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Flow through nanotube has many interesting peculiarities.To describe these unusual properties we suggest a model of
the flow based on crystallite liquid theory. Slip boundary condition is used instead of conventional no-slip condition.
The condition is derived by consideration of interaction of flow particles with the nanotube wall potential in the
framework of quantum mechanics. For nanotube with elastic walls another mechanism of flow plays an important
role. Namely, a model of flow caused by elastic soliton wave in its wall is suggested. As for general consideration,
a modification of the Navier-Stokes equations for the nanotube flow is derived from many-particle Hamiltonian in
the framework of quantum statistical physics. Particularly, for a model confinement the effective viscosity of the
nanotube flow is got. The obtained dependence of the viscosity on the nanotube diameter is in good correlation with
the corresponding experimental results.

Keywords: Nanotube, flow, crystallite, soliton, quantum statistics.

1. Introduction

Last years, fluid and gas flows in nano-sized domains are intensively studied [1], [2]. At
present, there are no general equations of nano-hydrodynamics. Usually, the molecular dynamics
is used for computations [3]. As for analytical approaches, the simplest one involves introducing
the slip condition at the boundary [4]. There is also a hybrid method, incorporating the con-
tinuous approach and the molecular dynamics (which is used to analyze the fluid structure and
determine the rheological law) [5]. In [6], fluctuations are taken into account when deriving the
hydrodynamic equations. In [7] viscous-elastic behavior of water in nano-sized gaps was exper-
imentally studied. Great increase of effective viscosity of water in a channel of nano-width is
observed. For nanochannel flow the molecular structure of the medium plays a crucial role. It is
similar to Brownian motion [8] and body motion through rarefied gas [9]. More precisely, flows
in nano-channels are influenced by local heterogeneity of molecular structure of the liquid if its
size is compared with the channel width. A hypothesis about the existence of locally-ordered
structures in liquid was put forward in [10]. During several decades scientists discuss whether
there are local domains in liquid (crystallites) in which the molecular structure is similar to that
for crystal [11], [12], [13]. Investigations of fluid flows in nano-sized domains show that it is
strongly influenced by local ordering of nano-sized scale. Experiments [7], [14], show that the
effective viscosity of water in nano-channel with hydrophilic walls is essentially greater than the
corresponding macroscopic value. Calculations in the framework of molecular dynamics [14]
show that there are ordered structures (like periodic) of sizes less than nanometer. Computa-
tional experiments in [15] lead to appearance of ice-like states in nanotubes of small diameters
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under normal conditions. Experimental and theoretical investigations of water state in carbon
nanotube [16], [17] show that there is ice-like envelope with liquid water inside in the nanotube.
Increasing of effective fluid viscosity via channel diameter was marked in [18] for channels of
few micrometers diameters. Influence of walls isn’t evident. In some experiments there are
increasing of effective viscosity, but in others the opposite effect takes place. Particularly, the
experiments in [19] show that the fluid flow speed through carbon nanotube (of few nanometers
diameter) is essentially greater than one calculated in the framework of classical fluid theory.
Possible model of such phenomenon of “’superfluidity” in very narrow nanochannel is suggested
in [20]. As it was mentioned earlier, the effective viscosity can be both extremely small in
some cases and extremely great in other situations (in comparison with its classical value). Such
non-trivial correlation between the nanotube diameter and the viscosity, possibly, is related with
local ordering in the liquid. The first variant of such approach is in [21], where the molecular
dynamical model of nanotube flow close to crystallite model is suggested. In the present paper
the relation of the effective viscosity of a fluid in nanotube with the dynamics of locally ordered
nano-sized clusters is described. The number of such clusters increases if the temperature tends
to the crystallization point. The sizes of such clusters are close to the diameters of hydro-silicate
nanotubes [22]. For this reason, it is of importance to study the existence of crystal clusters of
this kind in a liquid inside nanotubes and the influence of clusters on the mass transport through
the tube. Computations based on molecular dynamics (with the Lennard-Jones potential) show
that solid nano-sized clusters can exist both in the nanotube and outside it. The clusters (crystal-
lites) can have a size of order 1 nm, which is close to the internal diameter of silicate nanotube.
Note that the computed size of crystallite depends on parameters of the interaction potential, i.e.
on the chemical composition of the liquid. Moreover, in unbounded domains the clusters are also
nano-sized. There is a number of experimental results confirming the existence of crystallites
in a liquid [11]. It is shown experimentally in [13] that water is inhomogeneous and consists
of two parts: chaotic (liquid-like) phase and patches (crystallites) having average size about 1
nm at room temperature. As for hydrodynamic aspects, the flow in our model has common
features with suspension flows [23], particularly, the nanotube flow has viscosity anisotropy as
some suspension flows [24].

Non-direct experimental confirmation of our hypothesis about the existence of crystallites
inside nanotubes is in [25] where the flow of alcohol and water mixture through a membrane
with inserted nanotubes is studied. The authors show that the concentration of alcohol decreases
essentially after passing through the nanotubes. It is in correlation with the crystallite model
as has been mentioned above. The concentration of crystallites in liquid increases when the
temperature tends to the freezing value. The freezing temperature for water is greater than one
for alcohol. That is why water crystallites dominate over alcohol crystallites. Note that water
crystallite doesn’t contain alcohol molecules. Hence, the concentration of alcohol decreases
during the process of flow through the nanotube.

Section 5 is devoted to general consideration. We derive modified Navier-Stokes equation
for nanotube flow in the framework of quantum statistical physics starting from many-particle
Hamiltonian. We obtain the viscosity as a functuin of the nanotube diameter and compare the
result with known experiments. The comparasion shows that there is good correlation between
theoretical and experimental curves.

In the case of narrow nanotube with elastic walls (e.g., carbon nanotube) there are elastic
waves, particulary, solitary waves in walls [26]. It has great influence on the flow. We suggest
a solvable model of such flow. It is shown that wall soliton induces a flow, and a picture of the
flow is obtained.
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Fig. 1. Different regimes of crystallite containing flow through nanotube

2. Influence of crystallites on the flow through nanotube

We suggest a model based on the assumption about the existence of crystallites inside
the nanotube. At first, we take into account energy transformations. Namely, we determine the
power of pressure drop and equal it to the energy loss due to two reasons: viscous dissipation
and melting.

We use quantum mechanical treatment to explain the type of the boundary condition on
the inner surface I' of the nanotube

Vzlr — vs = L. (D

where v, and L are the characteristic velocity and length (slip velocity and slip length).

The character of the flow in the nanotube depends on the correlation between the locally
equilibrium size of the crystallite and the nanotube diameter. We try to find the effective viscosity
ttes of the fluid in the nanotube which is defined by the following way. Consider the correlation
between our nanotube (possibly, containing crystallites) and classical tube (with the Poiseille
flow) of the same size and with the same pressure drop and flow rate. The viscosity of the
Poiseille flow having the same parameters is called the effective viscosity of the flow in the
nanotube.

Note that there is some space (of width h) between the crystallite and the nanotube wall.
It is occupied by so-called non-autonomous phase (liquid-like) having the properties of a fluid
with another viscosity 1o [27]. Size correlations lead to a few particular cases described below
(see Fig. 1). Introduce some notations. Let D be the nanotube diameter, L be its length, H,
be the equilibrium size of the crystallite and h. be the equilibrium width of the non-autonomous
phase.
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For small nanotube diameter (D < 2h,) there is no crystallite inside the nanotube, but
it is at the entrance, and to form the flow it should transform to liquid-like non-autonomous
phase. Roughly speaking, the flow is formed by “melting” of the crystallite at the “entrance”
(fig. 1a). Mass balance gives us TH*V = wD?%v, where v is the average (for the cross-section)
velocity of the flow in the nanotube, V' is the crystallite velocity. Let us write down the energy
balance equation. To do this let us take into account that the power of the pressure forces
N, = %D%AP is equal to the sum of powers corresponding to viscous energy dissipation in the
nanotube N, = a5 D?Lyyv/* and to crystallite transformation to the liquid-like non-autonomous

phase (at the entrance of the nanotube) N, = 7 H, 2Vq:

N, =N, + N,. )

Here AP is the pressure difference in the nanotube, i is the viscosity of the non-autonomous
phase inside the nanotube, ¢ is the specific heat of crystallite transformation to liquid-like non-
autonomous phase (for unit volume), a is some dimensionless parameter which will be chosen
later, v/ is the characteristic speed of liquid deformation inside the nanotube. To estimate this
speed we use the boundary condition (1). Hence, we come to the following expression

o Vs
05D + Ly
Using (1), one transform (1) into the form:
. Mo (U - US)Q
AP =a L+q. 3)

v (0.5D + L)

Let us choose the value of the parameter a in such a way that the expression (3) transforms
to the corresponding expression for the classical Poiseille flow when v >> v, D>>L, and
q = 0. It leads to the value 8 of the parameter . Expression 3 (valid for v > v,) allows one to
describe the relation between the flow velocity in the nanotube and the pressure drop (see Fig.2).

One can see that if D < 2h, then there is a flow through the nanotube only if AP > ¢
(i.e. q is the critical value (threshold) for the pressure drop). The described algorithm leads to
the following expression for the effective viscosity:

qD? 0.5D ( vs> 2
= o8 (| 4
Hef = 39,1, T 10 [0.5D+LS v ®

In relation (3) (derived from the energy balance) the power of pressure forces has the same
form as in the previous case. But the losses related with viscous dissipation are localized in the
layer of width h.. Due to this fact one obtains the expression N, = brh, (D — he) Lugv", where
b is a dimensionless parameter which will be chosen later. The speed v’ of liquid deformation in
the nanotube is estimated by taking into account (1). In the considered case one obtains

, U — g

v = L
The power loss due to crystallite transformation (to liquid-like non-autonomous phase) has the
form N, = Z [H? — (D — 2he)2] Vq. Here we have taken into account that there is “melting”

of only that part of the crystallite, which can’t come into the nanotube. Summing up all the
arguments mentioned above one gets the relation between the flow velocity in the nanotube and
the pressure drop:
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u‘sl‘ﬁ

Fig. 2. Dimensionless flow velocity in the nanotube via the pressure
2
- Us he he
AP = gpto V=) (L——)L+q

D —2h.\?
v(he+Ls)2D D 1— (7[{6 > ] ) (5)

Choose the value of the parameter b in such a way that ensure the coincidence of AP
obtained from (5) and (3) for D = 2h,.. Taking the corresponding value of the parameter (b = 8),
one transforms (5) to the final form. Expression (5) shows that there exists the pressure threshold
ensuring the flow through the nanotube with minimal possible velocity v = v,:

D —2h.\?
APrnin: 1— — .
- ()]

The graph of the nanotube flow velocity via the pressure drop in this case is similar to the graph
on Fig. 2.
The effective viscosity of the liquid in the nanotube in this case is given by the following

expression:
qD? D —h\” mw—m)< %Y

of = 1-— — (1 -—=) . 6
2 f 32UL [ ( He +lu0 (he+LS)2 v ( )
If H. + 2h, < D < 2H, + 3h. then there is not greater than one crystallite in a cross-
section of the nanotube. For H, + 2h. = D, there is no transformation of the crystallite and no
changing of the width of the non-autonomous phase (its sizes have the locally equilibrium values).
If the diameter increases, then these conditions come to contradiction. We assume that the width

of the non-autonomous phase is preserved (h.) and the cross-section of the crystallite increases
from H. to aH.(« is some dimensionless parameter). For larger values of D (aH. + 2h. <
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Fig. 3. The viscosity of liquid inside the nanotube via the nanotube diameter

D < 2H + 3h.), the width of the crystallite is preserved (H = aH.) and the width of the
non-autonomous phase h increases: h = 0.5 (D — aH,) see Fig. lc.

