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General description of the thesis 

The relevance of the subject 
This thesis is devoted to physical systems where quantum physics is the necessary 

theoretical formalism needed to be used: atomic systems. Today, lasers are not only applied 
to investigate quantum (atomic) systems, but also to manipulate and steer properties and 
processes in these media. In past decades, the most intense studied processes on alkali atoms 
are Faraday effect (the rotation of the plane of polarization of light), Hanle effect (reduction 
in the polarization oflight), Dicke effect (narrowing of spectral lines in dense alkali vapor), 
increase of the resonance interaction time in a buffered vapor cell, magneto-optical 
processes, atomic beam splitting, etc. Except of these effects and processes, the research of 
resonance interaction opened a way for the construction of lasers based on alkali vapors, for 
a development of very precise and wide-range optical magnetometers, and also brought a 
huge contribution in quantum informatics, for instance the construction of optical quantum 
memory devices, logical gates, etc. Today, in addition to classical (mm- or cm-size) atomic 
vapor cells, the study of effects raised in a nanocell is very interesting and important because 

it allows us to use sub-Doppler resolution in the investigation of the phenomena and 
processes. 

Atomic systems become very complicate objects to study as soon as one wants to enter 
into the hyperfine structure of the atoms. Moreover, the Schrodinger equation is not enough 
sufficient to examine with a high degree of precision the interaction of this hyperfine 

structure with external fields as for instance magnetic and electric fields responsible of the 
Zeeman, Paschen-Back and Stark effects. The high precision of the measurements in the last 
decades implies to implement sophisticated mathematical and physical tools as Liouville 
equation, von Neumann formalism, Dirac equation, etc., within more and more powerful 
computers in order to perform numerical simulations as precise as the measurements. 

The first part of this thesis deals with transfer of populations. This part is at the interface 
of physics and computer sciences. Briefly summarized, the issue could be shortened as: 
"How much, how far can we replace material components of a computer by optical 
devices?''. More precisely in this part of the thesis we want to demonstrate that atoms and 
population transfer between hyperfine levels of these atoms are equivalent to logical devices. 

In order to have calculable and solvable equations, based on the density matrix theory, the 
atoms used to modeling a possible implementation of these full atomic logical devices are 
the ones of the first column of the atomic table due to hydrogen-like electronic structure. 

The second part of the thesis relates more directly to real experiments on these alkaline 
atoms. The fluorescence spectra have been obtained and analyzed in a dynamic transient 
process. Among many information, data, measures that can be extracted from these 
experiments, it worth to notice the followings: determination of relaxation rates, how to 
control population in these atomic systems, measure of the £?RUlat jqns gfthe sx'PLt~mmic 
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states. As the most satisfactory result of our experiments would be to have an crlicicnt atomic 
population control, the main goal of this chapter is to determine as precise as possible the 

most optimal temporal conditions for that. 
The last chapter introduces and develops very interesting application of a magnetic field 

interacting with these alkali atoms. Indeed, while studying atomic M-system in the first 
chapter we understood that the Zeeman splitting is an easy way to obtain M-like systems. 
By varying the intensity of the magnetic field we have seen a variation of the transition 
probability when lighting these alkali atoms with a polarized laser field. Intriguingly, we 
observed theoretically complete annihilation of some transitions for very precise values of 
the magnetic field. Thus we have wanted to know more about the theoretical description of 
this phenomenon and indeed we have been able in some simplified cases to obtain formulas 
giving the values of these particular B-fields and furthermore in all the cases, all the values 
of B-field have been exactly determined by numerical simulation. This allows us to envisage 
the reciprocal effect annihilation of a transition for a very precise value of the B-field means 
this value can be used as a standard for the calibration of a magnetometer. 

The main objectives of the thesis 

• To investigate a mechanism of complete population transfer in five level M-
type system without each transition exact resonances and to propose realistic schemes of 
Toffoli and Fredkin gate implementation on five level atomic system. 

• To develop a theoretical model and experimentally record the spectra in a transient 

regime of 87 Rb and 85 Rb atomic vapor fluorescence, and from the theoretical simulation 

to be able to determine fitting parameters, such as the relaxation rate and the diffusion 
coefficient. 

• To solve all types of ( 7C , u+ and a-) "modified" transfer coefficients which 

have a cancellation numerically and in some cases analytically for rubidium 87 and 85 
isotopes, and to propose realistic experiment to determine hyperfine transition cancellations, 
where the obtained values can be used to calibrate wide-range magnetometers and improve 
the involved quantities' accuracy. 

The main statements of tlie thesis 

• Full population transfer in five level M-type atomic system using laser frequency 
scanning methods or various laser pulse sequences. 

• Realization of Toffoli and Fredkin universal reversible atomic gates on alkali 
metal vapor. 

• Rubidium vapor fluorescence spectra in a transient regime caused by laser 
frequency scanning at various scanning speeds. 

• A new method to determine rubidium vapor ground state relaxation rate, the 
diffusion coefficient and respective collisional cross section of a buffered cylindrical cell. 
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• Magnetic field values for which dipole allowed transitions intensity between 

magnetic sublevels becomes zero. These values can serve to decrease the uncertainty of 

involved physical quantities and as standards to calibrate magnetometers. 

