Bumiprotime
yee docmynHe BUMIDIBAHHIO

ii po6imp HedocmynHe BUMIDIOBAHHIO

ISSN 2307-2180

0oCmynHuM. T

3acHOBHUKM:

Axapemis Merponorii Ykpainm,
XapKiBCbKMﬁ Hauionam:nuﬁ
yHiBepcuter paploenekTporiku (XHYPE),
TOB BUpPOOHUYO-KOMEpLiTiHA

Gipma «®asop JITI»

Bupaetnca 3 6epesns 2006 poxy
Pik Bumycky pecauit
[Tepepmnaruuit innexc 92386

Pepakuinua Koneria:

Bonbmakos B. B., A. T. H., C. H. C.
Bapura 3., A. T. H., lonbma
Bennuko 0. M., A. T. H., pod.
Birkin JI. M., p. T. H., mpod.
Bonogapceskuit €. T., p. T. H., mpod.

Tinsoypr M. [I., A. T. H., mpod.
Ipumenko T. I, A. T. H., C. H. C.
Iyzpys B., o. T. 1., Himewauta
ﬂomuuuw wi P. A.

JKaropa M. A., 1. 7. 1., mpod., Binopycs
3axapos L. II., . T. H., mpod.
3enkin A. C., p. T. H., TIpod.
Konomienp JI. B., p. . H., Ipod
Kocau H. I, #. T. H., C. H. C.
Kouresa JI. 0. 1. T. H., Ipod.
Kptoxos 0. M., A. T. H., mpod.

Kysbmenko 10. B.

Mavexin 10. II., z. T. H., mpod.
Hasapenxo JI. A., p. T. H., Ipod.
Heexmakos II. I, . T. H. oL,
Merpuuus I. C., A. 7. H., mpod.
Micryx €. II., 1. T. H., rrpoq).
Papes X., p. T. H., mpod., Bonrapia
Poxuos M. C., XK. X. H., C. H. C.
Pyxenues I. B, p. T. H., mpod.
Ckyb6ic T., p. . H., mpo@d., Tonbma
Cronapuyk II. I, A. T. H., Ipod.
Cypay M. M., p. 1. 1., mpod.

Ty3 10. M., p. T. H., Ipod.
Xaximos 0., . T. H., pod., Y36exucran
Yamuit B. II, . T. H,, C. H. C.
Yepenkos C. T., . T. H., AOL.
UyHoskiHa A. T., p. 1. H., Pocia

Pepakuyinna rpyma:

TonosHwit pepakrop dicyn B. II.
HaykoBuit pepakTop — BiAMOBifaNbHUI
cexperap Buxokypos JI. I.
[Inzaiinep-sepcranshmnk 3aiues 0. 0.

JKypHan pekoMeHA0BaHO A0 APYKY
BueHOW papo XHYPE
(mporokon Ne8 Bip 26.11.2015)

Appeca pepaxuii:

61002, Xapkis, Byn. Mupoxocuubka, 40;

Ten.: (057) 700-46-81, (095) 00-68-665

E-mail: metrolog-prylady@ukr.net
mp@metrology.kharkov.ua

http://www.metpriladi.com/

http://www.amu.in.ua/journall

Bupasenb Ta BUIOTOBNIOBAY:

BK® «®asop JITI»

61140, Xapkis, mp-T. Tarapina, 94-A, k8. 35;
CBifouTBO IO BHECEHHA

10 JepXpeecTpy BUAABLIB,
BUTOTIBHVKIB 1 po3moBcioKyBayis
BUAABHUYOI MmpomyKuii

cepia XK Ne 90 Bip 17.12.2003.

Tigmucato fo apyky 06.01.2016.
®opmar 60x84/8. Ilamip KpeitnoBaHUN.
VM. npyk. apk. 8,43. 06n.-Bug. apk. 7,13.
Tlpyk odbcersnit. Tupax 500 mpuM.
3amosnenna Ne 31.

