use the short-time Fourier transform
[48] with a rectangular window and duration yAz = 30.
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Fig. 7. Spectrum of emission scattered by an atomic
cloud at an angle 6 = n/4 for various moments of time
yt =20 (a), 110 (6).

The calculation was carried out for the ensemble
kL =40 (N=320)

Fig. 8, a shows the spectra of two orthogonal circu-
larly polarized components of radiation scattered at an
angle § = n/4 when the middle of the window corres-
ponds to the time yt = 20 after the end of excitation.
At this stage, we observe the Lorentz contour at the
excitation frequency. On passing to the stage of di-
mers ¢ = 110, the spectrum changes significantly.
Here, fluorescence is characterized by a complex
spectrum shape with wide wings.

Fig. 8. Dynamics of changes in the intensity of two
orthogonal circularly polarized components (a) and
the degree of circular polarization (0) of emission at
an angle of w/4

2.3.2. Polarization properties of emision
and spatial distribution of atomic ensemble excitation

Capture and diatomic subradiation can be distin-
guished experimentally not only by characteristic de-
cay time intervals or by spectral composition. These
two mechanisms also differ in the polarization proper-
ties of the secondary radiation. Multiple scattering
under conditions of diffusion trapping causes depola-
rization, which is clearly seen in Fig. 8. The intensities
of two orthogonal polarization components are the
same, i.e., the light is not polarized. When scattered
by dimers, the light remains partially polarized, which
is clearly seen for time intervals yz > 75.

Another way to refine the properties of an atomic
ensemble is to analyze the spatial distribution of exci-
tation in it.

In Fig. 9, this distribution along the Z axis is
shown for a cloud with kL =40 (N = 320) for two time
moments after the end of the resonant excitation
pulse. It can be seen that for time moments with
a slow dependence of the instantaneous capture time
o(f) (Fig. 9, a), the spatial distribution of excited
atoms, which coincides with the distribution of
trapped radiation, is described by the sine law with
good accuracy. Such a dependence is characteristic of
diffusion transfer and provides a constant rate of radi-
ation decay.

Fig. 9. Spatial distribution (along the Z axis) of ex-
cited atoms in the cloud kL = 40 for various time
moments.

a—yt=20,6—yt=110
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For time intervals when diffusion is over, the exci-
tation distribution becomes almost uniform, which is
associated with the same probability of dimer forma-
tion in different regions of the ensemble with a uni-
form average distribution of atoms. Fluctuations,
which are clearly visible in Fig. 9, 0 are related to av-
eraging over a finite number of considered random
spatial configurations of the ensemble.

CONCLUSION

The review presents an analysis of some important
instrumental features of the conversion and registra-
tion of analytical signals when performing dynamic
polarizing optical analysis. The optimal conditions for
these experiments for detecting weak polarization res-
ponses have been determined. The contribution of
non-informative modulation components to the mea-
surement results was reduced by at least 100 times.

A sequential statistical analysis of the polarization
magneto-optical responses (birefringence) of magnetic
nanofluids performed according to developed algo-
rithms in a wide concentration range of three orders of
magnitude is considered. This analysis quantitatively
confirmed the relevance of the used model representa-
tions and the analytical functions following from
them, which describe the orientational ordering of
magnetic nanoparticles in an external magnetic field.

The variations in the prediction errors of the values
of diagnostic parameters found in the course of statis-
tical analysis point to nonrandom features of the pola-
rization responses and related parameters (properties)
of the studied magnetic nanofluids. This laid the
foundations for diagnosing the polarization responses
of magnetic nanosystems.

Studies of the magneto-optical characteristics of
nonresonant nanosystems are supplemented by a theo-
retical analysis of the resonant responses of ensembles
of atoms. The character of pulsed scattering of cohe-
rent light by atomic ensembles cooled to sub-Doppler
temperatures is analyzed. It is shown that during the
afterglow, the polarization and spectral composition
of the secondary radiation of such ensembles undergo
qualitative changes. This can serve as the basis for new
experimental and theoretical approaches to the study of
various resonant ensembles of point scatterers.

Thus, the developed theoretical and highly sensi-
tive laser methods for quantitative polarization-optical
analysis and the performed statistical analysis of the
data obtained form the basis of precision polarization-
optical nanodiagnostics (quantitative characterization)
of ordered functional materials and nanosystems.

The methods of precision polarization-optical na-
nodiagnostics described in the review can be used to
study and diagnose objects and systems of very differ-
ent nature and composition, such as metamaterials,
biological fluids and tissues, etc.
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