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SHTPOITUMHAS OIIEHKA ITIAPAMETPOB OXJIAXKIEHHBIX YACTHI]

B pabome paccmompena 3adaua razepno2o 00nieposcKo20 OXAANCOeHUsL Hacmuy (amomos, UOHO8
U MONEKYL), KOMOpAsi UMeem 6aicHoe NPUKIaoHoe 3uadenue s Qusuxu u memponozuu. [loxkasano,
umo nasepHoe OXaadicoenue npedcmasisiem cobol nPoyecc 63aumMoOelticmaus. OemepMuHUPOBaAHHOU
cucmemyvl 1A3epHO2O U3LYHEHUs. ¢ XAOMUYHOU CUCMEMOU Osudcywuxcs dacmuy. s oyeHku
napamempog OXAANCOGHHLIX — Yacmuy U KOHMPOs NPOYecca OXAANCOeHUsT NPeONONCEHO
UCNONB308aMb  MEeMOoObl U  UHCMPYMEHMbl HEIUHEUHOU Memponocuu, paspabomannvie O
UMepeHUsl NApamMempos8 HeIUHeUHbIX OuHamuyeckux cucmem. Iloryueno evipasicenue 0 OYeHKU
OHMPONUU JIA3EPHO20 UTYYeHuss, Kak QyHkyuu e2o wacmomvl. Pezynvmamer pabomwr darom
603MOICHOCHb OYEHKU USMEHEHUs. DHMPONUU CUCTNEMbL OXJANCOEHHBIX YaCmuUy Nocie 3a0aHHO20
KOIUYeCmea YuKio8 «No2ioujeHue — CHOHMAHHOe U3NYYeHue (QOMmMOoH08», UYMO OMKpPbledem
603MOIACHOCU KOHMPOJISL NPOYECCA OXNANCOCHUSL U OYEHKU MEMNEPAMYP € MATbIMU OUCKPEMHbIMU
3HAYEHUAMU.

Knrouessle cnosa: iazepnoe oxnadicoenue vacmuy, HeluHeunas memponozus, sumponus Lllennona.

AKTYyaJbHOCTH UCCJIe0BAHMSI

OnHolt U3 sIpKHX 3a7a4y Qu3nKy nocnenHer yeTBepTr XX BeKa CTajo OXJIaXJeHUE ra3000pa3HbIX BELIECTB 10
TeMIIepaTypbl OJIM3KOI K aOCOMOTHOMY HYIIO TTYTEM TOPMOXKEHHsI OPOYHOBCKOTO JIBHXKEHHUS YacTHIl (ATOMOB, HOHOB,
MOJIEKYJT) JIa3ePHBIM M3JIydeHHEM. Y CIIeIIHAs peaTu3aliis MPOLEeCcCOB OXJIAXKICHUS U YAepKaHUs YaCTHIl IMEeT BaXKHOE
3HA4YCHUC IJIA (bI/IBI/IKI/I, METPOJIOTUH, DJICKTPOHUKU, OXJ'Ia)K}]éHHI)Ie J10 OCTAHOBKHU TCIJIOBOI'O ABUKCHUSI YaCTUILIBI MOXXHO
HaOJI0ZaTh B TEUEHUWH I'Opa3/io OONBIIEr0 BPEMEHH, YeM IBHIKYIIHECS, YTO BAXKHO JUIS CIIEKTPOCKOIUH BBICOKOI'O
paspelieHnst ¥ cTaOWIIM3alnK YacToT JiazepoB. [Ipu noctrmkeHun Temneparyp, omuskux k 0°K Bo3MOXHO monydeHue
COCTOSIHUSL CBEPXTEKYy4eCTH U KoHAeHcaTta bosze-OifHITeliHa, KOTOpPBIM IUIaHUpYeTCS HCIOIB30BATh IS CO3AAHUS
KBAaHTOBOH mnaMsaTH. Pa3BuTHE TEXHOJOTHN OXJIXKACHUA W YACPIKAHUA OXJ'[a)K}IéHHI)IX qJacTull OTKPLIBA€T HOBBIC
BO3MOXHOCTHU U1l METPOJIOTMYECKOH HAYKH II0 YCOBEPLICHCTBOBAHHUIO ATAJIOHHON 0a3bl, MO3BOJIAET MOJTYYUTh HOBBIC
periepHbIe TOYKH CTAHAAPTOB YACTOTHI, MOBBIIATH TOYHOCTH IJI00aIbHBIX HABUTAIIMOHHBIX chcTeM. K mepcrneKkTHBHBIM
METPOJIOTHYECKUM 33JladyaM OTHOCUTCS CO3JaHUE ONTHYECKHX 4YacOB Ha OXJIAaXICHHBIX OJMHOYHBIX HOHAX B
JIEKTPOMAarHUTHBIX JIOBYIIKaX M Ha aTroMaX, 3axBadeHHbIX B ONTHYECKYylO pemeTky. Ilpennomaraercs, 4To
OTHOCHTEJIbHAS HEOIPEIEICHHOCTh YACTOThI B TAKHX Yacax JOCTHIHET 3Hauenuii 10717 — 10718 [1].

