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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 of light), 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 Schrédinger 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 populations of the excited atomic
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states. As the most satisfactory result of our experiments would be to have an efficient 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 ¥Rb and *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 (7, o" and o) “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 the 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 system. 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 sublevels of hyperfine levels are considered. For the simplest case, which

is D, line and 5%S,,, — 6%P,, 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,
Landé factors, etc.

Approbation of the work

The results obtained in the dissertation were reported at the conferences “Laser Physics
2017” (Ashtarak, Armenia, 2017), “7™ 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, | was blocked in France between August 2020 and
February 2021 while | was carrying out a scientific visit to the CNRS Laboratoire
Interdisciplinaire Carnot de Bourgogne (ICB), France. | was to participate in international
conferences of physics, planned and funded by ICB-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 GATES”, a second chapter
“RUBIDIUM VAPOR FLUORESCENCE IN A TRANSIENT INTERACTION REGIME”
and a third one “NEW STANDARD MAGNETIC FIELD VALUES DETERMINED BY
TRANSITION 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 1.1 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 1].

YAz yAis

Q3.4

Qi

o1
i

13)

Figure 1: Scheme of atomic levels in the M-system.

The Hamiltonian and the Lindblad operators are written in the matrix form, where the
dimension of each matrix is 5x5 . 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 of Figure 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 ©, ,

and Q,,, 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: Q,,=Q,,=Q,,=Q,;=5.The

peaks of pulses correspond to the values t, =27, t,=21, t,=39, t,=33, =5 and
I, ; =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 of laser pulses (f). This corresponds to input 1 1 0 and the output 1 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 *Rb and ®*Rb D, line while changing
the temporal rate of linear (triangular) scanning of laser radiation frequency. An increase in
the ramping speed over a certain value (10° 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 (7, =5 us) and the

interaction time determined by the temporal rate of linear scanning of laser radiation
frequency (z, =~ 6 ps).

In section 2.2 employing density matrix theory we developed a model, in order to
simulate the resonant fluorescence on hyperfine transitions ¥Rb F=12-F=0123

and ®¥*Rb F,=23—>F=1234. 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 (y,) 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 of laser power (1 mW, 5 mW and 20 mW), 39 spectra in sum.

/\/\/\/\ V\»"cl\’(‘f()l']ll
generator

oS~

oscilloscope Rb cell

photodctector

attenuator

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
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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
——Theory R=1mW R=5mW R=20 mW Ts

—Experiment
A __-_IM‘_ 200 ms

P R T e O e _AJM _,JM 02ms

oA N | A A _MM M 0.05 ms

Frequency (1 GHz/div.)
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.

Fluorescence (arb. units)

relaxation rate of the ground energy levels to the equilibrium state y, . It is obvious that &
has different values for different laser powers, but the value of the parameter y, remains
unchanged.

From the obtained fitting parameters we move to the discussion part (section 2.4). From
the parameter y,, 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 Chapter 3, we study the behavior of ¥ Rb and ®*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 5°S,, —5°R,, 5, and

5%S,, > 6°P,, 5, optical transitions between magnetic sublevels of hyperfine levels,

+

excited with 7, o° and o polarized light. Magnetic field values canceling
5%, —5°R,, and 5°S,, — 6°P,, transitions are given by analytical expressions. For the
5%, —5°P,, and 5°S,, —6°P,, transitions, magnetic field values are obtained using

numerical methods.
In section 3.1 a review 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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discuss about similarity and difference between rubidium 5°S,, —»5°%R,, ,, and

5%, > 6°R,, 4, transitions. The main differences are the laser wavelengths and overall

transition strengths.

In section 3.2 we analyze the Dirac equation, which is well suitable for the considered
problem, and atom-magnetic field interaction. We used this well-known formalism to
construct our magnetic Hamiltonian matrices. Our theoretical model taking into account
polarization configurations and magnetic field values, allows to determine cancellations of
transitions between individual magnetic sublevels of alkali atoms (i.e. drive the transition
probability to zero).

In section 3.3 we show an example how the analytical solutions for *Rb
5%S,, = 5°R,, transitions (D, line) are calculated [see Figure 6]. There are only two

transitions which have a cancellation. In fact, the scheme of * Rb hyperfine 5°S,,, — 6°P,,
transitions is the same and thus the obtained formulas work as well as for the case of

5%S,,, —5°P,, transition cancellations.

m=-2 m=-1 mo=0 m =1 m=2

F. =2

52D, TR Ic
F,=1

A
F,=2
34 g

52812 ¢

12 B

Figure 6: ®Rb D, line scheme in magnetic field with 7 transitions for m=—1, where ¢
is the frequency difference between the ground states F, =2 and F, =1, and ¢ is the
frequency difference between the F, =2 and F, =1 excited states.