Scientific novelty and practical importance 
• In this thesis a method to make a complete population transfer is proposed without 

the exact resonances of the atomic transitions. A possible scheme to implement reversible 
atomic Toffoli and Fredkin gates is proposed. The considered method and atomic gate 
implementation can be realized using the electronic terms and magnetic sublevels of an 
alkali atom and can lead to the experimental development of atomic logical devices and to 

the mentioned above atomic gates for quantum processors. 

• Method of determination of the ground state relaxation rate to the equilibrium 
isotropic state, the diffusion coefficient in a buffered vapor cell, and the corresponding 
collisional cross section is proposed based on the consideration of the atomic vapor 
fluorescence spectra in a non-stationary regime. Also it is possible to determinate 
appropriate temporal conditions for efficient heralded control of atomic population in a 
multilevel systein . . We may expect, that the results can be used for the enhancement of 
efficiency of photochemical reactions, development of new schemes of sensitive optical 
magnetometers, development of elements for quantum communication systems, and for 

other applications. 
• For the first time, a systematic analysis of all cancellations of optical transitions 

between magnetic sub levels of hyperfine levels are considered. For the simplest case, which 

is D
1 

line and 5 2 S
112 
~ 6 2Pi12 transitions, analytical formulas for the magnetic field value 

canceling transitions are obtained, which means that the uncertainty of the magnetic field 
value depends only on the uncertainties of the physical quantities included in the formulas. 
The study is done for two laser wavelengths. The first one, ~ 795 nm, is the characteristic 
wavelength of cheap and widely available semiconductor red laser, which makes extremely 
easy the reproduction of the experiment by any experimental team. Another laser wavelength 
is ~ 422 nm (blue laser) and the experimental investigation of the transition cancellations 
will be completely new, because these transitions are not well studied, even frequency 
differences of fine and hyperfine structures are not precisely measured. Wide-range 
magnetic field values can serve as a tool to calibrate magnetometers and improve the 
accuracy of the involved physical quantities, such as frequency differences, Bohr magneton, 

Lande factors, etc. 

Approbation of the work 
The results obtained in the dissertation were reported at the conferences "Laser Physics 

2017" (Ashtarak, Armenia, 2017), "71h International Symposium on Optics & its 
Applications (OPTICS-2019)" (Yerevan-Ashtarak, Armenia, 2019) and at the "Laser 
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Physics 2019" (Ashtarak, Armenia, 2019). The works were also presented at the annual 
reports of the Institute for Physical Research of National Academy of Sciences, Armenia, 
discussed at the Theoretical Physics Laboratory's seminars of the same institution, and at 
the Laboratoire Interdisciplinaire Carnot de Bourgogne at the University of Bourgogne, 
France and also during joint seminars between these institutions. Due to the Covid-19 
pandemic, the planned oral presentations at the EGAS conferences had to be canceled. 

Publications 
On the topic of the dissertation, 5 articles are published in international peer-reviewed 

journals and 3 abstracts in the conference Book of Abstracts of the mentioned above 
conferences. 

Because of the Covid-19 pandemic, I was blocked in France between August 2020 and 
February 2021 while I was carrying out a scientific visit to the CNRS Laboratoire 
lnterdisciplinaire Carnot de Bourgogne (ICB), France. I was to participate in international 
conferences of physics, planned and funded by !CB-Dijon-France and IPR-Ashtarak­
Armenia, but the pandemic banned all these conferences. 

Workload 
The content of the thesis is presented on 113 pages, it contains 33 figures, 19 tables and 

146 references. 

Thesis summary 

The dissertation consists of a list of abbreviations, an introduction, a first chapter 
"IMPLEMENTATION OF UNIVERSAL LOGICAL ATOMIC GA TES", a second chapter 
"RUBIDIUM VAPOR FLUORESCENCE IN A TRANSIENT INTERACTION REGIME" 
and a third one "NEW STANDARD MAGNETIC FIELD VALUES DETERMINED BY 
TRANSI110N CANCELLATIONS BETWEEN MAGNETIC SUBLEVELS OF 
RUBIDIUM VAPOR", then a "CONCLUSION AND OUTLOOK" before a relevant 
bibliography. 
The Introduction formulates the relevance of the work, goals, scientific novelty and 
practical value of the work, as well as the main provisions for the defense. 

In the Chapter 1 two problems are considered. Firstly we studied the way of a complete 
population transfer based on the technique of linear scanning of the laser field frequency 
near the resonance of the corresponding transition. This technique can be used to implement 
atomic logical devices which will ensure high efficiency of these devices. In the second part 
we demonstrated the implementation of three-bit Toffoli and Fredkin programmable atomic 
gates on a five-level atom. 

As this chapter is a mixture of physics and computer sciences, thus in section I. I a 
review of the literature on coherent superposition states design, adiabatic population transfer 
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techniques and computer sciences problems, to which the use of the mentioned techniques 

are relevant, is provided. Also in this section the problem statements are formulated. 
Section 1.2 is devoted to the overview of the density matrix theory, Lindblad equation 

and adiabatic passages with some useful approximations which are needful for the further 
sections in order to construct the Hamiltonian matrices describing considered atomic 
systems and interaction of the laser field with them, taking into account the relaxation 

processes of the atom . 
In section 1.3 we considered a five-level M-type alkaline atomic system interacting with 

four laser pulses of Gaussian shape and of arbitrary duration [see Figure I]. 

---- 11) 
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Figure I : Scheme of atomic level s in the M-system. 