IIpouecc 1a3epHOro OXJaXIEHUS OCHOBAH HAa KBAaHTOBO-MEXAaHMYECKUX IIPEACTABICHHUAX O IOIJIOMICHUU U
W3Ty4eHUU SHEepruM vactuuamu. JIokanu3oBaHHBIE JIBIKYIIMECS YaCTHULBI OOYJarOTCs Ja3€pHBIM H3JIydEHHEM C
YacTOTOHM, MEHBILIEH YAaCTOTHI aTOMHOI0O IIepexofia Ha BEIMYMHY AOIUIEPOBCKOro ciBura. Yacrtuia, noriotus (GoOTOH,
MIEPEXOIUT U3 OCHOBHOT'O YHEPI€THIECKOT0 COCTOSHUS B BO30YKAE€HHOE cocTosiHHE. [Ipy 3TOM e€ cKkopocTb MEHsSeTCs Ha
BEJIMYMHY CKOPOCTH OTAAYHM YaCTUIIBL. 3aTeM 4acTHIa, BO3BpAILasch B OCHOBHOE COCTOSHHUE, U3IIydaeT (OoTOH, HO yxKe ¢
94acTOTOH, OOMNbIIEH YacTOTHI MOIOMIEHHOI0 (POTOHA. DTO MPUBOIUT K IOTEPE SHEPTHHU U 3aMEUICHUIO YaCTHIIbI H, KaK
CIIENCTBUE, K CHIKCHHIO TEMIIEpaTyphl BemlecTBa. TakuM o0pa3oM, HUMITydbc (OTOHA Mepemaérest YacTHLE IpU
CTUMYJIMPOBAHHOM IIOTJIOIIEHUH M IIOCIEAYIOIIEM CIIOHTAaHHOM H3JIydeHuH QoroHa. [nsd crnemyromero ukia
«BO30Y)KIEHHE — CHOHTaHHOE M3JIy4eHHe (JOTOHA» YacTOTa JTa3epHOr0 H3TYYeHHs YMEHBIAETCS, IOACTPAUBACTCS MO
CKOPOCTh ABW)KEHHUS 4acTHL. 3a N IMKIOB YacTHIa TepseT UMITYJIbC PaBHBIM , rae — uMIynbe ¢oroHa. KommyectBo
IMKJIOB M YACTOTa OXJIAXKAAIOLIEro M3JIydeHHUs ONpEeNeIIIOTC dIEKTPOHHOH KOH(Urypalyeil 1 CKOPOCThIO IBIKSHUS
YACTHIL.

3TO HepBBIH 3Tall «JIOIUIEPOBCKOE Ja3epHOe oXiaxaeHne». OH MO3BOMSET JOCTUYb TEMIIEPaTypsl B cOTHH MKK.
K mpumepy, mocie A0omiepoBCKOro OXJIa’kACHHS aTOMOB IIETOYHBIX METAJUIOB MX TeMIlepaTypa cocTapisieT okono 100
MKK. [Ing momydeHust Oonee HU3KHMX TEMIIEpaTyp HPUMEHSIOTCA APYrHe MEXaHW3MBl JIA3EPHOTO OXJIAXKICHUS:
CyOIIOIUIEPOBCKOE M OXJ@XKACHWE HIDKE YPOBHSA OTJaud. MUHHMajibHas TeMIepaTypa IpH CyOJOIIEpOBCKOM
OXJIaXKIeHUS aTOMOB cocTaBisieT okono 1 MkK. JlazepHoe oxJakieHue HiKe 0XHO(POTOHHOTO YPOBHS OTAAYH HO3BOJISET
MIONYYHTH Temriepatypy okoio 100 vK.

Teopust ma3zepHOro OXMaXICHUS W TIOCIEOYIOIIEH JIOKAIM3alMK YacTHIl Obula TPEUIOKEHAa M pa3BUTa A.
JleroxoBem u B. bansikuasiM B 1970-x rogax [2]. B 1997 roxy C. Yy, K. Kosu-Tanaymku u Y. Ouinurc nomyqumm
HobeneBckyro MpeMHro 3auccaeIoBaHus B 00IACTH OXJIQXKICHHS 1 yIaBIUBAHUS aTOMOB C UCIIOIB30BAHUEM JIa3€pPHBIX
TEXHOJIOTUHL.