© «Merponoris Ta mpunagny, 2015

Td

npunaau
i 6(56), 2015

HaykoBO-BUPOOHWYUMIA KYpHAN
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KB Ne 20033-89331IP Bip 17.05.2013;
BKI0YeHo 7o [lepeniky HaykoBux
(baxoBuUx BUAHb YKpaiHW, Haka3s
MinicrepcrBa ocBiTi i Hayku Ykpainn
Ne 747 ®ip 13.07.2015

)I(ypuan BKJIIOYEHO 70 MixnaponHoi
ayKomerpuyHoi 6asu parmx
ndex Copernicus, nucr Big 08.03.2013

Ka6iHem Minicmpie yxeanug ¢iHansHuli nakem 0okymeHmis, HeObXiOHUX 01 3a8epweHHsA Nepuiozo
emany pegpopmu cucmemu mexHi4yHo20 pe2yno8aHHs. [0108HUM 3a80aHHAM nepwoz2o emany 6yso 3a-
KoHoOasue 3abe3neyeHHA nepexody Ha edponelicbki cmaHdoapmu U npoyedypu. 3a80aHHA HO8020 emany
pepopmu — 3HaAMU 3alisi 6ap’epu 018 docmyny yKpaiHCbKUX NPOMUC/IO8UX mosapie Ha puHku €C.

Jo ¢pinanbHo20 nakemy 0oKymeHmi8 ygiliw1u mexHiyHi peznameHmu Ha 3acobu 8UMipO8aTbHOI mex-
HiKu, MOOyni oyiHKU 8i0N08IOHOCMI, @ MAKOX NJIaH 3ax00i8 Wodo onmumizayii mepexi 0epxasHux 1a6o-
pamopiti. O0Hak 3aeanbHuli 06'em 0oKymeHmMauii, 3ameepoxeHoi Ha nepuiomy emani pepopmu, 6ys Haba-
2amo 6inbwum. Tak, 6yno nputiHAMo 24 nocmaHosu i 8udaHo 7 Hakasie MiHeKoHOMp0o38umKy. I3 27 akmis
€8ponelicbKo20 CeKMopasbHo20 3aKOHO0A8CMaa, 8U3HAYeHuUx Y2000t0 npo acouiayito, 8 YKpaiHi npuliHa-
mo 24 mexHiyHUx peanameHmu, 3 AKux 21 8xe € 0608’A3Kk08UM 00 3aCMoCy8aHHA. 3azanom 8 Ykpaixi npudi-
HAMO 47 mexHiYHuUX pezsiameHmis, 45 3 AKUX po3pobsieHO Ha OCHO8i akmie 3akoHodascmea €C, 41 mexHiy-
Huli peznameHm 8xe € 0608’A3K08UM 0O 3aCMOCYBAHHSA.

YxeaneHHsa ecix yux 0okymeHmig 6ys0 HeobXiOHOI yMOBOIO 017 peani3auil K/lo4o8uUX 3aKOHI8 pe-
popmu cucmemu mexHiuHO20 pezynioearHs. idemoca npo 3akoru: «[lpo memporozilo ma memponoaiy-
Hy OianbHicme», «[Tpo mexHiuHi peznameHmu ma oyiHKy 8idonogioHocmiy, «[lpo cmaHOapmu3sayito», yxea-
neHi npomsazom 2014-2015 pokis.

BenuyezHa nio)comosya po6oma, nposedeHay 2014-15 pokax, cmasna ocHO80I0 0719 HACMYNHO20 ema-
ny pepopmu. [05108He 3a80aHHA HOB020 emany — nidNUCAHHA Y200 npo ouiHKy 8idnogidHocmi ma npudi-
HAMHiIcmb npomucnosux moeapie (Agreements on Conformity Assessment and Acceptance of Industrial
Goods, ACAA). MidnucaHHsa Y200 ACAA o3Hadamume, wjo mopeienia mosapamu mix €C ma YkpaiHoto npogo-
oumuMemsbCa Ha MuX camux yMoeax, AKi 3acmocosylomscs y mopeaieni mix kpaiHamu-dneHamu €C. Okpim
mozo, mpusamume 3ameepOXXeHHA MeXHIYHUX pe2iaMmeHmie i Hanauwmy8aHHA PUHKOB8020 HA2/1A0Y, AKUU
€ 00HUM i3 KJTIOYOBUX €/leMeHMi8 HOBOI cUCMeMU MexHIYHO20 pe2ysIto8aHHS.