Using the procedure described above one obtains the relation between the pressure drop
and the flow velocity:

2
—vs)°h h
Ap = gpto v h (1 - —> L. (7)
v(h+ Ls)* D D
The effective viscosity in this case is as follows:
h(D —h) ( Vs 2
IR FARAY g
Hef = Ho (h+ Ls)2 " (8)
Here
b he, H.+2h. < D < aH, + 2h,, )
|1 0.5(D—aH,.), aH.+2h.<D<2H,+ 3h.. ’

Expression (7) shows that there is no pressure threshold in this case (a flow exists under
any pressure drop), and minimal flow velocity is v,.

The graph of effective viscosity of the liquid inside the nanotube via the tube diameter is
shown on Fig. 3 for 0 < D < 2H, + 3h.. Here H = 3nm, h.,=0.5nm, L =100nm, n =
2, po = pe. The character of the dependence is qualitatively correlated with the experimental
results [28], [29] and [30].

3. Slip boundary condition and surface waves

Boundary conditions play crucial role in nanotube flow. The character of this condition is
determined by the quantum interaction between liquid and walls. Classical analog of the quantum
effect, which predetermined the boundary condition in our model, is the accelerated flow through
nanotube due to interaction of liquid with surface mechanical waves in the nanotube wall [26].
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Consider the corresponding quantum problem. Let one deal with a nanotube having a
periodic set of atoms (centers) at the wall (a cylinder of radius R with OZ axis. These centers are
at N vertices of symmetric polygons. Polygons are parallel, and the distance between neighbor
polygons is h. To describe the system we use zero range potential method [31]. Using of
d-interaction allows one to simplify considerably the procedure of spectral analysis [32], [33].
Correct mathematical description of point-like interaction is given in the framework of the theory
of self-adjoint extensions of symmetric operators. Formally, the Hamiltonian H of the system
is a perturbation of free Hamiltonian (i.e. the Laplace operator —A) by periodic system of zero
range potentials which are in the vertices (nodes) of the above mentioned polygons:

H=-A+ Z Zaé(r—rns),

nELN SEL
where « is the intensity of the perturbation, r,,4 is the radius-vector of a node having the following
cylindrical coordinates: r,,; = (Rcos(fn), Rsin(6n), sh), s € Z, n € Zy, 0 =271/N.

The construction of our model is as follows. First, we restrict the Laplace operator onto
the set of smooth functions vanishing at the nodes. The closure of restricted operator is symmetric
and non-self-adjoint. It has self-adjoint extensions which give us the model operators [32].
To choose the particular extension it is necessary to satisfy the condition at the nodes. The
continuous spectrum of the model operator contains values corresponding to modes of waveguide
type concentrated near the wall of the nanotube. The corresponding wave function has the
following form:

Yﬁ(r) = chsG(rnsar;E)a (10)

where the coefficients c,;, c¢,s € C, are determined by the ”boundary” conditions at the nodes,
E is the energy of the mode, G(r,s, r; ) is the Green function of the Laplace operator:

exp(—v—FE |r —1'])

G(r,7; E)=G(r—1";E) = PR

Wave function has the following asymptotics in a neighborhood of each point r,,:

a_
P(r) = ﬁ +ag + o(|r — rus|), T = T

The “boundary” condition at the node r,, gives us the following correlation: ay = aa_;. This
condition means that for each center r,,.:

1 0
li — I'ns = k.
r—rnal 50 |7‘—Tns|1/13|r—rns|(|r s V) = @

Using well-known asymptotic expansion for G(r,, r; E) in a neighborhood of each point r,,
one obtains the following system for c,,:

(—Oé -V _E)CTLS +4m Zn’,s’(n’,s’)yﬁ(n,s) C"l/S'G(T'ﬂS — T E)?
s=0,£1,£2, ..., n € Zy.

To use Bloch’s theory let us introduce a function

e, q) =Y cnse e j € Ly, q €[0,27],
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Fig. 4. Waveguide energy bands

Due to the formula for the Fourier coefficients one has
ei@jn

2w
Cps = Z A E(j7 Q)elqsdQ'

: 2w
JELN

Then, the dispersion equation takes the form
(—CY —V—FE— é(]an E))E(], Q) - Oa vjaQa

o~

G(j.q; E) =
. Z exp(—igs—ifjn) exp(—m\/ﬂ:@(1—cos(9n))+h232)
T Lemysi(n,s)#(0,0) \/2R2(1—cos(9n))+h252
If for any fixed values j = jo, ¢ = qo one has ¢(j, ¢) € L?, and the following relation takes place
a=—V=E-G(j.qE), (11)
then the wave function is given by (10) with the coefficients (12):
1 iqs+i0jin
Cps = — "5 (12)
2m

Here we used that
J,q) = 64500(q — @)

Particularly, we calculate roots z = —F of the dispersion equation (11) for the following values
of the parameters: o = 1, N = 10, K = 2000, K is the number of series terms taken into
account. The graph of waveguide bands (i.e. the dependence of energy on the quasi-momentum
q) is shown on Fig. 4 for p < 5., p is the number of the band. For other values of p one has the
analogous pictures. The dependence of band width (2 < p < 4) on the number N of polygon
vertices (6 < NV < 15) is shown on Fig. 5 for fixed parameters o = 1, K = 2000.

To explain fast flow in nanochannels, which is observed in experiments some authors
(see, e.g., [4], [34]) formally replace the no-slip condition by the slip one. The parameter vy,
slip speed, is chosen empirically. We have shown above that there exist waveguide modes
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Fig. 5. Dependence of the band width on the number of vertexes of N-polygon

concentrated near the channel wall and have found its parameters. The existence of these surface
waves leads to the slip condition. One can determine the slip speed by the following way.
Consider the quantum scattering of a particle by the wall potential to determine the momentum
transmitted to the wall. We use a way analogous to that in [35].

Let Hy be the unperturbed Hamiltonian, H; be the perturbation (wall potential V') ,2), be
the solution of the scattering problem by the wall potential V' corresponding to the particle with
fixed momentum p,. The momentum operator p commutes with Hy, @, is the eigenfunction of
D (PP, = p®,). Solution ), corresponds to ¥, i.e. satisfies the equation:

Vg = Py + (E — Hy+1i0) " Hi1,, (13)

(E — Ho)y = Hyt,.
Let us determine the mean value of the operator (ih)~![p, H] = (ih)~*[p, Hi]:

(Q/Jzu (ih)_l[ﬁa Hl]wa) - (%, (ih)_lﬁlea) - (%, (ih)_lHlﬁwa)'

Taking into account the completeness of the system {®,}, one has

lea = Z(q)ba H1¢a)®ba % = Z(q)ba ¢a)(1)b-

b b
Hence,
(Ya, (ih) 1D, Hitha) =
—(ih) 7 (Ya, 224 (P, H1%0a)po®s) + (7)™ (Ya, D04 (Lo, Vo) o1 Ps) =
—(iR) ™Y po(Py, Hitha) (Va, Bo) — (Dy, ta) (e, Hi1 ).
b
Consequently,

(b, (i0) 71D, Hiltba) = 2071 Y pulm((®y, Hitba) (a, B)) (14)
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Taking into account (13), one gets

(Va, ®p) = (P + (Ey — Ho + i0) " Hyth,, By) = )
bab + (Eo — Ep — 10) " (H1v,, D)
Using the well known formula

(x—i0) ' =z +ind(z), S(x—i0)"t =7d(z),
one obtains from ( 14), (15):

(Yo, (4h) 71D, HnJha) =
2K 1<k prb<q)b; le/za)((ilb + 7T(5(Ea — Eb)(Hll/Ja, q)b));

(Y, (ih) (D, Hi]tba) =

257 oS (. Hytha) + 200" Y, py (B, Hytho) 2 5(E, — E). (10
If one takes the identical operator instead of p, then (15) transforms to the form
0= 217" (o, Hitba) + 2707 Y (@4, Hitha)|* 6(Ea — Ey). (17)
One gets the expression for S (®,, H11),) from (17b) and inserts it into (16). Then,
(s (i) [, H o) = s

27TFL_1 Zb(pb - pa) ‘(®b7 H1¢a)’2 (5<Ea - Eb)-
Note that the right hand side of (18) is the mean momentum transmitted during the scattering of

1, per 1 second. Summation over all states v, gives us the full mean transmitted momentum.
We are interested in the longitudinal transmitted momentum dp:

5p = (¢aa (Zh)_l[ﬁ:ra Hl]¢a)'
Using (18), one obtains
5p = 27Th_1 Z(pb - pa) |((I)b7 lea)|2 5(Ea - Eb)7
b
or
op = 2wh™" 37, py [( Do, Hﬂé}a)|2 0(Eq — Ep)—
—2mh " p, > [(Po, Hitha)|” 6(Ea — E) ’

(szb (@, o) (B = By) >
S [(@o, Hitba)[* 6(Ea — Ep)

op = 2ah™ > [(@y, Hithy ) 0(E, — By)
b
Hence, the expression takes the form

op="7(ps —p), (19)
where
y=2mh7t Y (P, Hi)[* 6By — B3, (20)
b

_ 2P |(P, Hyto)[* 6(E, — Ey)
S0 (@, Hitby)|? 6(Ey — Ep)

21

s

In our case H, = V.
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Remark. One can get for the mean momentum transmitted during the scattering of 1, per 1

second the expression analogous to that in [35] : dp = (¢, (—%—‘T/)wa), where %—‘: is the derivative

of the wall potential in the longitudinal direction (and ), is considered as a distribution).

Variation of flow velocity per 1 second due to the interaction with wall can be estimated
as ov = —%’, where m is the molecule mass for the liquid. Hence, one can get the following
formula for the normal derivative of the velocity of the flow at the wall:

ov Tép_ﬂ(p ps)'

8_71 am a m m
Consequently,
ov 1
on L. (v—vs),
U= £7Us = &7[/5 = i7
m m Ty

where 7 is the mean time of molecule transition between two equilibrium states (“Frenkel tran-
sition”) [36], a is the distance between these equilibrium positions.