[pakTHueckas peanu3anys Ja3epHOTO OXJAKACHHS M yAep KaHHUS OXJIAXKJICHHBIX YacTHI TpeOyeT pa3paboTKu
METO/IOB OIIEHKH M KOHTPOJIS MX COCTOSHUA. [ pymma oxJ1ax1aeMbIX YaCTHII MOKET OBITh IIPECTaBIICHA B BHE OTKPBITOMH
HENMHEHHOW muHaMmdeckoi cucreMsbl ¢ auccunanueit aeprun (HAC). Tlornmanune ocoOCHHOCTEH AWMHAMHUKH TaKUX
CHCTEM TIPHBENIO K CO3JIaHMIO0 METOJOB M MHCTPYMEHTOB HEIMHEHHON Merponoruu [3]. YHHBEpCaIbHOCTH MOIXO0B,
MoJleJIel ¥ WHCTPYMEHTOB HM3MEpeHMs AMHaMH4uecKux mepeMeHHbIXx HJIC mo3Boisier MX NPUMEHATH A CHCTEM
Pa3IUYHOrO0, KaK (PU3NUECKOr0, TAK U OHOJIOTNIECKOTr0 IPOUCXOXKICHUSL.



BakHBIM HMHCTpYMEHTOM HEJIHMHEHHOW METpOJOruu sBisiercs uHpopManuoHHas sHTpornwms llleHHOHa, Kak
XapaKTEepUCTHKA CTENEHU YIOPSIOYEHHOCTH WM XA0THYHOCTU CUCTEMBI. B paMkax TeopHm H3MepeHus MapaMeTpoB
HIC npemnokeHsl >HTpONUIHBIE HIKaubl JUId OLEHKH U ympasieHus napamerpamu HJIC. Ilpumenenue sToro
MHCTpYMEHTa K OIEHKE MapaMeTpoB OXJIAKIAEHHBIX YAaCTUI] IO3BOJIUT IIOBBICUTH JIOCTOBEPHOCTH IOIy4aeMOM
nH}opManuy n 00ecIIeYnTh KOHTPOIIb, U YIIPaBICHNE HY)KHBIMH ITapaMeTpaMu.

Henpro paOoTHI SIBIISIETCS] HCCIEOBAHUE IIPUMEHEHHS MOAXO00B M WHCTPYMEHTOB HENTMHEHHOW METPONIOTHH, B
4acTHOCTH 3HTponuu llleHoHa, 711 OLIEHKU TapaMeTPOB YacTUI] (ATOMOB, HOHOB M MOJIEKYJI) B IIPOLIECCE JOILIEPOBCKOrO
JIA3€pHOT0 OXJIAKACHHUS.

B3aumopaeiicTBHe IBYX CHCTeM

PaccMotpuM mpolecc JOIIIEPOBCKOTO JIa3epHOrO OXJAKAEHHMA YacTHIl KaK B3aUMOJCHCTBHE IIBYX CHUCTEM.
IlepBas cucrema 3TO aHCaMOIb W3 JIOKAIM30BaHHBIX N MOJEKyJ OJHOIO BelecTBa — cucreMa «arom». Cucrema
XapaKTEPU3yeTCsl CPENHEH CKOPOCTBIO JBIDKEHHMS MOJEKYN (V) W TeMmmeparypoil T, CBS3aHHBIMU MEXIY COOOM
BBIPAXXCHUEM:

T = 8_R (17)2 (1)

rae. M — MOJEKYJIsIpHAsA Macca 4aCTHIl, R— YHUBCpCaJibHasd ra3oBas NOCTOAHHAA.
Ecmu paccMaTpuBacMasl CUCTEMaA ABJIACTCA paBHOBeCHOﬁ, TO PACIPCACICHUC YaCTHUIL 11O CKOPOCTAM BbIPAKACTCA
3aKOHOM pacupeaciCHust Makcsenna.
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rae: K — mocrosiHHas bonbnmana.
BpoyHOBCKOE JBIKEHHE YaCTHI] CUCTEMBI «aTOM», TOMJIONICHHE W W3JIydeHHe (DOTOHOB B MPOILIECCE OXJIAXKIACHUS
TIO3BOJISIET OTHECTH €€ K OTKPBITHIM, XaOTUIHBIM, AuccunaTuBHbIM HJ[C.