G) 

The Hamiltonian and the Lindblad operators are written in the matrix form, where the 
dimension of each matrix is 5 x 5 . It brings to the system of equations, consisting of 15 first 

order differential equations, which completely describe our system. This M-system can be a 
natural one or might be created by the magnetic field due to the Zeeman effect. 

In section 1.4 we demonstrated the possibility of complete population transfer between 
atomic states, using the methods of near resonance scanning of atomic levels combined with 

laser pulses. 
Only for the case ofFigure 2 we obtained comparatively bad result of population transfer 

using asynchronous scanning, because the atom is in two-photon resonances for a short time, 
but despite this, the scanning technique allows efficient population transfer, and in 

asynchronous scanning [see Figure 2 (g)] the transition frequencies corresponding to n 1•3 

and n
3

•
4 

, are in single-photon resonances when certain Rabi frequencies are relatively low, 

which leads to a deterioration in population transfer, compared to the case when synchronous 
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Figure 2: Comparison of the population dynamics of atomic levels (a, b, c, d, e): curves 1 
without scanning, curves 2 with synchronous scanning (f), curves 3 with asynchronous 
scanning (g). Values of the parameters are the following: !.11_2 = !.12•3 = !.13•4 = !.14•5 = 5. The 

peaks of pulses correspond to the values t, = 27, t2 = 21, t3 = 39, t4 = 33, 8 = 5 and 

f ;J = 0.5 . All parameters are normalized to the total scan time T . 

scanning was used. In other cases the techniques of synchronous and asynchronous scanning 
allow us to make the complete population transfer. Besides the comparison of the two here­
before mentioned scanning techniques, we also compared the obtained results with the 
results obtained by the method based on the adiabatic population transfer of atomic levels. 

In section 1.5 the simple realization of three-bit Toffoli and Fredkin programmable 
atomic gates on a five-level atom is demonstrated. 
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Figure 3: Dynamics of the populations of atomic levels (a, b, c, d, e) and the sequence of 
switching on oflaser pulses (f). This corresponds to input I 1 0 and the output I 1 1 of the 
Toffoli gate. All parameters are normalized to the average pulse duration T . 

The scheme is based on an adiabatic transfer of the populations of atomic levels. Figure 
3 demonstrates one of the possible operations of the Toffoli gate. In fact the operations are 
four in sum: two for the Toffoli gate and two for the Fredkin gate. It should be mentioned, 
that the results were obtained using numerical methods. 

The conclusion to the Chapter 1 can be found in section 1.6. 
Chapter 2 is devoted to the study of the fluorescence spectra modification of a room-

temperature atomic rubidium vapor in the region 87 Rb and 85 Rb D2 line while changing 

the temporal rate of linear (triangular) scanning of laser radiation frequency. An increase in 

the ramping speed over a certain value ( 106 MHz/s) results in essential modification of 

magnitudes of individual atomic transitions, different on rising and falling slopes, which 
characterize transition from a steady state interaction regime to a transient one. 

In section 2.1 can be found a brief review of the relevant to this subject literature, 
particularly on steady-state interaction, transient interaction and dynamic effects. Also we 
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discussed about the interaction time of individual atom with the laser field which consist of 
two components: a time of flight of an atom through a laser beam ( TTOF = 5 µs) and the 

interaction time determined by the temporal rate of linear scanning of laser radiation 

frequency ( ' • ""'6 µs). 

In section 2.2 employing density matrix theory we developed a model, in order to 

simulate the resonant fluorescence on hyperfine transitions 87 Rb F
8 

= 1, 2 ~ F. = 0, 1, 2, 3 

and 85 Rb ~ = 2,3 ~ F. = 1,2,3,4. The model includes all the relaxation processes which 

are characteristic to the atomic vapor in a cm-long cell , such as the relaxation rate of the 

lower energy levels to the equilibrium isotropic state (Yo ) and the total broadening rate 

comprising radiative damping, collisional broadening, laser radiation linewidth, and 

inhomogeneous (Doppler) broadening making a dominant contribution ( y,,,, ). 

In section 2.3 we analyzed the experimental results and made a good fitting in order to 
achieve our goals. Experimental measurements were done on a simple setup schematically 
depicted in Figure 4. Collimated linearly polarized radiation from a free-running single­
frequency laser diode (maximum power 25 mW; spectral linewidth 15 MHz) with 2 mm 
beam diameter was directed into a glass cell (135 mm long, 20 mm diameter, no 
antirelaxation coating, no added buffer gas) with a side arm containing natural rubidium. 
Experimental measurements are done for 13 values of triangular scanning frequency and for 
3 values oflaser power (I mW, 5 mW and 20 mW), 39 spectra in sum. 

MM 

L 
oscill05C0pl' 

w~vefom1 

generator 

Rb cell 

Figure 4: Schematic drawing of the experimental setup. 

On Figure 5, black lines correspond to experimental spectra. One can see that for 1 mW laser 
power, spectra exhibit mirror symmetry, and the shapes of spectra do not change 
significantly when changing the time of scan. Mirror asymmetry in scans appears for 5 mW 
with the decrease in scanning time. This asymmetry becomes more pronounced for 20 mW. 
However, the symmetry tends to recover again when reaching the shortest attainable scan 

JO 

times. Decrease in the scanning time results in gradual enhancement of fluorescence on these 
transitions. 