4. Statistical derivation of modified hydrodynamic equations for nanotube flows

At present there is no general theory of the nanoflows. A natural question appears: what
is the form of the hydrodynamic equations for the nanotube flow? To answer the question it is
necessary to consider the background of the equation. The problem of the Navier-Stokes equation
derivation is discussed during a long time. Initially, it was derived from a continuum formulation
of conservation of mass and momentum. One can ask the deeper question of how to obtain these
equations directly from microscopic models, in particular from many body Hamiltonian systems.
Then one can ask for the microscopic origin of the viscosity, the nonlinearity, and the time
irreversibility. At the present time there is no rigorous derivation of fluid dynamics from Hamil-
tonian mechanics. In [37] the Euler equations are derived from the Hamiltonian systems under
some weak ergodicity assumptions. Some authors [38], [39] derive the Navier-Stokes equation
from the Boltzmann equation, but the Boltzmann equation isn’t really a microscopic model. An
alternative way 1is to substitute at the microscopic level various simplified and regularized ver-
sions for the Hamiltonian systems. One class of simplified models is the lattice gas, in which the
particles are confined to a lattice [37]. One can mention also other models [40], [41], [42], [43].
We follow the dynamical Bogolyubov approach and the Zwanzig projection operator method
[44], to derive the modified Navier-Stokes equation for the flow through nanotube. The main
peculiarity is that we have a quantization (quantum statistics) in the nanotube cross-section and
the classical statistics for the longitudinal direction.

First, we introduce few basic definitions. The statistical operator (density function) p(t)
describes macro-state of a system which can be in a great number of micro-states (with some
probabilities). This macro-state in called a non-equilibrium state, as it evaluates in time in
accordance with the Liouville equation. The Zwanzig projection operator method is based on
the consideration of the reduced (quasi-equilibrium) statistical operator. Quasi-equilibrium state
is described by quasi-equilibrium statistical operatorp;(t) which ensures the maximum of the
system entropy under the normalization condition and some additional conditions. Namely, if the

—~ t ~ —_~
average value <A> of some observable A = {Av} then these conditions takes the form

/dF =1, /dF Ap= <Zy>t. 22)
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The entropy principle has the form

5{—/dF plnp— (®(t) — 1)/dF,6—ZF7(t)/dF ;1\7,6} =0,

where ®(t)—1, F,(t) are the Lagrange multiplies. It gives us the following expression for p;(t):

pi(t) = exp {—CI)(t) -3 Fv(t);l;} , (23)

where the Lagrange multipliers are determined by (22).

We consider locally homogeneous system, i.e. a system with weak spatial heterogeneity, for
which one has kr, < 1, where k is the wave number, r. is the correlation radius. For these
systems the length corresponding to essential variation of average local characteristics is essen-
tially greater than r.. The starting point for the derivation of the hydrodynamic equations is the
conservation laws which have (for some value a) the following general form

da o 8]5
E N Z,B: 87’3 ’ (24)

o\t
where js(t) = < j5> is the corresponding average flux density. Greek index (3 run over three
values marking spatial coordinates. Let one represents the full statistical operator in the form

~\ 1t
p(t) = pi(t) + Ap(t). Introduce the statistical part of the flux density: I < j5> . Let us
!

pass to local moving coordinate system at each point (r,¢). In this system the concentration and
the densities of energy and momentum are as follows: n’ = nh’ = e, pj; = 0,, where e is the
average density of the internal energy. Hence, for the corresponding fluxes one has

Jsy =0, 35 = dagP, ji3 =0.

Here P is the pressure. The full flux has the form:

i) = Iog, 5$) = 0apP + Log, 41 = 0.

Here 1,3, los are the contributions to the average values given by non-equilibrium addition Ap(¢)
to the statistical operator. The corresponding contribution to the flux of particles number is zero.
We take into account that

pg =Tvs, h=e+ ZTvi/Q, J1g = nug,

where 7(r) = mn(r)is the average mass density, m is particle mass, n is the concentration.
Transformation to immovable coordinate system is given by the following formulas:

o~

. oy /\ -~ '/\/
Jap = MUUET + VoD + VgPa + Jas »

Jor = vs (W 4+ Sa (T2 /2 + val) ) +

-~ - 1
>0 (V2Pls/2 + Vadag) + Jog -
Hence,

jag = TUaVg + 504,3]3 =+ [ag, (25)
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Jos =vale+ ) T02/2) + vsP + Y valag + Iog. (26)

Equation 24 takes the following form for mass, momentum and energy, correspondingly:

or d(tvg) O(Tva) _ (Jap)
E“Z ors = ot 2 @7

0 2 ]05
o <e + Za:% /2) Z oy (28)
Introducing so-called material derivatives [45], [46]
D 0 0
i a2y,
and taking into account (25), (26), one transform (27), (28) to the following form:

Du,, 0

D [e 1 0
5 (E+520) - T2y P 2 el ) >

Equation (29) is well-known Navier-Stokes equation (it corresponds to the momentum conser-
vation law). The form of the equation in these notations is the same for nanotube flow as for
conventional hydrodynamics. The difference is in the values of the including terms. The most
interesting is the term /3. It is related with the internal friction, i.e. with the viscosity. Namely,
1,5 is the contribution to the average value of the momentum flux of the non-equilibrium addi-
tion Ap(t) to the statistical operator in local moving (with flow velocity) coordinate system. In
conventional hydrodynamics one has the classical statistical operator. As for the nanotube flow,
there is a quantization in orthogonal cross-section of the tube (i.e. quantum statistics) and classi-
cal moving in the longitudinal direction (classical statistics). Correspondingly, the values of I,z
are absolutely different, particularly, we have anisotropy and viscosity matrix instead of scalar
value of the viscosity in conventional equation. The viscosity matrix depends on assumptions
concerning to the quantum statistical operator in the nanotube cross-section. Rigorous derivation
of this matrix is difficult problem. As for estimations, one can make averaging over the nanotube
cross-section and transit to one-dimensional hydrodynamic model. Then the 1D viscosity will
be proportional to the average energy density for the cross-section which can be calculated by
conventional way (estimation of the statistical sum). Naturally, it depends on the eigenvalues
distribution, i.e. on the model used for the cross-section quantum ensemble. The simplest case is
when we assume that the nanotube confinement is a parabolic potential (with a parameter propor-
tional to R~2, R is the nanotube radius) and one has the ensemble of non-interacting fermions.
Then the energy levels are equidistant and proportional to R~2. It leads to the dependence of the
viscosity on the radius of nanotube cross-section. Namely, it is proportional to

0o -1 o)
<Z e_aR_2"> Z akTR *ne B °n

n=0 n=0
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Fig. 6. Dependence of the viscosity 77 on the nanochannel diameter d

Here k is the Boltzmann constant, 7 is the temperature. The parameter of the parabolic potential
is akT(hR?*)~!. Consequently, in this case the viscosity 7 is as follows

n="=b d_4(e“d/72 — 1)

(b, a are some constants, d = 2R). This viscosity via nanotube radius dependence is in correlation
with the experimental results [14]. The comparison is shown on Fig. 6.

The values of the parameters are as follows: a = 0.57 nm?, b = 250 poise- nm*. Experimental
results from [14] are marked as small circles. One can see the correlation between the theoretical
curve and the experimental results. Particularly, there is a local maximum of the viscosity for
some value of nanotube radius. There are no experimental data for d < 0.25nm and one has no
possibility to compare thoroughly the increase rate for theoretical and experimental curves near
zero. Our model gives lim, ,on = 0. The viscosity n practically vanishes for d = 0.25 nm.
It corresponds to one-atom cross-section of the nanotube. Hence, for one-atom chain inside
the nanotube we obtain zero viscosity, i.e. “superfluidity”. The analogous phenomenon is in
Maslov’s model [20] for very narrow nanotube.

5. Soliton induced flow in nanotube

For the case of narrow channel (below the flow threshold) another effect can play an
important role. It should be stressed that boundary condition, wall structure and profile play
crucial role. Namely, it is necessary to take into account vibration and waves in molecular chains
forming the nanotube wall. There are experimental evidences of such wall vibration [26]. The
most interesting is solitary wave. There are different models describing such solutions (see,
e.g., [47]). We shall consider so-called ”Davidov soliton”, stable solution of this type in long
molecular chain. The analogous waves are also in nanotubes [48].

5.1. Preliminary estimations

Consider the soliton influence on the flow. Soliton moves in nanotube wall and looks like
a moving local extension (or constriction) of the tube. Let the area of the cross-section of the
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tube be S = S (z — V't), where « is the longitudinal coordinate, V' is the soliton velocity. The
continuity equation has the form

a5 A(Su)

8t+ o =0, (31

where u is the velocity of the flow. Integration of 31 gives one the relation between the flow
velocity and the cross-section area:

So

= (2)
where v and S are the flow velocity and the area of the cross-section outside the domain occupied
by the soliton. Taking the pressure forces power equals to the power related with the viscous
dissipation, one obtains:

u=V+(@w-=V)

Lruw—ug\°
vSoAP = /0 ( J L) TRz (33)
Let ¥ be the flow in the same nanotube without soliton, i.e.
—vs \°
DSoAP = ( o L> TR*L. (34)

Assuming that the perturbation of the area due to soliton is small, one obtains the corrected
expression for the flow velocity

v:@+2<y—<s>> Vv

So 1+ v, / v’
where < S > is the average area of the nanotube cross-section. Expression 35 shows that
solution causes the increasing of the flow velocity in two cases: a) V' > 7, (S) > Sy (fast soliton
corresponds to the extension of the nanotube); b) V' < v, (S) < Sy (slow soliton corresponds
to the constriction of the nanotube). In other cases the soliton causes the decreasing of the flow
velocity.

(35)

5.2. Solitons

To describe this solution one can consider an exciton of effective mass m interacting with
displacement u(z,t) of molecules having masses M from the equilibrium positions at points
x = na. The corresponding Hamiltonian is [49]

]. h2 2 1 2 2 2
H = [ (e Waf? + M2 + MVZU(p) = 9p )

where p is the relative decreasing of the equilibrium distance a between neighbor molecules,
p = —ug, Vp is the longitudinal sound speed in the linear approximation of the chain, ¥ is
the energy which characterizes the interaction of the exciton and the displacement, U(p) is the
dimensionless potential of intermolecular interaction having minimum at p = 0, 1 is normalized
exciton wave function. The Hamiltonian leads to the following system of equations:

2

h
Zh¢t + wxx + 79P¢ = 07
2m

¥
Uy — %2Uppumf = M(|w|2)fﬂ
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The system has a stable solution having the form of solitary wave of the profile & depending on
U. Particularly, for cubic nonlinearity, U(p) = 5p* + p*:

1 (30 T 1 (710
&) == — — 2= = _
©=3 ( 4 > ('y> - <2 <6’Y) 5)
The speed V' of this soliton is as follows:

1+’TM 1—§70'1/37'62/3
L 1 o)
1+ 2

29ma? 0
0= ——, T=——5.

h? MV
Geometrically, this solution seems as a local extension (or constriction) of the tube, which moves
with velocity V. This motion causes the motion of the liquid in the neighborhood of this exten-
sion (restriction). We shall consider the flow in nanolayer between two planes. The estimation

of the Reynolds number shows that for many cases the Stokes approximation is appropriate.