Bropas cucrema mnpejacTaBisieT co0Oi JlazepHoe M3JIydeHUe, XapaKTepU3yolleecss YacTOTOW M3IydeHus f, |
YIIMPEHUEM JIMHUU u3iydeHust Af,, — cucrema «iaszepy». [Ipu 3ToM pacrpezeneHie MHTEHCUBHOCTH H3JIy4EHUs 110
yacToTaM f MOAYMHSIETCS HOPMAJIbHOMY 3aKOHY pacrpeserneHus ['aycca [4]:
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CTaOWIM3UpOBAHHOE T10 YACTOTE JIA3epHOE M3JTyUCHHE XapaKTepU3yeTcsl BBICOKOW CTENeHbIo0 KorepeHTHocTh Afy/f, (B
HAy4HBIX J1a00paTOpHAX MOTYYEHHbIE Ha CIEUMAIBHBIX YCTAaHOBKAX 3HaudeHus Afy/fy mocturaror ~1071° — 10717).
[TosTomy cucteMy «J1a3ep», MOKHO OTHECTH K ACTEPMHHHPOBAHHBIM cHCTeMaM, E€ mapaMeTprl 0CTaroTCA B U3BECTHBIX
paMKax B TedeHHe BpeMeHM HaOmroneHus. Jlazep paboTaer B HMIYJAbCHOM PEXHME, UIMTENBHOCTh HMITYNbCA
OIpe/IeNseTCs] BpEMEHEM B3aMMOICHCTBUS  JIa3ePHOT0 U3JIyUeHHs ¢ yacTunamu [2].
PaccMotpuM B3auMojieliCTBHE CHCTEM C TO3UIMKA MHPOPMAIOHHOW TeOopuu u3MepeHHs. [lJisi KOHTPOJS COCTOSHHS
cucTeM BBenéM HH(popMaIMoHHYI0 SHTpomnuio 1IleHHOHa, CBA3aHHYIO C INIOTHOCTBIO paciipesieleH s BeposiTHOCTH P (X),
rae X — uccneayeMas BenmuuuHa, BeipaxkenneM H = —p(X) Inp(X). Ourponus [llenHoHa paccMaTpuBaeTcs Kak Mepa
YIOPSAOYCHHOCTH WM, Ha00OPOT, XAaOTHYHOCTH cHcTeMbl. HanMmeHblee 3HaueHHE SHTPONUS NPUHUMAET B CIIydae
HOPMaJIbHOT O paclpe/ieIeHHs BEMYUHbI, HANOObIee 3HAYeHHE — B CIIy4ae PABHOMEPHOTO PACIIPEACIICHHUS BETTMYHHBL
DHTpOIHS Ja3epPHOT0 H3TY4eHHUS MaJia, U1l MOHOXPOMATHYECKOT0 H3TydeHHs paBHA HYJII0. DHTPOIHUS aHCaMOJIs YaCTUIL
omnpenensercs pacrnpeneneHneM MaxkcBemwra. E€ 3HaueHHe 3aHMMaeT NPOMEXKYTOYHOE MECTO MEXKIY 3HAUCHUSIMHU
SHTPOIHH U1l HOPMAJIBHOI'O M PAaBHOMEPHOT'O PaCIpeeICHHI.

B HauanmbHBI MOMEHT BPEMEHH t, CUCTEMA «aTOM) XapaKTepPH3YeTCsl CpeIHel CKOPOCTHIO IBIKECHUS YaCTHIL
vy, Temieparypoii Ty, u surponueit H,(vg,t,). CucreMa «iasep» XapakTepu3yeTcs 4acTOTOM m3iydenus fy + Afy, u
surponueit Hy (fy,t,). Tlocne mpexpaiieHus B3aMMOIEHCTBUS B MOMEHT BPEMEHH  IapaMETPhl CHCTEM MEHSIOTCA.
CKOpOCTh JBWKEHHUSI MOJIEKYJI YMEHBIIAETCS, a YacTOTa CIOHTAHHOTO M3JIy4eHHs [ MO CPaBHEHHIO C 4acTOTOH f
BO3pacTaeT, YUIUpSeTcs CleKTpanbHas JTHHUA m3nydeHns Af. CucremMa «atom» MpHOOpeTaeT XapaKTepucTUKu: v, T u
H,(v,t); cucrema «iazep» xapakrepuctuku: f + Af u H, (f, 7). Takoe B3auMOIEHCTBUE MPOIOIKAETCA KOIMIECTBO
LUKJIOB, HEOOXOIMMOE JUTS JOCTIKEHHMS 3aJaHHON TeMITepaTyphl BemiecTa. J{JIsi CHCTEMBI «aTOM» U CHCTEMBI «JIa3epy
BBIpaXKEHHMS [UIs SHTponuy LLIeHHOHa B MOMEHTBI BpEMEHH M HMMEIOT BUJL:

Hy(v,t) = =p(vo) Inp(vo), H.(f, to) = —p(fo) Inp(f), 4)

Hy(v,) = —p(w) Inp(v) ,H,(f,7) = —p(f) Inp(f), Q)



Ipu stom: H, (v,7) > H;(v,t,) u cuctema «atom» craHoButcst 6onee ynopsinouennoit; H, (f,T) > H (f,t,)
CHCTeMa «JIa3ep» CTAHOBHTCS 0oliee XaOTHYHOM. JTO OOBSICHAECTCS 3aBUCHMOCThbIO SHTpormu IlleHHoHA OT BHIa
IUIOTHOCTH pacripe/ierneHust QyHKIMA ¥ WHTepBalla 3HaYeHni BenmauH. Tax, Moclie NCIyCKaHus YacTullaMu (POTOHOB €
OoJbIlell YaCTOTOM, YeM Y4acTOTa MOTIOMEHHBIX (POTOHOB, CKOPOCTD JBIKEHHUSI YACTHIl YMEHbBIIAETCS, MUK ()yHKIIUH
pacnpenenerust MakcBemna (2) BO3pacTaeT M CMEIIAETCS B CTOPOHY YMEHBIIEHHS CKOPOCTEH. DHTPOIHUS CHCTEMBI
«aToM» yMeHbInaercs. [k (yHKIHK pacrpe/ieieHiss MHTEHCHBHOCTH JIA3CPHOTO U3JIYyUEHHUs CMEIIAETCSl B CTOPOHY
Oosiee BBICOKMX YacTOT M COOTBETCTBYET PE30HAHCHOM 4YacTOTE Iepexoia Uil JAHHOTO THIA YacCTHll. Ilpu 3ToM
[POKMCXOJUT YBETMYEHHE 3HAUCHHS Af, BCIIeNCTBHE HOIUIEPOBCKOrO YIIUPEHHsI, SHAYEHUE YIIUPEHUS JTMHUU H3TyJEeHHS
pacTér.