«EC Mae ekKOHOMIYHe i cmpameziyHe 3Ha4YeHHA 018 yKPaiHCbKUX 8UPO6HUKIB. Hosumu moxiugocmsa-
Mu, AKi 8i0KpuBae 018 HUX Yeo0a npo acouyiayito, mpeba npagusbHoO ckopucmamucs. A 014 Yb020 Mu pe-
opmyemMo Hawy 3acmapiny cucmemy cmaxHoapmusauii ma npugooumo ii'y 8idonosioHicme 0o esponeli-
cbKol. Lje 3Hime 8ci wmyyHi 6ap’epu ujodo mopeieni 3 EC», — niokpecaus MiHicmp ekKOHOMiYHO20 pO38UMKY
i mopeieni YkpaiHu Alisapac Abpomasuyyc.

3i c8o20 60Ky 3acmynHuk MiHicmpa ekoHoMi4HO20 po3sumky i mopeieni YkpaiHu Makcum Hegoodos
3a3HAYUB, WO Cb0200HI 3a8epuyEMbCsA 8eauYe3HUl eman pe(opmMyB8aHHA cCUCMemMu MexHiYHO20 pezysio-
8aHHA. [[pomsazom ybozo emany MiHekoHOMpO38UMKY CMBOPUSIO 3acadu 051 nepexody 8i0 HeehekmugHOT
i3acmapinoi padaHceKkoi cucmemu KOHMpPoJo 6e3nedHocmi npomucs1080i NpodyKyii 0o cyyacHoi eeponet-
cbKoI cucmemu. «€gponelicbka cucmema i0eosoziyHo 8iopi3HAEMbCA 8i0 nocmpadaHcbKoi. Cmapa cucme-
ma 6a3sysanaca Ha 0608’a3ko8ux cmaHoapmax, FOCTax, Aki peaynosanu abcoaomMHo 8ci xapakmepucmu-
Ku mosapy 4u nocsyau. BionogioHo, dompumarHa yux FOCTie KOHMPOOBANOCA WITAXOM AHASTIZY OKPeMUX
00UHUUb mosapy, AKi Hadasasau cami 8upobHUKU. 38icHO, makuul nioxio He 0asas zapaHmito, Wo pewma
00uHUYb mosapy 3 yiei napmii makox sionosidatome FOCTy», — po3nosie Makcum Hegoooos.

€sponelicbka cucmema, Hagnaku, Haoae binvbwe c60600uU 8UPOGHUKY — 8iH Mycumb Oompumysamu-
€A JlUWe 3a2abHUX 8UMO2 W000 6e3neku (came 80OHU U 3aKpinsieHi 8 MexHiYHUX pe2iameHmax), a Xxapax-
mepucmuku mosapy 8upobHUK Moxe obupamu Ha enacHull po3cyo. [Tpu ubomy KOHMpob 3a 6e3neKoro
moasapie 8 esponelicokili cucmemi 30ilicHIOEMbCA Yepe3 puHKosuli Ha2nA0. «Lje cxoxe Ha Memood «maem-
HO20 NOKyNnus» — Npo8ooUMbCA KOHMPO/IbHA 3aKyNKa moseapy 8 mopzosesibHili mepexi, i AKujo mosap
He 8i0nogidae sumozam 6e3neku — 3 NPoOAXy BuUYYAEMbCA 8CA napmiA. Takilti cnoci6 koHmponto 6inbw
ehekmusHul, wo niomeepoxeHo 6azamopiyHim ycniwHum 0oceidom CLUA i kpaiH €C», — dodas 3acmyn-
HUK MiHicmpa.

OKpim 3ameepOxeHHsA HU3KU MexHIYHUX peziameHmis, nepwuti eman pepopmu cucmemu mexHi4Ho-
20 pe2ysio8aHHA micmue ckacysaHHA 0608’a3k08020 sukopucmarHa FOCTia. Y 2015 poui ckacogaHo 0ito
noHad 15 773 FOCTie, po3pobieHux 0o 1992 poky. Lleli Kpok 38inbHAE NiONPUEMHUUbKY iHIYiamusy i cnpuse
pO38UMKY KOHKYpeHUil, a 0me CmeopeHHI0 HOBUX, IHHO8auiliHUX mosapie ma nocye.