5.3. Stokeslet model of creeping flow

To describe the flow we use a model in which the local perturbation (occupied small
spatial region) is replaced by a point-like one [50], [51]. The mathematical background of
the model is the theory of self-adjoint extensions of symmetric operators [33]. Consider two-
dimensional straight channel (strip). The result for cylindrical channel is absolutely analogous.
The Stokes flow for this case is described by the stream function v satisfying the biharmonic
equation. As for the boundary conditions, it is more convenient to study moving boundary and
fixed singularity, i.e. we assume that the normal derivative of the stream function isn’t zero (it is
equal to the wall velocity).

Let us describe briefly the model of point-like perturbation for the Stokes flow. The
starting point is the operator A2 which is the closure of the restriction of A? onto the set of
smooth functions vanishing in a neighborhood of zero. The domain of the operator is

D(AZ) = {u u € Ly(Q), A% € Ly(Q), u(0) = u), (0) = ull, (0) =0, i,j = 1,2}.

TiT;

Model operator A? is obtained as a self-adjoint extension of symmetric operator A2. Due to the
correlation AZ C A? C AZ*one can search an extension as a restriction of the adjoint operator.
The domain of the operator A2* consists from the elements of the following form:

u(z) =37 | Gl (7 )+ZZ L €y, (@) + cog()+
E(x)(ao+ 37, zxﬁzw 1 5 Bij i) + uo(x).

Here ug € D(Ao), Bi; = 1,4 # j, Bu = 271 gistheStokslet £(x)— smooth cutting function:
E(x) =1, |z < 1, &{x) =0, |z] > 2. To construct the model operator one should establish
some correlation between these coefficients in the asymptotic expansion, for example,

U u u U U u u U u u u u *
Uy = AU, Uy = (60701702701170127022)7 Uo = (%7%7%7“117“127@22)7/4 =A

As for detailed description of all classes of extensions, see [52].
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5.4. Soliton induced flow in nanolayer

We consider the Stokes flow in a layer induced by rotlet line, i.e. the flow with translation
symmetry along this line. This flow is two-dimensional and it is necessary to deal with point-like
perturbation (rotlet) in R2. The stream function for the model operator constructed above gives
us the model for the Stokes flow with rotlet in two-dimensional strip. In our case there are two
perturbations in opposite points of the channel walls (soliton position). Let the channel walls be
{(z,y): =0}, {(x,y) : = = 2}. Due to the linearity of the problem it is possible to consider
the equivalent task — moving boundary and point perturbations at fixed positions (instead of
moving perturbations and unmoving boundary). The solution has the form of a sum of solutions
corresponding to each perturbation (at points (0,0), (2,0)):

¢($7 y) - ¢($7 Y, Oa 0) + Yﬂ(ifa Y, 27 0)7

(2, y,0,0) = ¥(x,y,0,0) + [7 (U(x,y,0,1) + ¥(z,y,2,n))v(n)dn.

Here ¥(z,y, 0, 0) is the solution corresponding to the rotlet at the point (0, 0).The solution
is obtained in explicit form:

Y(x,y,0,0) = Z¢ 4 Re[> 02 1(A- [z - sin(%)\n T) — tcm( An) - cos( Pyl -exp(—%)\n y|)+
+B - [z COS( i - %) — ot () - sin(Lpn, - 7)) - eXp(—gun lyl)+
—|—f S 1( < - sm(%)\n x) — tan(%/\n) -cos( An )] exp( n ly —nl)+
b- [ - cos(ptn - ) — cot(ptn) - sin(Lpty - )] - eXp( nely— n!))dn (v—35)].
Here \,,, i, are complex roots of equations

sin A\, + A, = 0,sin p,, — p, =0,
A, B, a, b are some constants (model parameters, ¢, v are flow parameters, namely, c is the
flux through the cross-section of the channel, v is the rotlet velocity (in our case it is the wall
velocity). The pictures of the streamlines are different for different values of the flow parameters.
Particularly, for ¢ = 10, v = 10 there is a cell occupying the whole cross-section of the channel
where one has an eddy (Fig. 7). For the flow parameters greater than ¢ = 50, v = 50 the cell is
divided into two parts by the flow in the center of the channel (Fig. 8).
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NCCIEJOBAHUME TEIJIOITPOBOAHOCTH
HAHOXXUJIKOCTENA HA OCHOBE HAHOYACTHI]
OKCHUIA AJTIOMUNUA
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B paboTe skcmepMMEHTANBHO HCCIeNOBaHAa TEIUIONPOBOAHOCTE HAHOKHIKOCTEH Ha OCHOBE HAHOYACTHI[ OKCHIA
amroMuHUs (cpemHuid quaMerp dactuil 13 HM). B xagecTBe 0a30BBIX JKHIAKOCTEH HCIOIB30BAHBI ATHICHIIIUKOIL U
n30mpomnaHot. J{s u3MepeHnit NCIoIb30BaH HECTAIMOHAPHBIN MEeTO HarpeToi mpososouku. [TokazaHo, 94To TermIo-
MPOBOHOCTh HAHOXKHMKOCTEH NP MajbiXx 00bEMHBIX KOHIEHTpalusax HaHodactun AlsOs (<0,5 %) cooTBeTcTBYET
Kiaccuueckoil Teopun MakckBemna. C ganbHEHIIUM POCTOM KOHUEHTPALMU HAHOYACTHUIl B STUJICHIVIMKOJIE TEIlIo-
MIPOBOJHOCTh OTKJIOHAETCS OT TEOPHHU B MEHBIIYIO CTOPOHY, TAaK KaK CTAHOBUTCSl arperaTiBHO HEyCTOWYHMBOH, a B
M30IMPOIIAHOE HAOIIONACTCS aHOMAJIbHOE OTKJIOHEHHE OT TCOPUH B OOJIBINYIO CTOPOHY. B 3aKiroueHre 00Cy K Aat0TCst

BO3MOKHBIC ITPUYUHBI Ha6.]'l}0£laeM01"O SIBJICHUS.

KiaroueBrblie ciioBa: HaHOXHUAKOCTDH, TEIIONIPOBOAHOCTB.

1. BseneHue

CycneH3uu Ha OCHOBE HAHOYACTHI] TBep1oi (a3bl Ha3BaHbl HaHOXKHIKOCTAMH [1]. Terto-
IPOBOHOCTh CYCHEH3HMH ¢ Majoi KOHLEHTpaluenl 4acTHll TBepAoi (a3bl MOXKeT ObITh ONUCaHa
teopueid Makcksema [2]. Teopust mocTpoeHa Ha OCHOBE psja JONMYyLIEHUH: 1) KOHUEHTpauus
Y4acTHIl TBEpJOH (a3bl Mana (PacCTOSHHE MEXIY YaCTHLAMH CYIIECTBEHHO IMPEBBIIIACT UX pa3-
Mep); 2) 4acTULbl HENOJABUKHBI B )KUJKOCTH; 3) 4aCTULBl UMEIOT cepudeckyro gpopmy; 4) ans
ONMCAHUs Mpoliecca TEIUIONEepPeaaYy CIPaBEAIUBbl YPAaBHEHUS! KOHIYKTUBHOW TEIJIONPOBOIHO-
ctu. [Ipy ncnonap30BaHUM YaCTHUL HAHOMETPOBOIO JUAa30HAa HEKOTOPBIE MPEAIOIOKEHUS MOTYT
HapyIIaThCsl, B YaCTHOCTH, HAHOYACTULIbI T10/IBEP>)KEHBI OPOYHOBCKOMY JABH>KEHHUIO U IIOBEPXHOCT-
HbI€ ABJICHUS MOTYT MI'PaTh 3aMETHYIO POJIb B TpoLiecce TeIUIonepeaayH.

Hapsiny ¢ dyHnameHTanbHBIMU IpoOIeMaMy ONMCAHUS TEIIONPOBOAHOCTH HAHOXKUIKO-
CTEH, BOBMOYKHO HX LIMPOKOE MPAKTHYECKOE HCIojb30BaHHe. C poCTOM MPOU3BOAUTEIHLHOCTU
ANIEKTPOHHBIX YCTPONCTB U Pa3BUTHUEM BBICOKOIHEPI€TUYHBIX TEXHOJOTUI BO3HUKAET HEOOXOIH-
MOCTb CO3AaHUs 3(PPEKTUBHBIX OXJIAXKAAIOUIMX CUCTEM M YNpaBiIeHUs OOJBIIUMM TEIJIOBBIMU
notokaMu. OuH U3 coco00B MHTEHCU(DUKALUKU TEIJIO0OMEHaA - MOBBIIIEHUE TETJIONPOBOAHO-
CTH >KUIKOCTH IMyTEM J100aBIE€HUS TBEPIBIX YACTHIl C BBICOKOM TEIIONPOBOAHOCTHIO. OcOOBIi
MHTEpEC NPU CO3JaHUM TAKUX CYCIEH3UM MpeACTaBIAIOT HAaHOYACTHIBL. B oTianumne oT yacTui
MHUKPOHHOT'O Pa3Mepa OHU MEAJICHHEE OCaXXKJAI0TCs, HE IPUBOAAT K 3aCOPEHHIO U U3HOCY KaHAJIOB
U HE MOAABIAIOT TypOYJIEHTHOCTh AUCIIEPCHON (pa3bl. BO3MOXXHOCTE MX HUCIIOIB30BaHUS NP CO-
31aHUM YPGEKTUBHBIX TEIJIOHOCUTENEH SBIISETCS TOMOIHUTEIBHBIM CTUMYJIOM JUIsl IPOBEIECHUS
MHOTOYMCIICHHBIX HCCIIEOBAaHUH.
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OpnHako MHOTHE MOJTyYEHHBIE K HACTOSILIIEMY BPEMEHHU SKCIIEPUMEHTAIbHBIEC TAHHbIE UME-
10T 0OJIBIION Pa3dpoc M 3aUacTylo MPOTHBOpeYar Apyr Apyry. YacTh JaHHBIX CBHUJIETEIbCTBYET
00 aHOMaJIbHOM YBEJIMYEHHUH TEIUIONPOBOJHOCTH HAHOXKHUIKOCTEW O CpaBHEHUIO C Teopuel [3-
12]. Ho B X01e COBMECTHBIX HCCIEAOBAHMIM, MPOBEIECHHBIX OPraHU3ALMIMHU U3 Pa3HbIX CTPaH,
AHOMAJIPHOTO YBEJIIMYCHHSI TCTUIOMPOBOAHOCTH MPH MAJBIX KOHIIEHTPAIUSAX HAHOYACTHI[ HE 00-
HapyxeHo [13].