V3MeHeHHe COCTOSIHUS CHCTEM MOXKHO BBIPAa3suTh depe3 HHPOPMAIIUIO, KOTOpas npuobperaercs (MHPpOpMAIus
0 cucreMe «atom» 1) it Tepsiercs (MHGOpMaIHs 0 cucTeMe «iasep» I;) B mporecce B3anMoeHcTBHs cucteM [5]:

I,=H,(v,t,) —H,(v,7) = AH,, I, = H, (f, t,) — H,(f,t) = AH, . (6)

Bocrnonp30BaBImIMCh 3aKOHOM COXpaHEHHs HH(OpMalyH, COrJIaCHO KOTOPOMY «KOJIMYECTBO MH(OpManuu B
3aMKHYTOH CHCTeMe OCTaETCsl HeM3MEHHOM» [5], 13 BeIpakeHuid (6) MOTYIHM PaBEHCTBO:

|AHA| = |AHL|- (7)

CornacHO BbIpaxkeHHIO (7) U3MEHEHUE SHTPONUU CUCTEMBI «JIa3ep» IO MOAYIIO PaBHO M3MEHEHHUIO SHTPOIHH
CHUCTEMBI «aTOM». DTO PaBEHCTBO IO3BONISET, aHAIM3HPYyd H3MEHEHHE MapaMeTpOB CHUCTEMBI «Jlazep», OLEHUBATh
[IapaMeTpbl CUCTEMBI «aTOM .

MuHMManbHOE 3HAYEHWE JHTPOMUs cucTeMbl «atom» H,(v) = 0 mpHHUMaeT HpH OTCYTCTBHHM TEILUIOBOTO
nBrkenust yactull v = 0. Beipaxkenue (7) B 11000 MOMEHT BpEMEHH MOYKHO MPE/ICTABUTH B BUJIE:

|AH,(AT)| = |AH,(Af)] @)

Pemenue Boipaxkenust (8) ¢ yuérom Boipaxenui (2), (3), (6) HO3BOIMUT ONpENENUTh CBSI3b MEXKIY U3MEHEHUEM
SHTPOIUH CUCTEMBI «JIa3epy, SHTPOIUU U TEMIEPATYPHI CHCTEMBI «aTOM»:

AT = AT[|AH, (AN )

Bripaxenus (3) — (9) mo3BOISIOT ONpeneNUTh HM3MEHEHUS SHTPONUU W TEMIIEpaTypbl CHCTEMBI «aTOM» B
MOMEHTHI BpEMEHH t, U T, a TAK)KEe BRIPAYKCHUE IS pa3HOCTH YHTponuH (6) AH, !

H, (f, to) = In(Afy,V2me), H,(f,7) = In(AfV2me),

Af (10)
H,(Af)] = |1nﬁ .

Takum oOpa3oM, Ha 3HAYEHHE SHTPOIUH CHCTEMBI «Ia3ep» BIUSET W3MEHEHHE 3HAUCHHUS YLIMPEHHs JIMHUH
nanydenuss Af. V3mepsisi 4acTOTy CIIOHTAHHOI'O M3JYYEHHs M OICHUBas uW3MeHeHue ero sHTporuu (10), mmeercs
BO3MOXXHOCTB OLICHKU U3MEHEHHS SHTPOIIMHU U TEMIIEPaTyphl CHCTEMbI OXJIXKIEHHBIX YaCTHI] ITOCTIE TF000r0 KOIMYEeCTBa
LUKJIOB «IIOIJIONIEHHEe — CHOHTaHHOE M3JydeHHe (OTOHA», YTO OTKPHIBAET BO3MOXKHOCTH KOHTPOJS Mpolecca
OXJIaXKICHUS ¥ OLICHKH TEMIIEPaTyp ¢ MaJbIMU JUCKPETHBIMU 3Ha4eHUsIMU AT .

BriBoabI

PaccmoTpena 3amava Jia3epHOrO JOIUIEPOBCKOTO OXJIAXKIEHHS YacTHI] (aTOMOB, MOHOB, MOJIEKYN), MMEIOIIas
Ba)KHOE TEOPETUIECKOE U MPUKIIATHOE 3HAUCHUE T (PU3UKHA U METPOIOTHHL.

[TokazaHo, 4TO JTa3epHOE OXJIAXKICHHE MPENCTABISET COOOHM MpoIecc B3aMMOICHCTBUS NETEPMHUHUPOBAHHON
CHUCTEMBI JIA3€PHOT0 U3TYYEHUSI C XAOTUYHOM AMHAMHYECKOM CHCTEMOM YaCTHILI.