To simulate the resonant fluorescence spectra [see Figure 5] two fitting parameters were 

used: the laser electric field effective amplitude & and the 
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Figure 5: Comparison of theoretical (red lines) and experimental (black lines) fluorescence 
spectra for 3 values of the laser radiation power and 3 values of the scanning rate. 

relaxation rate of the gr.oulid energy levels to the equilibrium state y0 • It is obvious that & 

has different values for different laser powers, but the value of the parameter y0 remains 

unchanged. 
From the obtained fitting parameters we move to the discussion part (section 2.4). From 

the parameter y0 , which comprises contributions from population relaxation time T; 

(relevant for our study) and coherence relaxation time T; , we calculated the diffusion 

coefficient and respective total interatomic collision cross section of a buffered cylindrical 
cell, which are realistic for our case. 

The conclusion to the Chapter 2 can be found in section 2.5. 

In the (;lzapter 3, w,e stt1dy the behavior of 87 Rb and 85 Rb atomic vapor in a cell under 

the influence of a wide range of magnetic field values (from 0 to 10000 G) . We have 

analyzed the magnetic field dependence of intensities of all the 52S1, 2 ~ 5
2f; 12 . 312 and 

5 2 
sl/ 2 ~ 6 2 

I: 12, 312 optical transitions between magnetic sub levels of hyperfine level s, 

excited with 7C , a + and CY - polarized light. Magnetic field values canceling 

5 2 S1, 2 ~ 5 2 f; 12 and 5 2 S1, 2 ~ 6 2 Pi12 transitions are given by analytical expressions. For the 

52 S112 ~ 5 2 Pi12 and 5 2S112 ~ 6
2 Pi12 transitions, magnetic field values are obtained using 

numerical methods. 
In sect[on 3.1 a revie~ of the literature on optical magnetometers, the Zeeman and 

Paschen-Back effects, saturated absorption and selective reflection is made. Besides this, we 
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iscuss about similarity and difference between rubidium 5 2 S1, 2 --+ 5 2 
;:12• 312 and 

2S1, 2 --+ 6 2P,12 • 312 transitions. The main differences are the laser wavelengths and overall 

ansition strengths. 

In section 3.2 we analyze the Dirac equation, which is well suitable for the considered 

roblem, and atom-magnetic field interaction. We used this well-known fonnalism to 

)nstruct our magnetic Hamiltonian matrices. Our theoretical model taking irlto account 

olarization configurations and magnetic field values, allows to detennine cancellations of 

ansitions between individual magnetic sublevels of alkali atoms (i.e. drive the transition 

robability to zero). 

In section 3.3 we show an example how the analytical solutions for 87 Rb 

;i S112 --+ 5 21;12 transitions ( D1 line) are calculated [see Figure 6]. 1here are only two 

ansitions which have a cancellation. In fact, the scheme of 87 Rb hyperfine 5 2 S112 --+ 6 21;12 

ansitions is the same and thus the obtained formulas work as well as for the case of 

;
1 S11i --+ 5 2 P,, 2 transition cancellations. 

m=-2 m=-1 

~- ............. , 
5 T'1;2 -.. ...... , ...... 

~ 
5 

2
81;2 "·-.. ...... , 

•,._,~ 

12 

m=O 1n'-' l m-2 F0 - 2 

1' F', = l 

Fq = 2 

}<~ = 1 

l" 
:H 

l( 

'igure 6: 87 Rb D1 line scheme in magnetic field with 1' transitions for m = -1, where <; 
; the frequency difference between the ground states Fg = 2 and ~ = 1 , and & is the 

;equency difference between the F. = 2 and F. = 1 excited states. 

Only transitions 1 ( B<~{) and 4 ( s«:{ ) have a cancellation, they cancel for exactly the 

ame value of magnetic field, and the expression giving the value of magnetic field which 

1rings to the cancellation is 

B<±> = __!__. Jc::'e 
<±> µa 3g1e-3gse +3gr1;-4g1,s+gss' 

(1) 

12 

where µ
8 

is the Bohr magneton, g,, gs and gL are nuclear, spin and orbital Lande factors 

respectively. 

In section 3.4, using the same reasoning as in section 3.3, we also obtained analytical 

solutions /or 85 Rb 5.2S112 --+ 52J;12 and 5 2S112 --+ 6 2J;12 transition cancellations. 

Expressions are the foliowing: 

s<±> = __!__ . 2s'e' 
<±> µa 3gie' -3gse' +3g1s' -4gls' + gsS' 

(2) 

for m=-1 and 

B<±> = __!__. 4s'e' 
(±) 3 1 3 I 3 /'' 4 /" /'' µB g1& - gs& + g1~ - gl~ +gs~ 

(3) 

for m = -2, where t;' and e' respectively are the frequency difference between the ground 

and excited states. Then we compared the values obtained analytically and values obtained 

using num~rical simulation in order to understand how precisely they match. We did it, 

because the Hamiltoni~ sub-matrices for more complicated cases (i.e. 87 Rb and 85 Rb 

atoms, 5 2S112 -+5 2Pi 12 and 5 2S112 -+6 2?;12 transitions) are 3x3 and 4 x 4 dimension , thus 

to find analytical solutions would be probably be possible using Ferrari and Cardano 

relations, but leading to unreadable solutions. The difference between analytical values and 

values obtained by numerical simulation is 10- 12
, which completely justifies to use 

numerical simulation for further studies. 