Krnaccudukarysi HAHOXKHIKOCTEH W aHATU3 TEOPETUICCKHUX MMOIX0I0B K MOJCITUPOBAHUIO
ko3 durmenToB mepeHoca mposeneHsl B [14]. B 4acTHOCTH OTMEYEHO, YTO CTporas Teopus
MIPOLIECCOB MEPEHOCAa B HAHOKUIKOCTSX IOKAa HE pa3BUTa, a IPUMEHEHUE MOJEIUPOBAHUS Tell-
JIOIPOBOJTHOCTH METO/IaMU MOJIEKYJIIPHOM TMHAMHUKYU BCE TaKU JA€T MPEACKA3aHUs OTIUYHbBIE OT
KJIACCUYECKOU TEOPUH.

Bonbioii pa3dpoc 3KCepUMEHTANBHBIX TaHHBIX CBA3AH C PSAAOM OOBEKTUBHBIX MPUYUH:
METOAMKON CHHTE3a HAHOUYACTHI], (YHKIMEW pacIpeeICHus HAHOYACTHI[ M0 pa3MepaM, TeX-
HOJIOTHEHW MPHUTOTOBJICHUS HAHOXKHUIKOCTH, a TAKXKE METOJAOM HM3MEPEHHs TEIJIONMPOBOJHOCTH U
MHTEPHPETALNH PE3YIBTATOB.

Llenb manHO# PabOTHI COCTOUT B U3MEPECHHUH TEILIOMPOBOIHOCTH HAHOXKUIKOCTEH Ha OC-
HoBe HaHo4yacTul AloO3 U CpaBHEHUH MOJYYEHHBIX PE3yJIbTAaTOB C KIIACCUUECKON Teopueit Makc-
BEJUIA.

2. DxcnepuMMeHT

B pabote ucnonp3oBanuch HaHoyacTHibl okcuga amomunus (Degussa, Germany). [lo
JAHHBIM TIPOU3BOJIUTEINSI, CPEIHUI TUaMETp YacTHIl COCTaBiseT 13 HM, yaenbHas Iiouaab IMo-
sepxHocty 100 mM%/r. Ha pucynke 1 nokasansl goTtorpadus, nonydeHHas Ha JIEKTPOHHOM IpoO-
CBEUMBAIOIIEM MHUKPOCKOIIE U TUCTOrpaMMa pacrpeeneHus yacTull no pazmepam (Puc. 2).

Puc. 1. Mukpodororpadust nmoporika AlyOs.

Jnist cuHTEe3a HAHOKUIKOCTEH TepMETHYHO 3aKPBITHIE MMPOOHPKU CO CMECSIMHU HEOOXOaH-
MOTO KOJIMYeCTBa 0a30BOH JKUAKOCTH U MOPOIIKA HAHOYACTHUI] NOMEIIAINUCh B YIBTPa3BYKOBYIO
0aHI0, MOIIHOCTH YJIbTpa3ByKoBoro nucnepraropa 80 Bt, u oOpabarbiBasuch B T€UEHHE yaca.
W3mepeHust TEMIONPOBOAHOCTH MPOBOAWINCH NpH Temneparype 25°C, ans 4ero npoOupku c
HAHOXHMJKOCTSIMM IIOMELIAJIUCH B )KMJIKOCTHBII TEPMOCTAT.

N3mepeHns TEIUIONPOBOAHOCTH HAHOXKUAKOCTEW IPOBOMMIIMCH IPU IOMOIIHA HECTALUO-
HApHOTO METO/la HarpeTou MpOBOJOYKH, PEAIM30BAHHOIO B BHUJE MPUOOpa AJI CONOCTABICHHUS
TEIUIOBOTO CONPOTHUBIIEHUS KHUAKOoCcTeH [15]. Mcnonb3yeTcs miaTuHOBask IPOBOJIOUKA JTUAMETPOM
20 mxM u JuimHOHN 5 MM. IIpoBonouka HarpeBaeTcsi KOPOTKUM MMITYJIbCOM TOKa. B nanmpHeimem
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Puc. 2. Tucrorpamma pacnpeesneHuss HAaHOUacTHI IO pa3Mepam

MIPOUCXOJUT OCTHIBAHUE MPOBOJIOYKH 3a CYET TEIUIOOOMEHA C JKHIKOCTBIO. JTa K€ MPOBOJIOY-
Ka HCIIOJIB3YETCSl B KQYECTBE TEPMOMETpPA COMPOTHBICHUS. J[MHAMUKa OCTHIBAHHS MPOBOJIOYKU
CBsI3aHA C TEIUIONPOBOJHOCTBIO OKPYIKAIOIICH KUAKOCTH. MeTo/] MO3BOJISIET MOJYyUYUTh OTHOCH-
TeJIbHBIC BEIUYMHBI. J{JIs MPOBEICHMS KOJUYECTBEHHBIX M3MEPEHUI TPEOYIOTCS KaTuOpPOBOUHBIC
M3MEPEHHS TEIIONPOBOIHOCTH. B KauecTBe M3MepseMOil BEJIMYMHBI BEIOpAH MHTErPajl HAMpsiKe-
HUS Ha MPOBOJIOYKE 3a omnpejiecHHoe BpeMs. KaanOpoBouHas KpuBasi 3aBUCUMOCTH TaOJIMYHOTO
3HAYEHHUs TEIUIONMPOBOAHOCTH OT MHTErpajia HalpsbKeHUs npuBencHa Ha Puc. 3. B kadecte
pEeNepHBIX TOYEK HCMOIb30BaHbl BM-4; 2 —stanoin; 3 —25% sranona, 75% Boabl; 4 — 3TUJICH-
DIMKOIb, 5 — 50% stanona, 50% Bonawr; 6 — 75% stanona, 25% Boxawl; 7 — Boja.

Drta KpuBas MCIIOJIb30Baach JJIsl H3MEPEHUS TEILIOMPOBOIHOCTH CHHTE3MPOBAHHBIX Ha-
HOXXHIKOCTCH.

3. Pe3yabrarbl n3MepeHni u 00Cy:xKAeHNe Pe3yJbTaTOB
3.1. HaHOKXHIAKOCTH HA OCHOBE dTHJICHITIMKOJA M HaHo4YacTul Al,Os

s u3mepeHuit ObUIO MPUTOTOBJICHO MMSATH HAHOKUIAKOCTEH Ha OCHOBE 3TUJICHIJIMKOJS U
HAHOYACTHUIl OKCHJIa aJIFOMHHHS ¢ OObEMHBIMU KOHIICHTpanusMu Hanodactuil: 0,28, 0,56, 0,84,
1,12 u 1,40%. Pe3ynbrarsl n3MepeHUil U IpsiMasi, COOTBETCTBYIOLAasi Teopun MakcBea, okasa-
Hel Ha Puc. 4. [TorpenmHoCTs U3MEpPEeHN HE MPEBBIMIACT pa3Mepa Touek Ha rpaduke. CpaBHEeHHE
MOJTyYEHHBIX JTAHHBIX C TEOPUEH TOBOPHUT O TOM, YTO JUISI MaJBIX OOBEMHBIX KOHIICHTPAIHHA (10
~ 0,5%) teopusi MakcBesuta crpaBeuinBa. C yBeIMYE€HUEM KOHIICHTPALIMM HAHOXHUAKOCTH CTa-
HOBUTCS HEyCTOWYMBON K arjioMepaluy, YTO PErMCTPUPOBAIOCH IO BBINAJEHUIO OCaIKa. DTO
MIPUBEIIO K CTAOMIM3AIMK BEIUYUHBI TETJIONPOBOIHOCTH Ha OMPEACICHHOM YPOBHE.

Ha pucyHke 5 npuBeneHO CONOCTaBIEHUE MOTYUYEHHBIX JaHHBIX C pe3ylbTaTaMu, Uil Ha-
HoyacTull OonbInero auamerpa [16]. Kak BuIHO, )KUAKOCTH Ha OCHOBE Oosiee KPYMHBIX YaCTHUIL
OCTaBaJIUCh YCTOMYMBBIMH, U UX TEIJIONPOBOJHOCTh JOCTATOYHO XOPOIIO COINIACYETCS C TEIIO-
MPOBOIHOCTBIO, MPEICKa3aHHOW Teopuel, 10 OONbIINX OOBEMHBIX KOHIEHTpAIMKA HAHOYACTHII.
BepositHO, 3TO CcBsi3aHO ¢ ABYMs (paKTOpaMH: BO-TIEPBBIX, pa3Inyue MOP(OIOTUU MOBEPXHOCTHU
HAHOYACTHI[ BCJIEJICTBUE CHMHTE3a MX PA3IMUYHBIMU METOJAMH U, KaK CIEACTBUE, CTAOMIH3AIUs
HAHOXKUJIKOCTEH 3a CU€T JBOWHOTO JIEKTPUUYECKOTO CJIOS MPOUCXOAUT TO-Pa3HOMY; BO-BTOPBIX,
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Puc. 4. 3aBucumocts TCIIOMPOBOAHOCTU HAHOXKHUAKOCTH Ha OCHOBE 3TUJICHITIN-
KOJISL OT 00BEMHOM KOHICHTPALUH HAHOYACTHULI.

YaCTHUIIBI MEHBIIIETO TUaMETpa UMEIOT MEHBIIYI0 Maccy U OoJiee MOIBUKHBI,  PACCTOSHUE MEXK-
Iy HUMHU MEHBIIE, YeM MEXAYy KPYMHBIMH YacTUIAMH IPH TOH ke 00BbEMHON KOHIIEHTpAIHH,
MO3TOMY BEPOSATHOCTH 00pa30BaHUs UMH arlioMepaToB, BHIIIIE.