J1g omleHKH TapaMeTpoB OXJIKAEHHBIX YACTHII U KOHTPOJISI TIPOLiecca OXITaKICHUS MPEATIOKEHO HCIIOIh30BaTh
MOJXOABl W HMHCTPYMEHTHl HETUHEWHOW METPONIOTWH, pa3paboTaHHBIE Ui M3MEPEHHS IapaMeTpoB HEITMHEHHBIX
MAHAMHAYECKUX CHCTEM.

[Tonmy4eHo BBIpa’keHHE [UIS OLEHKH YHTPOIHH JA3€PHOTO M3IMY4EHUs, KaK (YHKIIUH €ro 4acTOTHL. Pe3ymbTaThl
paboTBl Har0T BO3MOXKHOCTH OIEHMBATh M3MEHEHHE DJHTPONHHM CHUCTEMBI OXJIAXIEHHBIX YaCTHI[ TIOCIE IIF00O0ro
KOJIMYECTBA IMKJIIOB «IIOTJIOMICHHWE — CIIOHTAaHHOE WM3IIydeHHe (POTOHOB», YTO OTKPHIBAET BO3MOXXHOCTH KOHTPOIS
Tporiecca OXJIAXKICHHUS U OI[CHKH TEMIIEPaTyp C MaJIbIMHU TUCKPETHBIMI 3HAYCHUSIMHU.
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B pobomi posensinymo 3adauy naszepro2o 0OniepiecbKo20 0XON00NCEHHS YACTIUHOK (AmMOMi8, IOHI6 | MONEKYI), KA MAE
sadiciuse NPUKIaoHe 3navenns 0as Qisuxu ma memponozii. Ilokaszano, wo naszepre 0X0100%4CceHHs A61A€ cob0I0 npoyec
83a€MOOII 0emepMIHOBAHOIO CUCTHEMU TA3EPHO20 BUNPOMIHIOBAHHSL 3 XAOMUUHOIO CUCTNEMOIO PYXOMUX YACMUHOK. [{is
OYIHKU NApamMempis OXON00NCEHUX YACMOK i KOHMPOMIO NPOYECy OXOJOONCEHHSI 3aNPONOHOBANO BUKOPUCTOBY8AMU
Memoou [ IHCmpymenmu HeliHiuHOI Mempoaoeii, po3podieHi Ol GUMIPIOSAHH NAPAMEMPIE HEIHIUHUX OUHAMIYHUX
cucmem. Ompumarno eupas 01 OYIHKU eHMPONii 1A3epHO20 UNPOMIHIOSAHHS, SIK PyHKYIT tloeo yacmomu. Pe3yibmamu
pobomu 0aromv MONCIUBICMb OYIHKU 3MIHU eHMPONIT CUCIEMU OXOJIOONCEHUX YACMOK NICJISL 3a0aHOl KiIbKOCMI YUKIi6
«NONUHAHHS - CHOHMAHHE BUNPOMIHIOBANHS (YOMONIB», WO GIOKPUBAE MONCIUBOCTI KOHMPOTIIO NPOYEC) OXOL0ONCEHHS
i OYiHKU meMnepamyp 3 MaiuMu OUCKPEMHUMU 3HAYEHHAMU.
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In the paper we consider the problem of laser Doppler cooling of particles (atoms, ions and molecules), which has
important applications to physics and Metrology. It is shown that laser cooling is the process of a deterministic system
interaction of laser radiation with the chaotic system of moving particles. To estimate the parameters of chilled particles
and the control of the cooling process is proposed to use methods and tools nonlinear Metrology, designed for
measurement of parameters of nonlinear dynamic systems. The resulting expression for the estimation of the entropy of
laser radiation, as a function of its frequency. The results allow us to evaluate the change of entropy of the cooling of the
particles after a given number of cycles "absorption — spontaneous emission of photons", which opens the possibility of
control of process cooling and temperature estimates with small discrete values.

Keywords: laser cooling of solids, nonlinear Metrology, the Shannon entropy.
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ENTROPY EVALUATION OF COOLED PARTICLES PARAMETERS

In the article the task of laser Doppler cooling of particles (atoms, ions and molecules), which has
important applications for physics and metrology, is considered. It is shown that the laser cooling
is the interaction process between a deterministic system of laser radiation and a chaotic system of
moving particles. For monitoring and estimation of the cooling particles’ parameters it’s proposed
to use the methods and instruments of Nonlinear Metrology that were designed for measurement of
nonlinear dynamic systems parameters. The formula for estimating of the laser radiation Shannon
entropy, as a function of a laser frequency, is obtained. The results allow to evaluate the change of
the entropy of the cooling particles system after a given number of cycles "absorption — spontaneous
emission of photons", which opens the new possibility for control of laser cooling process and
estimate of temperature with small discrete values.

Keywords: laser cooling, Nonlinear Metrology, Shannon entropy.