In section 3.5 we obtained magnetic field values for 87 Rb and 85 Rb isotopes 

5 2S112 --+ 52?;12 and 5 2S112 --+ 6 2?;12 transition cancellations. For 87 Rb , five Jr transition 

cancellatiohs exist, for. CJ'+. they are 8 and 3 for CJ'-. For 85 Rb the quantity of transition 

cancellations are 15 for Jr transitions, 16 for CJ'+ and 11 for CJ' - polarized excitation. It 

should be noted, that some of the transitions have double cancellation. 

In section 3.6 we made an experimental feasibility analysis. In the case of a proper 
experimental implementation, an accurate measurement of the magnetic field corresponding 
to the canceling of the optical transition will make it possible to determine exact values of 
the physical parameters, in particular the value of frequency difference between the upper 
states & , the only physical constant determined so far with least precision. On the other hand 
the large range of obtained values for transition cancellations (from 5 G up to 7000 G) for 

both 87 Rb and 85 Rb isotopes may become a strong tool in wide-range magnetometer 
precise cali,bration. . 

The conclusion to the Chapter 3 can be found in section 3. 7. 
The "CONCLUSION AND OUTLOOK" contains the main results obtained in this 

thesis and discussion about further researches. 

• 
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Uut./1mrwqrr 

Ul.(1liuwfunumtu1wu h/11fuwf./wu fJflnLJfUUliflfl 
• Puwljbgl{womraJWU wupnrt2wlJwu Ulbrtwt./1ntumu huqwuwljW[lfl.Wlj 

M-lilflUJfl wlilnuwljwu hwuwlJwrqmu' oqlilwqnrobLn4. Lwqb[lWJflU hw6wtumraJwu 

oruwu ubran11-ubr LJwu UlWflpbr LwqbrwJru ruUJnquubrr 

hw2nr11-wljwunLraJnLuubr: 

• Sn'.f>nttir LL &[lbfl.lJrur murl{b[lUWL 2r2b!P WUlnuwljwu t./1wljwur 

rrwLJwuwgmu WLlJWtP ublilwaj1 qnLnr2m 4.flw: 

• rt-mpfl11-rmuJi ·qnLnr2m '.f>LmnrbugbugrwJti UUjbljlil[lU wugmuWJPU 

nbd-pumu, UjWJUWUwl{nrl{wo LWqb[lWJpU hw6wtumraJWU oruwup' UlW[lpb[l O[lUWU 

wrwqmraJmuubrti 11-bUJpmu: 

• un[l ubranfl. pm'.pb[lWJpU qwqnl{ ctlwuw<'ll.L P22nLLI nmppf1.pmur qnLnr2m 

hpuuwljwu 4.f16wljp nbLwpuwgpwJr wrwqmraJwu, ri.ti'.f>mqflwJr qnrowlJgr LL 

hWUWUjWUlWUtuwu pwtumUWJflU LWJUWljwu ljlil[ll{WOQfl nrn2uwu hwuwr: 

• lJwquruwljwu f1.W2lilfl W[lcTbQUb[l, nrnug l).bUjQnLU uwquruwljwu 
burawuwljW[lfl.WljUb[lfl ur2LL fl.flUJ11LWJflU fOnLJLWlil[ll{wo wugmuub[lfl 
flUUlbuurl{mraJmUQ ri.wnumu t qrn: '1-rwun LJwrnrt bu ownwJbL ubrqrwl{l{wo 
'.f>rqfllJwljwu ubomraJm'Uubr!i wunrn2mraJnLUQ ul{wqbgtibLm hwuwr, LL 11[lUjbU 
UlilWUfl.W[llil' uwquruw2wt./1b[lfl lil[lWUW2Wt./1uwtJ hwuwr: 

UjU WUlbuwtunumraJWU hruuwljwti W[lfl.JnLUQUb[l[!, nrnun W[llilWhWJlilnLU bu 
fObUWJfl W[lfl.flWljwtJmraJnLD[!, qfllilWljwtJ tJn[lWUnLOnLfOJnLDtJ nL qn[lODwljwtJ 

LJwrLLnrmraJmUQ, LJwrnri bu <'lLLwLJbrUJ4.bL hblilLLJWL LJbrUJ: 
UUlbuwtunumraJWU wnw2ru qltumu Ulbuwljwunrbu gmgw11-rl{wo t 

wlilnuwljwu puwljbgl{womraJwu lilbrtwt./1ntumLlQ M-lil!iUJr hwuwlJwrqmu, nrQ 
t./1ntuwq11-mu t 2nru q.wmuJwu lilbupr ruUJmuubrr hblil, oqlilwqnrobLn4. 
tulilnLfOJW~ UWUl[lfl9fl ~wl{wuwrmuubrr n2-ulilwgrnuwr ra4.WJflU LnLOmutibr: 
5mjg t Ul[ll{WO, nr ' LWqb[lWJfl'!.i flUUJnLLUfl hw6wtumraJWU O[lnLU[!' Wlilnuwljwu 
wuguwu hw6wtumraJWU 2mr2. LJwrnri t wupnr\,2WUjbU LL W[lfl.JnLUwl{blil 
lilbrtwt./1ntubL puwljbgl{womraJnLUQ hruuwljwu uwlJwr11-wlJrg fl.bUjfl uwtuwUJbu 
QUlil[ll{wo uwlJwrri.wlJ: UjumhblilLL gmjg t lil[ll{wo pl{wqpnbqnuwuuwJrti 