3.2. HaHOXWAKOCTH HAa OCHOBE W30MPONAHOJa U HaHoYacTul Al,O;

JI1s1 SKCTIEpUMEHTOB OBLJIO TMIPUTOTOBJICHO JIEBATH HAHOKUIKOCTEH Ha OCHOBE M30MpOIa-
HOJIa ¥ HAHOYACTHII OKCHJIa ATFOMHUHHS ¢ 00bEMHBIMU KOHIeHTparmsamu: 0,20, 0,40, 0,59, 0,79,
0,99, 1,19, 1,38, 1,58 u 1,78%. bruta npoBenena cepust U3BMEpEHUM: OCIE MPUTOTOBIICHUS 00pa3-
1oB, crycTs 11 nHelt u criyctst 21 1eHp nocie NpUuroToBiIeHUs. DKCIEPUMEHTANIbHBIE Pe3yIbTaThl
U TpsiMasi, COOTBETCTBYIOIIasi Teopun MakcBelsia, mpeactaBieHsl Ha Puc. 6. 3HaueHus Touek
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Puc. 5. CpaBHeHue ¢ paHee OmyOJMKOBAaHHBIMHU JAaHHBIMH [16] ISl HAHOXKHUIKO-
CTeil Ha OCHOBE TUJICHIIIUKOJIS.

Ha rpaduke — pe3ysbTaT yCPETHEHUSI CepUU U3MEPEHHM, TOTPEIIHOCTh HE MPEBBINIAET Pa3MEPOB
CaMHX TOYEK.

YcpenHEHHBIE PE3yNbTaThl U3MEPEHUM M MOTPEIIHOCTh MOKa3aHbl HAa pucyHke 7. B ot-
JUYHe OT STUJICHIVIMKOJSI, HAHOXKHUIKOCTh OCTAETCsl YCTOMYMBOM BIUIOTH A0 KOHUEHTpauuil 2%.
Opnako, pu KoHUeHTpauusax Beie 0.5% TermionpoBOJHOCT, HAHOXKUIAKOCTH HAa OCHOBE H30-
MIPOIAHOJA MPOSABIIIET AaHOMAJIbHBIE CBOWCTBA: JKCIIEPUMEHTAJIbHBIE JAHHbIE NAIOT 3HAYECHHUE,
MpEeBBIILIAOIIEE MpecKazaHus Teopun. Kpome Toro, ciaempyer OTMETUTh, UTO U3MEPEHHUs], ITPOBe-
JIGHHBIE B pa3HOE BpeMsi, MOCJIEe CUHTE3a HAHOXKHUIKOCTU JAI0T 3aMETHBIM pa3dpoc JaHHBIX, B TO
BpeMs KaK MOTPEIIHOCTh KaXKI0r0 KOHKPETHOTO M3MEPEHHUs YKJIAJIBIBAETCS B pa3sMep TOUKU HA

rpaduke.
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Puc. 6. 3aBucumocTth TCIUIOIPOBOJHOCTH HAHOXHWAKOCTH Ha OCHOBC H3OIIpalia-
HOJa OT 00bEMHOM KOHIOCHTPpAaIUH HAHOYACTHII.

OKCIepUMEHTAJIbHBIE IaHHBIE TIOKA3bIBAIOT, YTO OTKJIOHEHHE OT TEOPETUUECKUX 3HAUCHUN
JUIsl 00€UX JKMJIKOCTEH MPOUCXOJUT MpHU KOHLEHTpauusax HaHodacTul] Beime 0.5 %. OTo MoxkeT
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Puc. 7. OcpenHenHas 3aBUCUMOCTD TEIUIONPOBOJHOCTH HAHOKUIKOCTH HAa OCHOBE
n3onpanaHoia oT 00beMHOM KOHIEHTPAllMd HaHOYACTHII.

OBITh CBSI3aHO C TE€M, UTO JAJISl JAHHBIX KOHLEHTPALUKA HAPYIIAIOTCS NOMYIICHHUS, MOJIOKEHHBIC
B OCHOBY T€OpHUU. YCTOWYMBOCTh HAHOXKUIKOCTEH 0OecTeynBaeTCs BEIMYMHON MOTEHIIMATBEHOTO
Oappepa, BO3HUKAIOIIETO BCJIEICTBUE TBOMHBIX 3JEKTPUYECKUX CIOEB Ha TPaHUIIE KUIKOCTh —
HaHoYacTuIa. BennuuHa 3Toro Gapbepa 3aBUCUT OT IIEKTPOXMMHUYECKOTO MOTEHIMala HaHOYa-
CTUIl B ONPENIEICHHOM JKUIKOCTH, U OYEBUIHO, ONpPENEseT pa3INdue YCTOMUYMBOCTU pa3iny-
HBIX HAaHOXUIKOCTEH. YBEJIMYECHUE KOHLEHTPALMM HAHOYACTHI] YBEJIWYMBAET BEPOSTHOCTH UX
HEIMOCPEICTBEHHOTO KOHTAKTa BCJEICTBHE OpPOYHOBCKOTO JBHKCHHS, YTO MOXXET MPHUBOIUTH K
arJoMepanuyu HaHOYACTHII.

[IpoGnema aHOMaTBLHOTO YBETUYEHUS TEIJIOMPOBOJHOCTH HAHOKUIKOCTH HA OCHOBE M30-
mparmarosia 0oJyiee CIOKHAsl. YUHUTHIBAsA, YTO B SKCIIEPUMEHTAX HAOIIONaeTCs CYIIECTBEHHBIN pa3-
OpOC JaHHBIX, MMOJYYCHHBIX ¢ OOJIBITUM BPEMEHHBIM WHTEPBAJIOM, MOKHO MPEIOIOKUTH, YTO B
HaHOXUJKOCTU PEaJM3yIOTCs CIy4YaiHble IEPKOISALMOHHBIE e HAHOYACTHULl, CTPYKTypa KOTO-
PBIX U3MEHSETCSI BCIIEACTBHE MPUCOSAMHEHNS HOBBIX HAHOYACTHUI] U Pa3pbIBa KaKUX-THOO0 IeTe.
Takum o0Opa3oM, HAIWYHE MEPKOJISAIHMOHHBIX IENel HaHOYACTHIl MOXKET MPHUBOAUTH K aHOMAJIb-
HOMY pOCTY TEIUIONPOBOAHOCTH, a PA3JIUYHBIE 3HAYEHUSA TEILIONPOBOJHOCTH, U3MEPEHHBIE C
OO0JBIIUM BPEMEHHBIM HHTEPBAJIOM, CBSI3aHbI CO CIy4YailHBIM pacmpeaeeHHeM MepKOISIIHOHHBIX
LETOYEK MO JJIMHE U OPUEHTALINH.

4. 3axiaoueHue

B xone BbIIIOJIHEHUS pa6OTLI ObLIH IMOJIYYCHBI CIICAYIOIHEC PC3YJIbTAThI:

(1) TTokazaHo, 4TO TEIIOMPOBOAHOCTh HAHOKUAKOCTEH MPHU MallbIX OObEMHBIX KOHILIEHTpA-
musix HaHodacTun AlsOs (<0,5 %) cOOTBETCTBYET KiIacCHYeCKOW Teopur MakcKBeuia,

(2) OGHapy:keHO, YTO C POCTOM KOHIIEHTPAIlMd HAHOYACTHUI] B STUJIICHIJIUKOJIE TETIOMPOBO/-
HOCTh OTKIIOHSIETCSI OT TEOPUHU B MEHBIIYIO CTOPOHY, TaK KaK HAHOKHKOCTh CTAHOBUTCS
arperaruBHO HEYCTONYHMBOM.

(3) Obnapy>xeHo, 4TO TEIUIONPOBOAHOCTh HAHOKHUIKOCTH HAa OCHOBE M30IpaIaHoia JIjIsi KOH-
neHTpanuu Hanodactur] Alo O3 Beime 0.5 % obnagaeT aHOMaTbHON TETUIOMPOBOAHOCTHIO.
[TpennoxeHa NepKOISAMOHHAS MOJIETIb 3TOTO SIBICHUS IS TOATBEPKIACHUS KOTOPOH Tpe-
OyeTcs mpoBeieHUE JOMOIHUTEIBHBIX UCCIeTOBAHUA.
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PaccMoTpeHa nuHaMuKa B3aMMOACHCTBUS JIEKTPOMAarHUTHBIX UMILYJICOB B CPEJE C IPUMECHBIMU By XypPOBHEBBIMU
aroMaMu. Mcnonb3ysl KHHETHYECKUE YPABHEHUS U CPEJHHX 3HAYEHUI OIepaTopoB MCEBIOCINHA, PACLEIUIEHHBIE B
MPUOIVKEHNH Xa0THYECKHX (a3, MPOBEICHO YHCICHHOE HCCIIEIOBAaHNE YCIOBHI 00pa30BaHMs CBSI3aHHBIX COCTOSHHIN
ONTUYECKHUX MMITYIbCOB M MOKa3aHa YBOIIOLMS CUCTEMBI JUIS PA3JIMYHBIX TapaMeTpoB 3aaa4n. [IpoBeneHa aHamorus
MEXIy TOJy4EHHBIMH PE3yJIbTaTaMH U OOIIEH3BECTHBIMU COMUTOHHBIMHU PEXXUMAMHU.

KiroueBrble cj10Ba: CBI3aHHBIE COCTOSAHMA, ABYITYUCHPECIOMIICHUEC, ITPUMECH, IBYXYPOBHCBLIC CUCTECMBI.