The relevance of research

One of the outstanding tasks in physics of the last quarter of the XX century was the task of cooling of gaseous
substances to absolute zero temperature by braking the Brownian motion of particles (atoms, ions, molecules) using a
laser radiation. The successful implementation of the cooling and retention of particles is important for physics, metrology
and electronics, The particles, cooled to stop the thermal motion, can be observed more longer than moving particles, that
is important for the high-resolution spectroscopy and the stabilization of laser frequency. When the temperature of
particles’ ensemble becomes close to 00K it’s possible to obtain the superfluidity status and the Bose-Einstein condensate,
which can be used to create the quantum memory. The development of the cooling technology and retain of the cooled
particles opens the new opportunities for metrological science to improve standard base, allows to obtain new reference
points of frequency standards and improves the accuracy of global navigation systems. The perspective metrological tasks
include the creating of optical clocks based on cooled single ions in electromagnetic traps and atoms trapped in the optical
grid. It is assumed that the relative uncertainty of such clock frequency reaches values in 10717 — 10718 [1].

The laser cooling process bases on quantum-mechanical ideas about the absorption and radiation of energy by
particles. Localized moving particles are irradiated by laser radiation with a frequency that is lower than a frequency of
the atomic transition by the Doppler shift quantity. The particle absorbs a photon, is transferred from the primary energy
state to an excited energy state. The particle’s speed changes by the quantity of the recoil velocity. Then a particle,
returning to the ground state, emits a photon with a frequency greater than the frequency of the absorbed photon. This
process causes the loss of energy, slowdown the particles and, consequently, the decrease of substance’s temperature.
Thus, an impulse of a photon is passed to a particle when stimulated absorption and subsequent spontaneous emission of
a photon.

For the next "excitation — spontaneous emission of photon™ cycle the laser radiation frequency is reduced, adjusts
to the particles’ velocity. For N cycles, the one particle loses the impulse equal , here — the impulse of a photon. The
number of cycles and the frequency of the cooling radiation are determined by the electronic configuration and velocity
of particles [2]. This is the first stage of the laser cooling — the "Doppler laser cooling". It allows reach the temperature
at the hundreds of pK. For example, after Doppler cooling of the atoms of alkali metals their temperature is about 100
pK. For more low temperatures other mechanisms of laser cooling are used: the subdoppler and cooling below the recoil
level mechanisms. The minimum temperature at subdoppler colling atoms is about 1 pK. Laser cooling below the one-
photon level of recoil allows to obtain a temperature about 100 nK.

The theory of laser cooling and subsequent localization of the particles was proposed and developed by A.
Letokhov and V Balykin in the 1970-s [2]. In 1997 S. Chu, C. Cohen-Tannoudji and W. Phillips were awarded the Nobel
prize for research in the sphere of cooling and trapping of atoms using the laser technologies.

The practical realization of laser cooling and retaining of cooled particles requires a development of special
methods for assessing and monitoring of particles’ condition. The group of cooled particles may be represented in the
form of an open nonlinear dynamic system with energy dissipation (NDS). Understanding of a specific character of such
systems has led to create the methods and instruments of Nonlinear Metrology [3]. The universality of approaches, models
and measurement instruments of variables of Nonlinear Metrology allows use them for measurement in various NDS
physical and biological origin.

Like an important instrument of Nonlinear Metrology theory the information Shannon entropy is accepted. It’s
used like a degree of order or chaotic condition of a system. In the framework of Nonlinear Metrology theory proposed
the entropy scales for assessment and management of NDS’s parameters. The application of this instrument for estimation
of cooled particles parameters will improve the reliability of the received information and to ensure control and
management of desired parameters.

The research of using the Nonlinear Metrology approaches and instruments (Shannon entropy ) for estimate of the
particles’ parameters during the Doppler laser cooling process is the task of this work.

The Interaction of Two Systems



Let consider the Doppler laser cooling process as the interaction of two corresponded systems. The first system is
an ensemble of N localized particles of the same substance — the "atom™ system. The "atom" system is characterized by
the mean velocity of particles and by the temperature T, which related by next expression:

mm 2
T = ﬁ (U) B (1)

here: m — the molecular mass of the particles; R — the universal gas constant.
If the "atom" system is in equilibrium, the velocity distribution of particle p(v) is expressed by the Maxwell
distribution law.

4 ,ms mv?|
p(v) z\/_E(Zk_T) exp [— 2kT]v . (2)

here: k — the Boltzmann constant.
The Brownian motion of "atom" system’s particles, absorption and emission of photons during the cooling process let
describe such system like an open, chaotic and dissipative NDS.