q.WnLUJWU Ulbupr flUUjnLLUWJflU LWqbrubrr ur2ngnLj_ Sn'.f>nttir LL &rb11-LJrur 2r2b!P 
t./1WljWUUb[lfl UjW[lq fl[lWljwtJwgnLU[! : t'> hw2fl4. D[lW, 11[1 WJU t./1WljWUUb[ltJ 
nLUfll{b[lUWL bu, Ulilwgl{wo W[lfl.JnLUQUb[l[! ljwrnrt bti h!iup ownwJbL WLlJWtP 
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bmwri_ti q.ntnr2titJbrti 4_rw htiutJLj_wo Lil[lWUWpw'c.Jw4w'c.J 211J')W'c.Jbrti 4wnmguw'c.J 
wuwr: l..uw'c.J hwuw4wrq.r [!DLil[lnL[OJnLD[! ll.jWJUW'c.Jw4.nf14.wo t tirwtin4_, nr WJ'c.i 
'mJl t mwttiu umb11_obt bnwprra t.liw4w'c.J'c.Jbr: M-mtill.fti hwuw4wrq. 4wrbtti t 
LnWDW[ W[4WtJ'l WlJlnur ttb4mrn'c.JWJtitJ UW4W[ll).W4'c.Jb[lti9 4wu uwq.tJruw4wtJ 
tirawLlw4wr11-w4tibrrg: 

br4rnrl). q.tJumu gmgwrwt{wo t w'c.JgmLlwJti'c.J nbcttiumu nmp!irJ.trntur 
imnuw4wti q.ntnr2m D2 q.or '.titmnrbugbtigrwJti Ull.fb4mrr q.rwtiguw'c.J ll.fwrq 

rnro: I""' hwt{btmu'c.J 11-rwti' u2w4bL b'c.Jp mbuw4wti unrJ.bL, nrlJ. 'c.J4wrwq.rmu t pnLnr 
1baj1 m'c.Jbgn11_ ll.frngbu'c.Jbp'c.J wmnuw4w'c.J qntnr2n4. P22mu. ro4.wJti'c.i 
nri.bLw4.nruw'c.J wrri.Jm'c.ip'c.Jbp[! 2wm LW4. hwLlwll.{wmwutuw'c.Jmu b'c.J t.linratiw4wti 
J[ll).Jm'c.iptibrrti: SbumroJm'c.i[!, LL 11-rw hwuwll.{wmwutuw'!JbgmLI[! t.linrat;iti, romJt t 
lWLtiu nrnzbt 4wpLLnr UJWflWUblll[lb[l, npntJgrg t htiUtJw4wtJ t'c.Jbpqbmti4 
w4wrri.w4tJbrr' hw4_wuwpw42rn rqnmrnll.f 4_!i6w4ti nbLWJ2UwgtiwJti 
J[lWq.nt1'3JnLD[!'. '1-rwtirg pwgr 4wrbLr t npn2bt Wt4wtJ1w4w'c.J wmnuw4wti 
nlnr2n4. L94.wo pm'.pbrwgLj_wo P22r ri.r'.pmqtiwJti qnpow4r9Q LL 
wuwll.{wmwutuw'c.J pw!l.JmLiwJrti tWJ'c.iw4wtJ 4mr4_wop[!: UJu LL wnw2r4w 
bmwqnlilnL1'3Jnt'c.itJbrr hruw'c.J 4_rw ubup hnLJU m'c.Jb'c.Jp 4wrn11_w'c.JW[ npn2bL hwmm4 
wuw'c.Jw4wJtitJ ll.jWJUW'c.J'c.Jbr pwquwuw4wr11-w4 hwuw4wrq.r wmnuw4w'c.J 
'c.Jw4bg4_womraJw'c.i wr11-Jm'c.Jwt{bm 4wnw4.wruw'c.J hwuwr. 4rrwnbtml 
w6wtuwJr'c.i unri.mtwgt{wo w'c.i[!'c.il').hwm Lwqbr' nrll.fbu 4wnw!{wrblti tiull.fnLLUWJtiti 
wnwqwJrauw'c.J Wr1_PJmr : . ' 

brrnrri. q.tJumu ri.timwrlJbL b'c.Jp uwq.tiruwljw'c.J b'c.J13wuwlJwr'lwlJ'c.Jbpr uti2LL 
; 2s112 -+S 2P, ,2,3/2 LL 5 2s112-+6 2P, , 2,3/2 Oll.fll1ti4w4w'c.J w'c.JgmUtibrti ~b11_wrljmu[!: 

lmwgt{bL bti wtiwtJ1mr4 pw'c.JwaLLbr' tJ4wrwq.rn11_ s 2
s 1, 2 --+ 52P,12 LL s 2

s 112 --+ 6
2P,12 

J'c.JgmUtibr[! ~b11_wrljn11_ uwq.tiruwljw'c.J ri.w2mti wrctbpubp[!: Ut{btJ'l PWfll'). 
.bll.fpbrr' s 2 s112 ~ s 2 ~12 LL s 2 s112 ~ 6 2 ~12 w'c.Jgmutibrti hwuwr ~b11_wr4Llwti 