Only transitions 1 (B(7)) and 4 (B(;) ) have a cancellation, they cancel for exactly the

same value of magnetic field, and the expression giving the value of magnetic field which
brings to the cancellation is
9 _ 1 3¢

My 30,6-3056+30,6 —40,5 + 955

()
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where g, isthe Bohr magneton, g,, g, and g, are nuclear, spin and orbital Landé factors
respectively.

In section 3.4, using the same reasoning as in section 3.3, we also obtained analytical
solutions for *Rb 5%, —»5°P,,and 5°S,, —>6°P,, transition cancellations.
Expressions are the following:

B! J :i. - - 24,,'9’/ - - (2)
Hy 30,6 —3056'+39,¢"—409, "+ 95¢

H

=

for m=-1 and

Y — e R ®)
My 30,6'—3056"+30,5"—49,5"+0:¢

for m=-2,where " and &' respectively are the frequency difference between the ground

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

using numerical simulation in order to understand how precisely they match. We did it,

=

H

because the Hamiltonian sub-matrices for more complicated cases (i.e. ®Rb and *Rb
atoms, 5°S,,, —5°P,, and 5°S,,, — 6°P,,, transitions) are 3x 3 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 1072, which completely justifies to use
numerical simulation for further studies.

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

53, = 5°P,, and 5°S,, —6°P,, transition cancellations. For ¥ Rb , five 7z transition

cancellations exist, for o* they are 8 and 3 for o . For *Rb the quantity of transition

cancellations are 15 for z transitions, 16 for o and 11 for o~ 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 ®Rb and ®*Rb isotopes may become a strong tool in wide-range magnetometer
precise calibration.

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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. Mniphnpnwdh  gninpane $ninpbugbughwih uwbYunpu  wugnwiwht
nbdhdnud, wuwjdwuwynpywd wgbpwihu hwéwfunipjwu dpdwdp’ tnwppbp Spdwu
wpwgnigintuubph nbwpnid:

¢ Unp dbpnn pnibtipwiht quagny gutwdl pgonud nniphnhnuwh gninpont
hhduwlwtu Jhbwyh nbjwpuwghwih wpwgniejuu, nhbnighwih gnpdwygh L
hwiwwwwnwufuwt pwhunWwiht jwjuwlwu Yunpdwdph npnodwu hwdwp:

. UwqUhuwywu nwownh wpdtipubp, npnug nbwpnuwd  dwquhuwywu
Gupwdwlwpnwyutph  dholk  nhynwiht  pnywwnpwd  wugnwiubiph
huntuuhynieniup  nwnunw £ gpn: THpwup Ywpnn Bu dwnwjb) ubpgpuyquwd
Phghywywu dbdnyeniuubiph wunpnonieyniup ujwgbgubint hwdwp, W npwbu
unwunwpwn' Jwgquhuwswihbiph npwdwswhdwu hwdwn:

Wu wwnblwfununipjwu hhduwlywu wpryniuptbipp, npnup wpnwhwjnnud Gu
ptidwjh  wpnhwlwunyeyntup, ghinwlwu  Unpwdndninut nt gnpduwlwu
Ywplnpnigjniup, Yupnn Gu dbwybpwyby hbnlyw) Yepw:

Uwnbuwfununipjut  wnweoht  gjfunid  wbuwlwunpbu  gnigunpjws &
wwndwlwu puwytigywdnipjwu wnbnwihnfunwip M-inhwh hwdwlwpgnd, npp
thnfuwgnnud £ snpu Gwnwywu  wnbuph  hdwnwubph  hbw,  oguwgnpdtiiny
funnipjwt  dwwphgh hwjwuwpnuiubph  ns-unwghnuwp pYwiht  [nwdndutip:
Snyg b wpqws, np jwgbpwiht hdwynyup hwdwiunyeywu dpnuip' wwnndwlwu
wugdwu  hwéwfunyywu  2npg, Ywpnn £ wdpnnouwtiu b wpryntuwybin
wbnwihnjub] puwytigqwdnigyniup hhduwywu dwywpnwyhg nbwyh twjuwwbu
punpwdé  dwlwpnuwly: Uunthtnb gnyg £ wpjwsd  pughnbignuwuuwihu
Suwnwuywu wnbuph hdwnyuwjhu jwagbpubiph dhongny Sndnihh bW dSpbkinyhuh 2petifh
thwlywuubph wwpg hpwlwuwgnwp: b hwohy Upw, np wyu hwlwuubpu
niupybipuw) GU, unwgywd wpryniupubpp Ywpnn Gu hhdp dwnwbp wiwip
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dtitnwnh gninp2httiph ypw hhdudwsé npwdwpwuwlwu onpwubph junnigdwu
hwdwp: Ldwu hwdwYwnpgh punpneniup Wwpdwuwynpdwsd £ upwuny, np wju
pny| £ wwijhu uwnbindt| tnwphp thwywuubp: M-inhwyh hwdwywpg Yupbih §
unwuw| wijwih wwndh flunpnuwiht dwlwpnwyutiphg Yud dwguhuwlwu
Gupwdwlwpnwlutiphg:

Gnypnpn qfunid gnigunpqwd £ wugnwwihu  nbidhdnid  nniphnhnuh
wwnndwlwu gnnpant D, gdh $ninptiugbughwih uwblywph gpwugdwu wwnpg
thnpa: b hwybndu npwt’ Jowlyb Bup wbuwlwu dnnby, npp uywpwgpnud | pnpnp
wbnh  niubkignn - wpngbuubpt wwndwlwu  gninpgnd poonid.  pYwjht
dnnbwynpdwt wpryniupubipp swwn jwy hwdwwywwwuluwund Gu thnpduwlwu
wprynwupubipht: Skunyeyniup, b npw hwdwwwwnwuluwubgnip thnpdhtu, pny §
wwihu npnotip Ywplbnp  wwpwdbwpbp, npnughg £ hhduwywtu  tubpgbinnpy
dwlwpnwyubph®  hwjwuwpwlphn hgnupny - dhtwyh  nlwpuwghwh
wpwgnigyniup: wuhg pwgh Jwpbih £ onpnotp wiwijhwlwt wnndwlwu
gninpny - 1gqwd - pnipipugywd  peoh  nhdnighwyh - gnpdwyhgp L
hwdwwwuwnwufuwt  pwhunwwiht  jwjuwlwu  Yupdwsépp: Uu b wnwohlw
htwnwgnunigyniuubiph hhdwu Yypw dbup hnyu niubup Yupnnwitiwg npnab hwwnnwy
dwdwuwlwiht  wwjdwuubp  pwqiwdwlwpnuly  hwdwywnpgh  wwnndwywu
puwlbgqwdnipiwu  wpryniwwytin - Yuwnwdwpdwu  hwdwp,  Yhpwnbing
hwlwluwihtu dnnyugywéd wupunhww wgbp' npybu Yunwyuwpbh hdwnyuwhu
dwnwaquwpdwu wnpnip:

Gppnpn gifund nhwnwnpyb) tup dwqupuwlywt Gupwdwlwpnwlyubph dhol
5281/2_)52P1/2,3/2 u 5281/2_)62P1/2,3/2 owywhywlwu wugnudubiph senwpynup:
Uwnwgyb) bu wuwhnhy pwuwsubn' uywpwgpnn 5°S,, —5%P,, U 5°S,, = 6°P,,
wugnwiubpp  sknupynn  dwquhuwlwu nwownh  wpdbtipubpp: UGl pwpn
nbtwpbph' 5%S,, >5°R,, L 5°S,, »6°F,, wugnuiubph hwdwp shnwpydwu
wpdbipubipp  unwgyti Gu  pJwht  dnpbwynpdwu  dhongny:  Uuwihwnhy
pwuwdlubpp  Ywpnn  Bu oquwgnpdyt] hwydupyubpnd  ubipgpuydyws
Phghywlywu dbdnipniutbiph wudowinieniuubph thnppwgdwu hwdwn, npnughg
k, ophtwy, gpgnywd dwlywnpnwyubph dhole Eubipghwubiph tnnwppbipniegyniup: Uty
w)| Ywplinp Yewnu wju £, np unwgywsd dwquhuwlwt nwownh wpdtipubipp Yuwpnn
Gu Sdwnwjb| npwbtu Jwy gnpdhp |wju whpnyph dwquhuwswihtph Gangphun
unpwdwswihdwu hwdwp (5 S-hg dhusl 7000 9):
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KOHTPOJIb ATOMHbIX I[IEPEXO/IOB 1 IOITYJIALIAI CKOPOCTBIO
CKAHHUPOBAHUA YACTOTBI JIASBEPA U MAT'HUTHBIM ITIOJIEM