1. BseneHue

Pa3BuTHE COBpeMEHHON BBIYMCIUTEILHON TEXHUKH, CBA3aHHOE C MOBBIIICHUEM OBICTPO-
JEHCTBHS KOMITBIOTEPOB, BIIEUET 32 cO00il U pa3BUTHE ONTHUYECKUX CHCTEM KaK TaKHX CHUCTEM, B
KOTOpBIX 00paboTka HH(OPMAIIUU MOXKET MPOUCXOAUTh C MAaKCUMAJIbHO BO3MOXKHOW CKOPOCTBIO.
U3 3T0T0 € HEOOXOIUMOCTBIO CIIEAYET aKTYaIbHOCTh OCTPOCHHS TAKHX MOTHOCTHIO ONTHYECKHX
puOOpPOB, B KOTOPHIX CBET MOXKET ObITh MCIOJIB30BaH UIsl yrnpasieHus ceeroM [1,2]. C apyroii
CTOPOHBI POCT MHTEpECA K ONTUYECKUM d(PeKkTaM B HETUHEHHOU cpefie, BOSHUKAIOIIUM TP B3a-
MMOJICUCTBUH YEIMHEHHBIX BOJIH, CTUMYJUPYETCS M YCICIIHBIMU SKCIIEPUMEHTAMHU, B KOTOPBIX
MOJIYYCHBI YCTOMYHMBBIE CBETOBBIE CTPYKTYPHI, JIOKAJIM30BAHHBIE B MPOCTPAHCTBE (MHOTOMEP-
HbIC ONTHYECKUE COJIUTOHBI). BaKHBIM HampaBlieHHEM B TEOPUU B3aUMOJICUCTBHS yEIUHEHHBIX
ONTUYECKUX BOJIH, OCOOEHHO C TOYKH 3PEHHS MPAKTUYECKUX MPUIIOKEHHM, SBISETCS UCCIEN0-
BaHUE CBS3aHHBIX COCTOSIHUN CBETOBBIX COJMTOHOB M M3y4YEHHE UX YCTOWYMBOCTU. CBsI3aHHBIC
COCTOSTHUSI OOBIYHO TOSIBJISIFOTCSI TIPU B3aUMOJICHCTBUU ONTHYECKHX COJIMTOHOB M IPEICTaBIISI-
10T pa3InYHbIE JOJTOXKHUBYIIHE BO BpEMEHH CTPYKTYphl. B KauecTBe MIMPOKO M3BECTHOTO BHIIIIE
YIOMHUHAEMOT'0 COCTOSIHHSI PUBEIEM TaK Ha3bIBaeMbIi OpU3ep — COJTUTOHHOE CBA3AHHOE COCTOSI-
HUE, BOSHUKAIOIIEE MPU B3aUMOICHCTBUU ONTUYECKUX 2T—UMITYJIbCOB [3]. OTMETHUM Takxke, YTo
B IMOCTIEAHEEe BpeMsi Bce OOJIbIlIe BO3PACTAET TEOPETUUYECKHM M MPAKTUYECKUNW HHTEpPEC K CO-
3AaHUIO0 YCTPOMCTB MaMITH Ha OCHOBE YEAMHEHHBIX BOJH. CyIIECTBYET MHOXECTBO PA3IMUHBIX
croco0oB 3anmucu WHOOpPMAINK, TaKHMX KaK ONTHYECKHUE, HIIEKTPUYECKHE, MarHUTHBIC U T.1. B
MOCIIEIHUE TOABI OBICTPO pa3BUBAETCS TEOPHs 3amucu WHGOpMAIMH, MPEICTaBISIeMON B BHIE
AIIEKTPOMArHUTHBIX COJIUTOHOB, KOTOpasi SIBIISETCS TOCTAaTOYHO MepcreKTUBHOU [4,5]. OcoGeHHO
MEPCIIEKTUBHO XPaHUTh MH(OPMAIMIO B BHJIE aHAJIOTUYHOM TOMY, B KOTOPOM INPOU3BOAMUTCS €€
obpaboTtka. To ecTh, ecnu 111 00pabOTKU UCTIOIB3YETCSl ONTHYECKOE YCTPOHCTBO, YIPaBIISIOIIee
CBETOM IIPH MOMOIIH CBETA, TO U MHPOPMAIUIO JKEJIATeIbHO XPaHUTh B BUJE aHAJOra ONTHYE-
ckoro conuToHa. OHUM U3 crIOCOOOB COXpaHEHUS MapaMeTPOB IEKTPOMArHUTHOIO COJMTOHA,
pacrpoCTPaHSIOLIETOCs B CPEJIe, ABISAETCS JIOKAINU3alHs €r0 B HEKOTOPOM MPOCTPAHCTBE, OTPaHU-
YEHHOM CO BCEX CTOPOH MOTEHIIUAILHBIMU Oapbepamu (CTeHKamu). B 3ToM citydae, eciu sHeprus
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COJINTOHA MEHBIIIE HEKOTOPOTO MOPOTOBOTO 3HAueHUs (PHEPrUU MOTEHIHAIBLHOTO Oapbepa), TO
COJINTOH HE MOKET BBIMTH 3a MIPEesIbl JaHHOTO MPOCTpaHCcTBa. Takol crmoco0 JToKaaIu3aluu co-
JIUTOHA B sSUYCHKe omucaH B [6]. Ipyrum nepcrneKTUBHBIM, Ha HAIll B3MVISA, CIOCOOOM COXPaHCHUS
COCTOSIHHSI OTITUYECKOTO MMITYJIbCa SBJISETCS MOJYYCHHE CBSI3aHHBIX COCTOSIHHM IyTEeM B3auMO-
JEHCTBHS BYX AIIEKTPOMArHUTHBIX HUMITYJIBCOB B cpesie. B aToMm ciydae TpeOyeTrcst HalTH Takue
napameTphl BEIIECTBA MU CUTHAJIOB, MPU KOTOPBIX JAaHHBIN mpolecc OyaeT Bo3MoxeH. B manHon
paboTe B KaueCTBE TAKOTO BEIIECTBA IMPEIAracTcsl UCIOIb30BaTh JIBYy4ETPEIOMIISIOMINNA KPH-
CTaJUI C JABYXypOBHEBBIMU MpHUMECSMH. VCClIe0OBaHHIO BO3MOXXHOCTH 3amucH WH(QOpMANuu B
TaKUX CHCTEMax W MOCBsAIIeHa AaHHas padoTa. OTMETHM, 4TO OCHOBHBIE (hu3ndeckue I3(h(EeKThI B
AQHAJIOTUYHBIX CUTYAIUSIX MCCIIEIOBAIMCh MHOTMMH aBTopaMu. Tak 3¢ ¢heKT caMOMHIyITUpOBaH-
HOM MPO3pavyHOCTH B aHU3O0TPOIHBIX Cpeiax uccienaopacs B padborax [7,8]. DddekTsl CBA3aHHBIC
C YY€TOM JMIOJIb-IUIIOIBLHOTO B3auMoiecTBrs B padborax [9,10], a 0cOOEHHOCTH TIOBEICHHUS Ca-
MOMHIYLIMPOBAHHOM NPO3payHOCTH C YUETOM COCTOsIHMS noispuzauuu B [11,12]. Bmecre ¢ TeM,
cpa3dy OTMETHUM, YTO HAIll MOJXOJ OTIMYAETCS OT MCIOJIb30BAHHBIX B BBIIICTIEPEUUCICHHBIX Pa-
00Tax Mmpexae BCEro OTCYTCTBUEM IMPUOJIMKEHUN THIA «MEIJIEHHO MEHSIOUIUXCA aMIUTUTYA U
da3» U «OJHOHANPABIECHHOTO pacmpocTpaHeHus». Takke B paboTe MPH MOTYYCHHH OCHOBHBIX
pe3yabTaToB HE MPEAINoarajach Majlol BeIMYMHA TUTIOJNIb-TUIOIBHOTO B3aUMOICUCTBHS.

2. IlocraHoBKa 3a1a4Y1 U OCHOBHBIC YPABHCHHUSA

PaccMOTpuM NpUMECHYIO IByXypOBHEBYIO CHCTEMY, HAXOASAIIYIOCS B JIBYJTyUYEIIPEIOMIIS-
forieM kpuctaiie. [lycTe paccTosHue MEXAYy YPOBHSIMHU CHUCTEMBI — ), SHEpPIUsl KyJIOHOBCKOTO
B3aUMOJIEHCTBHA MEXKIy i—1 M j—i IPUMECHBIMU cUCTeMaMu — J;;. Bocnonb3yemcs nceBaocnu-
HOBBIM (pOpPMaATM3MOM, B KOTOPOM OTIEPaTOp JAUMOIBHOTO MOMEHTA CUCTEMEBI €cTh S°, a oneparop
sHepruu — S* (Takoil BEIOOp CBsI3aH C MPOCTOTON ydeTa TUMOJIb-AUIIOIBLHOIO B3aUMOJECHCTBUS).
Torna ypaBHeHust ABwKeHMs [eif3eHOepra Juisl cpelHUX 3HAUYEHHMH OINEpaToOpoB IICEBIOCIHUHA,
paclLeruieHHble B MPUONIMKEHUU XaoTudeckux a3 ects [7,8]:

52y = (J(S?*) + aEy + BE) (SY),
S¥) = Q(8%) — (J(S*) + aE\ + BE) (57), (1)
%) = =),

rme J =) ; Jij> £, E — 5IEKTPUYCCKHE MOJIS DJICKTPOMArHUTHOM BOJIHBI, OTIHYAIOIINCCS B3a-
UMHO OPTOTOHAIBHOW MOJsipu3anued, «, J — yIBOSHHBIC IUIOIHHBICE MOMEHTBHI HAIEH CHUCTe-
MbI, BOSHHKAIOIIME B HAINpPABJICHUSIX, COBIAJAIONINX C HampaBieHUsMU F., Fy. Yder numonb-
JTUTOJIbHOTO B3auMonencTBus [9,10] mpousBeneH 34ech Ui MOJHOTHI, U B CIy4yae MallbIX KOH-
HEHTpalMii MPUMECHBIX aTOMOB €r0 MOXKHO HE YYUTHIBaTh. B3auMoIeHCTBUE HIEKTPHUECKOTO
MOJISl C MIPUMECHOM MOACUCTEMOM BBIOpaHO B CTaHIAPTHOM BUJE. 3/1€Ch HEOOXOAUMO OTMETHTb,
KaK OJIHa KOMITOHEHTa TMICEBA0CIIMHA MOXKET JaBaTh BKJIaJ B pa3HOHANpaBICHHbIE (BIJIOTH J0 B3a-
MMHON OPTOTOHAJIbHOCTH) KOMIIOHEHTHI Tosisipu3anuu. [IpocTedmuM npuMepoM TakuxX CHUCTEM
MOTYT CIYXKUTh CETHETONICKTPHUKHU C BOJOPOAHBIMU CBA3SMHU, B KOTOPBIX MOJOKEHHUE TIPOTOHOB
Ha BOJIOPOJIHBIX CBA3SIX (KOTOPBIE M OMUCKHIBAIOTCS 3PPEKTUBHBIM IICEBIOCITHHOM 1/2) OJTHO3HA4-
HO CBSI3aHO CO CMEIIEHHEM TSDKENbIX MOHOB. BKiaa B MOMspU3alvI0 JAIOT UMEHHO TSDKETIbIe
MOHBI, KOTOPbIE MOTYT CMEIaThCsl B OOIIEM Cily4yae B HAlpaBJICHUHM HUKAaK HE CBA3aHHOM C IO-
JI0’)KEHUEM MPOTOHOB HA BOAOPOIHBIX CBSI35X, ONMHMCHIBAEMBIX TICEBIOCITMHOBBIMU OIEpATOPaAMHU.
OTMeTHM, Y9TO TICEBIAOCIMHOBBINA (HOpMaTN3M SBISICTCS TUIIB d()(HEKTHBHBIM M TOBOPHUT TOJBKO
TOM, YTO Y CHUCTEMBI HaJ0 paccMaTpvBaTh JBa YPOBHS SHEPTrUU, HUYETO HE TOBOPS O KOHKpE-
THU3AIMU HAMpaBJICHUS MOJspu3anuu. Tak, B 4aCTHOCTH, cUcTeMa ypaBHEHUU (1) MOXeT ObITh
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MpPUMEHEHa JIJISl PACCMOTPEHHUsI MPUMECEH B CErHETORIEKTPUUECKOW MaTpulle aHAJIOTHMYHOW MO
cTpoeHuto nuruapodocdary kamusi.