Jfld-bptibrD. umwg4_bt b'c.J ro4.wJti'c.i unl').bLw4.nruw'c.J uti2ngm.J.: U'c.Jwt]1mr4 
w'c.JwaLLbrD. 4wrn11_ b'c.J oq.mwq.nro4.bL hw24.wr4tibpmu tibrq.rwt{Lj_wo 
>tiqtiljwljwti ubomraJm'c.itibrti wti62mm13Jm'c.itibrti t.1in12rwguw'c.J hwuwr, nrntigrg 
, ortitiwlj, q.rq.nLj_wo uw4wr11-w4tibrti uti2LL ttibrq.tiwtibrti mwppbrmroJnt'u[!: LJb4 
.lJL ljwrLLnr 4bm'c.J WJ'u t. nr umwgLj_wo uwq.tiruw4wti 11-w2mr wrctbptibp[! 4wrn11. 
;'(J ownwjb[ nrll.fbU tW4. q.nror12 LWJ'c.i mrrmJror uwq.tiruw~wt.librti 62mq.rrm 
1rwuw~wt.1iuwti hwuwr (5 <+-rg utiti~LL 7000 q.): 
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KOHTPOJlh ATOMHb!X Il.EPEXO,UOB YI DOITYJUIIJ,illi CKOPOCTblO 
CKAHI1POBAHllil l.fACTOTbl J1A3EPA YI MArHl.1THblM DOJ1EM 

ApTyp 10pbeBH4 AneKcarnrn 

Ofoop 

Ocuoaubte no110J1ce1tuJL BblllOCU.Mble ua JaU(umy 

• llonH_bri1 nepe11oc 11aceneHHOCTei1 B rn1THyposHesoi1 c11cTeMe M-THna c 

HCDOJlb30BalJHeM CKaJIHpOBallHll Jia3epHOi1 4aCTOTbl HJIH pa3Jil14Hb1X 

nocne,!\OBaTeJibllOCTei1 na3ep11brx HMnynbCOB. 

• Pean113aUHH y11Hsepcan b11brx o6paTHMblX aTOMHblX seHT11nei1 TocjJcjJon11 11 

<!>pe.!\KHHa s napax U\eJI0411blX MeTannos. 

• CneKTpb1 cjJnyopecue11u11H napos py611,!\11H B nepexo,!\HOM pe)J<11Me, 

o6yCJIOBJie!IHOM CKallHpOBaJ!HeM Jla3ep11oi1 4aCTOTbl np11 pa3Jil14Hb1X CKOpOCTHX 

CKaH 11posa1111H. 

• 1-lOBbltt MeTO,!\ onpe,!\ene1111H CKOpOCTl1 penaKcau1111 OCHOBHbIX DO.!\YPOBHei1 napos 

py6H,!\11H, KO:> cjJCjJHu11c1rra ,!\11cjlcjly311H 11 CTOJIKHOBHTeJibHOro Ce4eHl1H c 

(\ycjJepHblM fa30M B U11Il1111,!\pH4eCKOi1 H4ei11<e. 

• Ben1141111a Marn11T11oro DOJIH, np11 KOTOpoi1 11HTeHCl1BHOCTb ,!\HrlOilbHO 

pa3peweHHblX nepeXO,!\OB Me)J(,!\y MafH11THblMl1 DO.!\YPOBHHMl1 o6pall\aeTCH B 

HYJib. 3Tl1 311a4e1111H MOfYT CJIY)J(l1Tb ,!\JIH yMeHbWeHl1H Heonpe,!\eJieHHOCTl1 

3a,!\ei1CTBOBaJIHblX cjJl13114eCKl1X BeJil1LJHHl1 11 3TMOHOM ,!\JIH Kan116pOBKl1 

MafH11TOMeTPOB. 

0CHOBHbie pe3yJibTaTbl ,!\l1CCeprau1111, 0TPa)J(alOU\11e aKTyMbHOCTb TeMbl, HaycrnyIO 

HOBl13HY 11 npaKTH4eCKYIO ueHHOCTb, MQ))(IJO ccjJopMyn11poBaTb CJie,!\ylOU\HM o6pa30M. 

B nepsoi1 rnase .!\HCceprau1111 TeopeT11YecK11 noKa3aH :>cjicjJeKT11BHbii1 nepe1-1oc aTOMHbIX 

HaceJieHHOCTei1 B Cl1CTeMe M-T11na, KOTOpaH B3aHMO,!\ei1crnyeT c 4eTblpbMH Jia3epHblMl1 

11MnynhcaM11 rayccoscK11ti cjJopMbl, 11cnoJib3YH 1-1ecrau1101-1ap1-1b1e 411cI1eHHb1e pewe1-111H 

ypasHeHHH ,!\JIH MaTpHUbI nnoTHOCTH. ITpo,!\eMOHCTp11posa~JO, 4TO c1<aimposa1rneM YaCTOTbI 

Jla3ep1-1oro 11MDYilbCa B o6naCTl1 4aCTOTbl aTOMHOro nepexo,!\a MO)J(HQ :>cjJcjieKTHBHO 

nepeHeCTH BCIO aTOMHYIO HaceJieHHOCTb c OCHOBHOro ypoBHH Ha 3apattee Bb16paHHbltt. 