The second system is a laser radiation that characterized by a radiation frequency f, and the radiation line
broadening Af,, — the "laser" system. In this case, the frequency distribution of intensity obeys the normal law or the
Gaussian distribution [4]:

p(f) =

[_ (f_fo)z]. (3)
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The frequency stabilized laser radiation is characterized by a high degree of coherence Af,/f, (in scientific laboratories
values Af, /f, obtained at special units reach ~10~15 — 10~17). So the "laser" system can be described like a deterministic
system. Its parameters stay in the certain frameworks during the time of observation. The laser operates in a pulsed mode,
the pulse duration is determined by the interaction of laser radiation with particles [2].
Let consider the interaction of two systems from the position of the Information theory of measurement. For control of
the systems conditions let use the information Shannon entropy that associated with the probability density p(X), where
X — the researched variable, by next expression H = —p(X) In p(X). As it was said before it’s often used like a degree
of order or chaotic condition of NDS. The minimal value the Shannon entropy takes in the case of the normal Gaussian
distribution, the maximum value — in the case of the uniform distribution. The entropy of a laser radiation is small, in a
case of monochromatic radiation it equates zero. The entropy of an ensemble of particles is determined by the Maxwell
distribution. Its value is intermediate between the entropy values for the normal and uniform distributions.

At the initial moment of time the "atom" system is characterized by the average velocity of the particles v,
temperature Ty, and entropy H,(v,,t,). The "laser" system is characterized by the frequency of radiation f, + Af,, and
entropy H,(fy,t,). After stop of interaction at the moment of time t = 7 the systems’ parameters are changed. The
velocity of the particles decreases, the frequency of the spontaneous emission f increases in comparison with the
frequency f, the spectral line of radiation Af broadens. The "atom" system takes the next characteristics: v, T and
H, (v, t); the "laser" system takes the next characteristics: f + Af u H,(f, t). This interaction continues for the number
of cycles required to reach a given temperature of the material. For the "atom" system and the "laser" system the formulas
for the Shannon entropy at the moments of time and have the next form:

Hy(v, ty) = —p(vo) Inp(vy), H (f, to) = —p(fo) Inp(f), (4)

Hy(,7) = =pW) Inp(v), H,(f,7) = =p(f) Inp(f), Q)

Here: H, (v,7) > H,(v,t,) and the "atom" system becomes more orderly; H, (f,7) > H,(f,t,) the "laser"
system becomes more chaotic. This situation is caused by the dependence of the Shannon entropy from the distribution
density functions and the interval of values. Thus, when particles emit the photons with the frequency higher than the
frequency of absorbed photons the particles velocity decreases, the peak of the Maxwell distribution function (2) increases
and displaces to the direction of the small velocities. The entropy of the "atom" system reduces. The peak of the
distribution function for laser intensity shifts toward the higher frequencies and corresponds to the resonant transition
frequency for a given type of particles. Thus the value of Af; increases in the due to the Doppler broadening, the value of
line radiation broadening increases too.

The changing of systems conditions can be expressed using an information, which is acquired (information about
the "atom" system I,,) or is lost (information about the "laser" system I, ) in the process of systems interaction [5]:

Iy =Hy(v,ty) —Hy(v,7) = AHy, I, = H (f, to) — H (f,t) = AH, . (6)



Using the information conservation law according to which "the amount of information in a closed system remains
constant” [5] from the (6) we obtain the equality:

|AH,| = |AH,|. ()

According to expression (7) the change of the "laser” system entropy by the module equals to the entropy change
of the "atom" system. This equality allows analyzing the "laser™ system settings change to estimate the parameters of the
"atom" system.

The "atom" system entropy takes the minimum value H,(v) = 0 in the case when a thermal motion of the particles
stops. The expression (7) at any moment of time can be represented in the next form:

|AH,(AT)| = [AH,(Af)I. ®)

The expression (8) solution taking into account expressions (2), (3), (6) will allow to determine the connection
between the entropy change of the "laser" system, the entropy and temperature of the "atom" system:

AT = AT[|AH, (Af)]. )

The expressions (3)—(9) allow to determine the entropy and temperature change of the "atom" system at the
moments t, and t, the expression for the entropy difference (6) AH,:

H, (f, t,) = In(AfyV2me), H,(f,7) = In(AfV2me),

Ao (10)
|H,(Af)] = |1nﬁ .

Thus, the value of the "laser" system entropy depends of Af changing (the value of the line radiation broadening).
Measuring the frequency of spontaneous radiation and evaluating the entropy change (10) it’s a possible to estimate the
changes of entropy and temperature of the cooling particles system after any number of cycles "absorption — spontaneous
emission of photons". It opens the new possibility for control of the cooling process and temperature estimates with small
discrete values AT.

The Conclusions
The task of laser Doppler cooling of particles (atoms, ions and molecules), which has important applications for
physics and metrology, is considered. It is shown that the laser cooling is the interaction process between a deterministic
system of laser radiation and a chaotic system of moving particles.
For monitoring and estimation of the cooling particles’ parameters it’s proposed to use the methods and
instruments of Nonlinear Metrology that were designed for measurement of nonlinear dynamic systems parameters.
The formula for estimating of the laser radiation Shannon entropy, as a function of a laser frequency, is obtained.
The results allow to evaluate the change of the entropy of the cooling particles system after a given number of cycles
"absorption — spontaneous emission of photons", which opens the new possibility for control of laser cooling process
and estimate of temperature with small discrete values.
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