Okpim moeo, HayioHansbHe azeHmcmeo 3 akpedumauii YkpaiHu ompumano eusHaHHA 3 60Ky €spo-
nelicbkol Koonepayii 3 akpedumauii 3a 8cima Hanpamamu akpedumadyii (sunpo6yseansHi ma kanibpysasns-
Hi nabopamopii, opearu 3i cepmudpikauii, a makox opeaHu 3 iHcnekmygaHHs). Lje 0o36oume po3byodysa-
mu 8 YkpaiHi epekmusHy cucmemy cepmuepikayii ma puHKo8o2o Ha2nsAoy.

HacmynHum kpokom pecpopmu cmare peanizayis Cmpamezii po3sumky cucmemu mexHi4Ho20 peay-
J1108AHHA Ha nepiod 0o 2020 poky, y momy quci nionucanHa Yeoou ACAA wo0o npodyKyii cmoco8HO KOX-
HO20 mexHi4Ho20 peanameHmy. 3 nionucaHHAM Y2o00u ACAA yKpaiHCbKi 8UpOBHUKU 3MOXYMb 8iNlbHO NO-
cmayamu ceolo NpodyKyito 6e3 npoxodxeHHA 0dooamkosoi cepmucikayii 8 kpaiHax €C. Lle 3Himae 6ap’epu
014 YKpalHCbKUX eKkchopmepis | 003801ume 8inbHUU 06i2 NnpoMuc/108ux moseapie Ha mepumopii kpaiH €C.

3a mamepianamu MiHekoHompo3sumky YkpaiHu
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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.

Knioyoei cnoea: nazepHe 0xon00xeHHs, HeAiHiliHa Memponoeis, eAmponis LLieHHoHa.

The Introduction

ne of the outstanding tasks in physics of the last quarter of the XX century was
Othe task of cooling of gaseous substances to absolute zero temperature by bra-
king 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 de-
velopment 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

10-17-10-18 [1].
50
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10. MauexiH, f0KTOp TeXHIYHUX Hayk, podecop,
3aBipyBau kabenpu disuynux

OCHOB €JIeKTPOHHOI TeXHiku,

10. KypcbKunt, KaHaupaTr TeXHIYHUX HAVK, LOLEHT
Kadeapn GisnUHUX OCHOB €N1EKTPOHHOI TEXHIKM,
XapkiBCbKUiL HallioHaNbHUIL YHiIBEpCUTET
papioenexTpoHiku, M. XapkiB

Y pobomi posenaHymo 3adady alepHo20 0oNnsepiscbkozo
OXO/T00XeHHA YacmUHOK (amomis, iOHig i MOsIeKyn), AKa Mae 8aXJu-
8e NPUK/IaoHe 3Ha4YeHHs 0n1a i3uku i mempornoeii. [TokazaHo, wo na-
3epHe 0X0J100KeHHS € NPOLeCcoM 83aEmo0ii demepmiHOB8aHOI cucmemu
J103epHO20 BUNPOMIHIOBAHHSA 3 XA0MUYHOK CUCMEMOIO PyXOMUX Ydc-
MUHOK. [Ins oyiHKU napamempig 0Xon100XeHUX Yacmok i KOHMPOJIo
Npouecy 0Xo00eHHsA 3aNPONOHOBAHO BUKOPUCMOBY8AMU Memoou
ma iHcmpymeHmu HeniHitiHoi Memponoeii, po3pobneHi 0na sumipio-
B8aHHs napamempie HenliHiliHuX OUHAaMiYHUXx cucmem. OMpUMAaHo 8u-
paz 0714 OYiHKU eHmMponii 1a3epHO20 BUNPOMIHIOBAHHS, AK YHKUiIO
yacmomu. Pesynsmamu pobomu 0arome MOXuUBICMb OUIHKU 3MiHU
eHmponii cucmemu 0X0/I00)KeHUX YaCMOK Nic/is 3a0aHoI Kinbkocmi
YUKJ1i8 «<NO2STUHAHHS — CNOHMAHHe BUNPOMIHIOBAHHS (POMOHIBY, WO
BIOKPUBAE MOX/IUBOCMI KOHMPOJTIO NPOUECY OXONTO0KEHHA MA OYiHKU
memnepamyp 3 Manumu OUCKPEMHUMU 3HAYeHHAMU.