Aptyp IOpreBuy AsnexcansH
0630p

Ocno6nble n010JICeHUs 6bIHOCUMbLE HA 3AU4UIMY

e [lonHblli mepeHOC HAcEeNEHHOCTEW B NATHYPOBHEBOW cucreMe M-tuma c
HCTIONb30BAHMEM  CKAHMPOBAHUS  JIa3ePHOM  YaCTOTBI WM Pa3IMIHBIX
TIOCJIeIOBATEIbHOCTEH JIa3ePHBIX UMITYIbCOB.

e  Peanmzanms yHUBEpCAIBHBIX OOpaTUMBIX aTOMHBIX BeHTwiIeH Toddomu u
OpenkrHa B Mapax METOYHBIX METAIIOB.

e Chextpsl (uyopecueHIMM [apoB pyOMmus B IEPEXOJHOM  PEXKHUME,
00yCIIOBIEHHOM CKaHHMPOBAaHUEM J1a3e€pHOIl YaCTOTHI IPH PA3IUIHBIX CKOPOCTSIX
CKaHMPOBAHMSI.

e HoBblil MeTOA OTIpeieNeHusl CKOPOCTH PEIaKcalliid OCHOBHBIX IIOJypOBHEHN MTapoOB
pyounus, xospduumenta aup@Gy3Md U CTOJIKHOBHTEIBHOTO CEUYEHHA C
Oy(epHBIM ra3oM B HWIMHAPHYECKOH SUEHKe.

e BenuynHa MarHUTHOTO TIOJS, NPH KOTOPOH HMHTEHCHBHOCTH JHUIIOJIBHO
pa3pelieHHbIX MEepPeXo0B MEeXAYy MAarHUTHBIMH IOJYPOBHSMH OOpamiaercsi B
Hylb. ODTH 3HAa4E€HHs MOTYT CIYXHTb JUII YMEHBIICHHS HEONPEAENeHHOCTH
3aefiCTBOBAHHBIX (HM3WYECKUX BEIMYMHM U JTAJOHOM JUI KaIHOPOBKH
MarHUTOMETPOB.

OCHOBHBIE pe3yJbTaThl JUCCEPTALUY, OTPAKAIOIIUE aKTyaJbHOCTb TE€MBbI, HAyUHYIO
HOBU3HY U IIPAKTHIECKYIO IEHHOCTh, MOXKHO C(OPMYIHPOBATH CICAYIONIMM 00pa3oM.

B niepBoii riaBe quccepTanuy TEOPETHUECKHU ToKa3aH 3 HeKTHBHBII TepeHOC AaTOMHBIX
HaceJ€HHOCTe! B cucteMe M-Tuma, KOTOpas B3aUMOAEHCTBYET C UYETHIPbMsI JIa3€PHBIMU
HMITyJIbCAMH TayCCOBCKHH (OPMBI, HCIONB3ysS HECTAI[MOHAPHBIE YHCICHHBIE PEIICHUS
ypaBHEHUH JyIs MaTpHLbI IIIOTHOCTH. [IpoaeMOHCTPHPOBaHO, YTO CKAHUPOBAHUEM YaCTOThI
JIa3epHOTO HMITyJIbca B OOJNACTH YacTOTHI AaTOMHOTO IEPeXofa MOXKHO 3(QeKTHBHO
HEePEeHECTH BCIO aTOMHYIO HACEJICHHOCTh C OCHOBHOTO YPOBHS Ha 3apaHee BBIOpaHHBIN.
IMponeMoHCTpHpOBaHa MPOCTasi peayn3alis 00paTUMBIX aTOMHBIX BeHTHIeH Toddomu n
OpenkrHa € HUCIOIB30BAHMEM KBAa3HPE30HAHCHBIX JIA3ePHBIX HMITYJIECOB TayCcCOBOH
¢dopMel. B cumity TOro, 4To 3TH BEHTWJIM SIBISIIOTCS YHHBEPCAIBHBIMHU, MOTy4YCHHbIC
Pe3yIbTaThl MOTYT CITYy)KUTh OCHOBOH JUISl IIOCTPOEHHMS JIOTHIECKUX CXEM Ha OCHOBE ITapoB
IIENIOYHBIX MeTawioB. Breibop cuctembl M-Tuma OOYCIOBIEH TeM, YTO OHa IMO3BOJISIET
peann3oBEIBaTh TPEXOUTHEIE JIormdeckne BeHTHH. C Apyroi cTopoHsl, cuctemMa M-Tuma
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MOXeT OBITh peann3oBaHa HA JJIEKTPOHHBIX TepPMax WM MarHUTHBIX HOXYPOBHSIX
IIEJIOYHOTO aTOMa.