Ilpo,!\eMOHCTp11posatta npoCTaH pean1nau1rn o6paTHMbIX aTOMHbIX seHTHJieti Tocjlcjlon11 11 

<!>pe,!\KHHa c 11CDOJlb30BaHHeM KBa311pe30HaHCHblX Jia3epHblX HMllYJibCOB rayccosoH 

cjiopMbI. B c1rny Toro, 4TO :>T11 seHTHIIH HBJIHIOTCH y1111sepcanbHblMH, nonyYeHHbie 

pe3yJibTaTbl MOryT CJIY))(HTb OCHOBOi1 ,!\JIH nocTpOeHl1H IIOfl14eCKHX cxeM Ha OCHOBe napoB 

U\eJI04HhIX MeTannos. Bb16op c11cTeMbI M-T11na 06ycnosne1-1 TeM, 4TO otta no3BOJIHeT 

peanH30BbIBaTb Tpex6HTHble JlOfl14eCKHe BeHTHJIH. c .!\pyroi1 CTOpOHbl, CHCTeMa M-THna 

• 
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))!(eT 6b1Tb peaJHl30BaHa Ha 3.JleKTpOHHblX TepMax 11Jll1 MarHl1THblX TIO)zypOBHl!X 

eJJ04HOro aTOMa. 

Bo BTopoi1 rnaBe Mbl npo.neMOHCTp11poBan11 npocTOH JKCnep11MeHT no perncTPau:1111 

reKTPa <jlJlyopecu:ettu:1111 D2 JJ11H1111 aTOMOB py611.n11ll B nepexo.D,HOM pe)!(HMe. 

i3pa6oTaHHal! TeopeTl14eCKYIO MO.D,e.Jlb, Y411Tb!Ba!Olllall BCe .u11cc11naTl1BHble npou:ecCbl B 

rei1Ke c aTOMapHblMl1 napaMl1py611.D,11ll,11 pe3yJJbTaTbl <rncneHHOro MO.D,en11poBaHl1ll 04eHb 

)powo cornacy10Tcl! c JKcnepHMeHTaJibHbIMH pe3ynbTaTaMH. TeopHll 11 ee cornac0Batt11e 

J KCnepHMeHTOM TI03BO.Jll!IOT onpe.D,eJJHTb Ba)!(Hble napaMeTPbl, HanpHMep, CKOpOCTb 

~JlaKcau1111 OCHOBHblX 3HepreTl14eCKl1X ypoBHeH K paBHOBeCHOMY H30TPOTIHOMY 

JCTOl!HHIO. KpoMe Toro, MbI MO)!(eM onpe.uen11Tb KOJcjJ<jrnuHeHT .umjJcjJy31111 6ycjJepttoro 

l3a H COOTBeTCTBYIO!llee CTOJlKHOBHTe.JlbHOe nonepe4HOe Ce'leH11e. 0CH0Bb!Bal!Cb Ha 3TOM 

npe.D,CT0llllll1X 11CCJle.D,OBaHHllX, Mb! Ha.D,eeMCll, 4TO CMO)!(eM onpe.ueJJHTb TIO.D,XO.D,lllllHe 

)eMeHHble ycJJOB11ll .D,Jlll JcjJcjJeKTHBHOro KOHTpoJJll aTOMHblX HaceJJeHHOCTeH B 

HoroypoBHeBOH Cl1CTeMe, peaJil130BaB 'laCTOTHO-MO.UYJJHpOBaHHblH Henpepb!BHblH Jla3ep 

Ka'leCTBe JcjJcjJeKTHBHOro 11CT04HHKa ynpaBJJl!eMoro 11MTIYJlbCHOro H3JJY4eHl1ll. 

B TpeTbei1 rnase paccMOTpeHo cxnonbrnaH11e (oTMeHa) onn14eclrnx nepexo.uos Me)!(.D,y 

arHl1THblMH no.uypoBHl!Ml1 J111HHH5
2S112 ~5

2I'i 1 2 • 3 1 2 11 5
2S112 ~62I'i 1 2 • 3 1 2 • TIOJJY'leHbl 

laJJHTH'leCKHe cjJopMyJJbl, Bb!pa)!(aJO!llHe BeJJl14HHbl MarHl1THOro TIO.Jlll, npH KOTOpOH 

'ITeHC11BHOCTb nepexo.ua o6pamaeTCll B HY.Jlb .D,Jlll nepexo.D,OB 5 
2 
sl /2 ~ 5 

2 I'i 12 11 

2 
S

112 
~ 6 2 Pi12 • ,ll.JJll 6onee CJlO)!(HblX CJJy'laeB, TO eCTb .D,Jlll nepeXO.D,OB 5

2 S112 ~ 5 
2 ~12 11 

2
Sl /2 ~ 6 2~12' Mb! TIOJJY4HJ111 3Tl1 3Ha4eHHll TIYTeM 'lHCJleHHOro MO.D,eJJHpOBaHl1ll. 

HaJJHTH4eCKl1e cjJopMy.Jlbl MO)!(HO 11CTIOJlb30BaTb .D,Jlll yMeHbWeHl1ll Heonpe.ueneHHOCTeH 

rncrnyrom11x B paC'leTax cjJH3H4eCKHX BeJJH411H, TaKl1X KaK pa3HOCTb JHeprni1 Me)!(.D,y 

n6y)!(.D,eHHblMl1 COCT0l!Hl1l!MH, MarneTOHa :Dopa, cjJaKTOpOB JlaH.D,e. Ba)!(Hb!M MOMeHTOM 

3.Jll!e'rCll TO, 'lTO nony'leHHble 31racreHHl! MarIIl1THOro !10.Jlll '.'10fYT CJJY)!(HTb, xopOWHM 

rlCTPYMeHTOM .D,Jlll TO'lHOH KaJIH6pOBKl1 MarHHTOMeTpOB WHpOKOro .D,HaTia30Ha (OT 5 f .D,O 

Joor). 

c~r - ~· -------~ 
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