Yu. Machekhin

Yu. Kurskoy

© MavexiH 0., Kypcbkuit 10., 2015
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The laser cooling process bases on quantum-mecha-
nical 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 trans-
ferred from the primary energy state to an excited ener-
gy 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 pro-
cess causes the loss of energy, slowdown the particles
and, consequently, the decrease of substance’s tempe-
rature. Thus, an impulse of a photon is passed to a par-
ticle when stimulated absorption and subsequent spon-
taneous emission of a photon.

For the next «excitation — spontaneous emission
of photon» cycle the laser radiation frequency is re-
duced, adjusts to the particles’” velocity. For N cycles,
the one particle loses the impulse equal Ap = N7k,
here 7k — 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 tempera-
ture about 100 nK [3].

The theory of laser cooling and subsequent localiza-
tion of the particles was proposed and developed by A.
Letokhov and V Balykin in the 1970-s [4]. 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 [5].

The practical realization of laser cooling and retai-
ning of cooled particles requires a development of spe-
cial methods for assessing and monitoring of particles’
condition. The group of cooled particles may be rep-
resented 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 [6]. 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 as-
sessment and management of NDS's parameters [7].
The application of this instrument for estimation
of cooled particles parameters will improve the re-
liability of the received information and to ensure
control and management of desired parameters.

The research of using the Nonlinear Metrology ap-
proaches and instruments 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:
m 2
T —§<v> ,
here: m — the molecular mass of the particles; R —
the universal gas constant.
If the «atom» system is in equilibrium, the velo-
city distribution of particle p(v) is expressed by the
Mazxwell distribution law [8].

4 ( m j; [ my’ } )
—| —— | exp|——=|v".
Jr\ 2kT 2kT
here: &£ — 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 [9].

The second system is a laser radiation that charac-
terized by a radiation frequency f, and the radiation
line broadening Af, — the «laser» system. In this case,
the frequency distribution of intensity obeys the nor-
mal law or the Gaussian distribution [10]:

- h)
2017 |

(1)

p(v) = (2)

p(f) Afoﬁex{ 3)

The frequency stabilized laser radiation is cha-
racterized by a high degree of coherence Af,/ f, =1
(in scientific laboratories values Af/ f, obtained
at special units reach ~107"5—-10""7). So the «laser»
system can be described like a deterministic system.
Its parameters stay in the certain frameworks during
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the time of observation. The laser operates in a pulsed
mode, the pulse duration is determined by the interac-
tion of laser radiation with particles [4].

Let consider the interaction of two systems from
the position of the Information theory of measure-
ment. For control of the systems conditions let use
the information Shannon entropy that associated with
the probability density p(X), here X — the researched
variable, by next expression H =—p(X)In p(X) [11].
As it was said before it's often used like a degree of or-
der 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 la-
ser radiation is small, in a case of monochromatic ra-
diation 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 7}, and entropy H ,(v,,¢,). The «laser»
system is characterized by the frequency of radiation
Jo £ Af,, and entropy H, (f,.t,). After stop of inter-
action at the moment of time # =7 the systems’ pa-
rameters are changed. The velocity of the particles
decreases, the frequency of the spontaneous emission
/ increases in comparison with the frequency f;, the
spectral line of radiation Af broadens. The «atom» sys-
tem takes the next characteristics: v, T and H ,(v,?)
; the «laser» system takes the next characteristics:
S xAf and H,(f,7). This interaction continues for
the number of cycles required to reach a given tempe-
rature of the material. For the «atom» system and the
«laser» system the formulas for the Shannon entropy
at the moments of time 7, and T have the next form:

H, v, to) = _p(vo) In p(vo)r
H, (f.t,) ==p(f)In p(fy), (4)
H,(v.1)=-p()In p(v), H, (1) =-p(f)In p(f). (5)