Bo Bropoii rmaBe Mbl IPOJEMOHCTPUPOBAIN MPOCTOW IKCIIEPUMEHT IO PEruCTpalyu
cnektpa (aayopecreHuuu D, MHME aTOMOB pyOMAMS B IEPEXOJHOM  PEXKUME.

Pa3paboTaHHast TEOPETUUECKYIO MOJENb, YUHTHIBAIONIAs BCE AUCCUIIATHBHbIE MPOLECCHI B
srgelKe ¢ aTOMapHBIMH [TapaMy pyOHUINs, ¥ pe3yIbTaThl YHCICHHOTO MOICIIMPOBAHUS OUYCHb
XOPOILO COTIACYIOTCS C SKCIIEPUMEHTANBHBIMY pe3yiibTaTaMu. Teopus u e€ coriaacoBaHue
C SKCIEPUMEHTOM MO3BOJSIOT ONPEICIUTh BAKHBIE MapaMeTphbl, HapHUMep, CKOPOCTh
pelaKcallid OCHOBHBIX JHEPreTHYECKUX YPOBHEH K paBHOBECHOMY H30TPOITHOMY
cocTostHMIO. Kpome Toro, MeI MOkeM onpenenuTs koddunnent auddysun 6ydeproro
rasza ¥ COOTBETCTBYIOLIEE CTOJIKHOBHUTEIBHOE MonepeuHoe ceueHne. OCHOBBIBAsCh Ha 5TOM
U TIPEACTOSIIIMX HCCIIETOBAaHUAX, MBI HaJeeMcsl, YTO CMOXKEM OIPEACNUTH ITOIXOSIINe
BpeMEHHbIe ycIoBUS Uil A()(EKTUBHOTO KOHTPOJS aTOMHBIX HAacelnEéHHOCTeH B
MHOTOYPOBHEBOM CHCTEME, Pean30BaB YaCTOTHO-MOYJIMPOBAHHBIN HEMPEPHIBHBIN J1a3ep
B KauecTBe 3()(PEKTUBHOTO HCTOUYHHKA YIIPABIIEMOT0 UMITYJIECHOTO H3JTyUeHUSL.

B TpeTbeii rnaBe paccMOTPEHO CXJIONbIBaHUE (OTMEHA) ONTHYECKHUX IEPEX0I0B MEKILY

MAarHMTHBIMA TIOXYPOBHAMH JMHHNA 5°S,,, —5°R,, 5, 1 5°S,, > 6°P,, 4, . Homydenst

AHAJIUTUHYCCKUEC (bOpMyJ'ILI, BbIpaKaromue BEIWYHMHBI MArHUTHOI'O IIOJIsA, IPU KOTOpOfI

WHTCHCHBHOCTh Tepexofa oOpamiaetcs B HyJNb JUIA TIEPEXOI0B 5281,2 —>52Pl,2 u
2 2 2 2
5°S,,, > 6°R,,. ns Gonee CIOXKHBIX CIIy4aeB, TO €CTb AN IepexonoB5°S,, »5°F,, u

5%S, —>6°P,,, Mbl TOJY4HIH OTH 3HAYEHUS MYTEM YMCIEHHOTO MOJIETUPOBAHMUS.

AnanmuTndeckue (HOpMyIIbl MOXKHO HCIIONB30BaTh JUIl YMEHBIICHHS HEONpPEIeIeHHOCTEH
YYacTBYIOIUX B pacdeTax (pU3MUECKMX BEIWYHH, TAKUX KaK PA3HOCTb SHEPIUil MEXIy
BO30Y)KIEHHBIMH COCTOSHUSIMU, MarHeToHa bopa, ¢akxropos Jlanne. BaxkHeiM MOMEHTOM
ABJSIETCSL TO, YTO IOJYYEHHbIE 3HAYCHUS MAarHUTHOIO MOJSI MOTYT CIIY>KUTb XOPOIIUM
WHCTPYMEHTOM JIJISI TOYHOH KaTMOPOBKH MAarHUTOMETPOB ITHPOKOro auama3oHa (ot 5 I no
7000 ).
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