Here: H,(v,7) <H ,(v,t,) and the «atom» system
becomes more orderly; H, (f,T) > H,(f ¢,) the «laser»
system becomes more chaotic. This situation is caused
by the dependence of the Shannon entropy from the dis-
tribution density functions and the interval of values.
Thus, when particles emit the photons with the fre-
quency 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
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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 ex-
pressed using an information, which is acquired (in-
formation about the «atom» system /,) or is lost (in-
formation about the «laser» system /,) in the process
of systems interaction [11]:
I,=H,(vt)-H,(v,1)=AH,,
I, =H,(ft)-H,(f1)=AH,. (6)
Using the information conservation law according
to which «the amount of information in a closed sys-
tem remains constant» [11] from the (6) we obtain
the equality:
|AH | = |AH | (7)
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 mo-
ment of time can be represented in the next form:
|AH ,(AT)| = |AH (&) (8)
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, (A)]] (9)
The expressions (3)—(9) allow to determine the en-
tropy and temperature change of the «atom» system
at the moments 7, and 7 the expression for the entropy
difference (6) AH, :
HL(f,to)zln(AfoJ%), HL(f;r)zln(Af@),
A, (4] = ‘lni—ﬂ
Thus, the value of the «laser» system entropy de-
pends of Af changing (the value of the line radiation
broadening). Measuring the frequency of spontane-
ous 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.

(10)

The Conclusions
The task of laser Doppler cooling of particles
(atoms, ions and molecules), which has important
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applications for physics and metrology, is considered.
It is shown that the laser cooling is the interaction
process between a deterministic system of laser radia-
tion and a chaotic system of moving particles.

For monitoring and estimation of the cooling par-
ticles’ parameters it’s proposed to use the methods
and instruments of Nonlinear Metrology that were
designed for measurement of nonlinear dynamic sys-
tems parameters.

The formula for estimating of the laser radia-
tion Shannon entropy, as a function of a laser fre-
quency, is obtained. The results allow to evaluate
the change of the entropy of the cooling particles
system after a given number of cycles «absorp-
tion — spontaneous emission of photons», which
opens the new possibility for control of laser coo-
ling process and estimate of temperature with small
discrete values.

1. Brazhnikov, D.V. Recearch of possibility of deep laser
cooling of magnesium atoms for creating of new
generation frequency standard. // Bulletin of NSU, Series
«Physics», 2012, Vol. 7, Iss. 14, p.p. 6—18.

2. Letokhov V.S., Minogin V.G., Pavlik, B.D. Cooling and
trapping of atoms and molecules by resonance laser
field. // JETP. — 1977. — Vol. 72. — pp. 1328—1342.

3. Balykin A, Atom optics and its applications // Bulletin
of the Russian Academy of Sciences. — 2011. — Vol. 81,
No. 4. — pp. 291—315.

4. Balykin V.I., Letokhov V.S. V.G. Minogin. Cooling
of atoms by laser radiation pressure. // Phys.— 1985. —
Vol. 147, Iss. 1. — p.p. 117—156.

5. D.W. Philips. Laser colling and trapping of neutral atoms.
Nobel lecture. — 1997.

References

6. Machekhin Yu.P., Kurskoy Y.S. Fundamentals of nonlinear
metrology. // LAP Lambert Academic Publishing. —
2014. — 240 p.

7. Machehin Yu., Kurskoy Yu. Features of entropy analysis
of measurement results in nonlinear dynamical
systems // Metrology and devices. — 2013 —
Vol. 06 (44). — p.p. 17—21.

8. Klimontovich Yu.L. Statistical physics. — M.: Nauka,
1982. — 608 p.

9. Loskutov A.Yu. Charm of chaos // UEN. — 2010. —
180. — No. 12. — pp. 1304—1329.

10. Zvelto 0. Principles of lasers. — M.: Lan, 2008, —
720 p.

11. Wolkenstein M.V. Entropy and information. — M.: Nauka,
1986. — 192 p. &

Ompumano / received: 12.11.2015.

Cmamms pexomerdosaHa 0o nybnixayii 0.m.H., npod. €.M. 0daperkom (Vkpaina).
Prof. E.M. Odarenko, D. Sc. (Techn.), Ukraine, recommended this article to be published.

53