JanHyto cucteMy HEOOXOAMMO peliaTh COBMECTHO C YPAaBHEHUSMHU HA KOMIIOHEHTHI AJIEK-
Tpudeckoro o [11]:

(Er)y — i (El)gg +dma (S%),, = 0, @)
(E2)y — 3 (E2)§§ +4n3(5%), =0,

TJE €1, Co — CKOPOCTU DJIEKTPOMATrHUTHBIX BOJIH C mossipuzanuet Fy, Fy. CKOpOCTH 1, Cy yUH-
TBIBAIOT CBOMCTBA CAMOTO KPUCTAJJIa, B KOTOPBIM MOMEILIEHBI IPUMECH, a TIOCJICTHUE CllaracMbIe
VYUTHIBAIOT BKJIAJ MOJISPU3AIMH OT MPUMECHBIX mojcucteM. OTMETHM 3/1€Ch, YTO HaIlla MOJICIb
MMeEET CYIIECTBEHHOE OTpaHUYECHHE, CBSI3aHHOE C TEM, YTO Mbl PAaCCMaTpPUBAEM CBSI3b PA3THMUHBIX
MOJISIPU3AIIMOHHBIX KOMIIOHEHT C OJIHUM M TEM K€ MepexoloM B mpumMecHoM artome. [lonunmas
HE0OXOIMMOCTh 0000IICHHsI, MBI HE BKJIIOYaeM OoJjiee OOIIMiA Cilydail B Hamry paboTy, CUMTas,
YTO OH BBIXOIWT 32 €€ paMKHU.

3aMeTuM, UTO pelleHre CUCTeMbl ypaBHeHHH (1,2) 11 BOMH OAHOM MONIApU3alUU HEO.I-
HOKPaTHO HCCIIEI0BAIOCH B pabortax [12-15], rae B pa3nuvHbIX NPUOIMKEHUSX OBLIN MOTYUYCHBI
pEIIeHUs] COTMTOHHOTO TUTIA, KaK JJIsi OTHOAIONINX BOJH, TaK ¥ JJIS CITydast YIbTPAKOPOTKHX ONTH-
YECKUX UMITYThCOB. BaxkHOE OTIIMYME TaHHON paOOThI COCTOUT B TOM, YTO 3/I€Ch PACCMaTPHBAIOT-
Csl BOJTHBI UMEIOIIHIE TIOJISIPU3AINIO HE OTHOW KOMIIOHEHTBI, IIPUYEM, B CHIIY TOTO, YTO KPHUCTAJLI
JBYITYYETIPEIOMIISIONINH, KOMIIOHEHTHI TOJISIPU3AIMH PACIIPOCTPAHSIIOTCS C PA3HOM CKOPOCTHIO.

3. OcHOBHBIE Pe3yJbTAThl YHCIEHHBIX PACYETOB

Cucrema ypaBHenuit (1,2) pemranach YMCICHHO C UCIOJB30BAaHUEM SIBHOW YHCICHHOU
cxeMbl. TunuuHbIl pe3ynbTar npuBefeH Ha pucyHke 1. KOHTpoiab MpaBUIBHOCTH BBIYMCIECHUN
IPOBOMJICS C YUETOM TOTO, YTO CHCTEMa ypaBHeHwuid (1) qomyckaer uHTerpai ABMKeHus (S ‘”}2 +
(S¥)? + (S%)* = const.

HauanbHble ycnoBHs 3aJar0TCs B BUIE IayccOBa MMITYJbCa AJIA OJHOW M3 KOMIIOHEHT
MOJIAPU3ALMH JIEKTPUYECKOro mojs. Jpyras koMroHeHTa — HylseBas. [IpumecHas cucrema Ha-
XOIUTCS B PAaBHOBECHOM COCTOSHHH. | paHMYHBIC YCIOBHUS BBIOPAHBI «IIPO3PAYHBIMU», T.€. MPO-
IIyCKAIOIIKUMU UMITYJIbC IEKTPUUECKOT0 1ouist 6e3 oTpakeHus. [loMUMO KOHTPOJIS IPaBUIBHOCTH
YUCJICHHBIX PAc4yeTOB IPH ITOMOIIY CYLIECTBYIOUIUX TOYHBIX MHTEIPAJIOB JBUKECHUS CUCTEMBI,
JIOTIOJIHUTENBHBIN KOHTPOJIb IPABUILHOCTH MPOBOAMIICS ITyTEM CPAaBHEHHS C aHAJIUTHUYECKUMU U
YUCJICHHBIMU PE3yJIbTaTaMH aBTOPOB, OTPAXEHHBIX, K IIpuMepy, B [18,19,26].

OTMeTHM KBa3UIEPUOIUYECKUI XapaKTep MU3MEHEHUS IMOJSIPU3aLUU IIPUMECHOU IOICHU-
CTEMBI U CBA3aHHBIA C HUM KBAa3UIEPUOAMYECKUH XapaKTep M3MEHEHUS KOMIIOHEHTHI Nojis [y,
KOTOpPO€ BCJIEJICTBUE BEJIMYMHBI JUIOJILHOIO MOMEHTA HanboJjee CUIIbHO CBSI3aHO C MOJIspU3alu-
eil. YacTp sHEpruM yXOIuT B CONyTCTBYyIoLIee n3yueHue. KommnonenTa sxe nosns Ly pacnagaercs
Ha /1Ba OErylux JOKaJN30BaHHBIX COCTOSHUSA (UTO U CIIEAYET U3 CUMMETPHUH 3a/1a4d U Hadallb-
HBIX ycioBHil). Taxke UMEIOTCS U U3MEHEHHUsS] KOMIIOHEHTHI [y, HO ropa3io MEHee BhIpa)KEHHBIE,
00s13aHHbIE CBOEMY CYIIECTBOBAHHUIO JIOKAIM3ALMU Mossgpu3anuu. Eciau cBA3b MEXIy MOISAMU
Ey, Ey v nonsgpusanyeld MOJOXKUTh OJUHAKOBOM, TO MOJIYYUM PE3YNbTaT, IPEICTABICHHBIA Ha
pHUCYHKE 2.

OOparuM BHMMaHHME Ha TO, YTO XapaKTEpHbIM MacUITabOM BpPEeMEHHM B JaHHOM 3ajgaue
BBICTYIIAET BelMduHa f1/(), KOTOpas cooTBeTCTBYeT BpeMeHaM mpumepno 10~ '%c. Ha pucynkax
3a €IMHHMIly BpeMeHHU npuHATa BenmuuHa 1072c. TakuM 00pa3soMm, TeOpeTHYECKH OOHAPYKeH-
HbIE HAMU COCTOSIHUSI MOTYT CYIIIECTBOBAaTh Ha BpeMeHax Oosee ueM B 100 pa3 mpeBbIIIaromumx
XapaKTepHOE BpeMs 3a/1auH, a, CJIEeI0BaTeIbHO, MOTYT OBITh Ha3BaHbI JOJT0KHUBYILIUMHU.
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Puc. 1. DBonironus nepBOHAYAIBHOTO COCTOSHHS MOJSPU3AIUH. &) TOJISPU3AIUs
MIPUMECHOH MojicucTeMbl; b) koMroHeHTa nois F(c; > ¢); ¢) KOMIIOHEHTA OIS
Ey. Q =04-100%20x; J = 04-10720x; o = 4.0 - 1072 Kn-m; 8 = 0.8 -
10739Kn-m. B mkane sSpkocTH — IOJISpU3aLMs, HOPMUPOBAHHAS Ha TIOJIAPU3ALMIO
HACBIIICHHUS.
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Puc. 2. DBonronus nepBOHAYAIBHOTO COCTOSHHS MOJSPU3AIUH. &) TOJISPU3AIUs
MIPUMECHOH MojicucTeMbl; b) koMroHeHTa nois F(c; > ¢); ¢) KOMIIOHEHTA OIS
Ey. Q=04-10720%; J = 0.4-10722]Ix; o = 0.8 - 1072 Ku-m; 8 = 0.8 - 107
Kn-m. B mikane sipkocté — nossipu3aiiys, HOpMAPOBaHHAsS Ha MOJISIPU3AIIUIO HACKI-
IICHUSI.

OTmeTuM, YTO TPU ATOM, TOMHUMO OOpa30BaHHS CBS3aHHOTO COCTOSIHUS, 3HAYUTEIBHO
OoJblIas 4acTh PHEPIHM YXOIUT B M3JIyueHHE. B JaHHOM cilydae M3IydyeHHE NPH pacnajie «3a-
XBaTbIBAECT» YacCTh MOJIAPU3ALUU Y, TOMHMO OCHWIIMPYIOLIErO JIOKAJIU30BAHHOIO COCTOSHMS,
UMEIOTCSl Oerylue JOKaJIN30BaHHbIE COCTOSIHMSI, CKOPOCTH KOTOPBIX OIPENENISIFOTCS CKOPOCTSI-
MU 2JIEKTPOMAarHUTHBIX BOJIH Pa3iMYHON nojspusanud. OTMETHM, YTO JIOKAJIM30BAaHHOE COCTOSI-
HHE PE3KO CTAOMIN3UPYETCs IPU YMEHBILIEHUH KOHCTAHTBI IUIOIb-UIIOJIBHOTO B3aUMOJICHCTBUS
MEXy NMPUMECHBIMU NoJcucTeMaMu (puc. 3).

B nmpoTHBOMOJIOKHOCTE 3TOMY YBEJIWYECHHE BEIWYHMHBI {1 pa3pylIaeT JIOKAIN30BAHHOE
COCTOSIHME U NPUBOAMUT K KpalHE HEPEryIsPHOMY OTKJIMKY, B TOM YHCJIE M JJIA NOJAPU3ALNH.
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Puc. 3. Dposronus nepBOHAYAIBHOTO COCTOSIHUS IMOJIIPU3AIMH. a) MOJIIPU3AIUs
MIPUMECHOU MojicucTeMBI; b) KoMIoHeHTa Tonst Fy(¢; > ¢3); ¢) KOMIIOHEHTA OIS
E,, Q=04-10722x; J =0.4-107%]x; o = 4.0- 1072 Kii-m; 8 = 4.0- 10729
Ki-M. B mikaie sspkocTé — noJsipu3anysi, HOpMUPOBaHHAs HA MOJIIPU3AIUI0 HACHI-

IICHU.
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Puc. 4. DBonronus nepBOHAYAIBHOTO COCTOSHHS MOJSPU3AIUH. &) TOJISPU3AIIUs
MIPUMECHOH MojcucTeMbl; b) koMroHenTa nois F(c; > ¢); ¢) KOMIIOHEHTA OIS
FEy. Q=04-107220x; J =0.4-10"22Ix; o« = 8.0- 107 Ki-m; S = 0.8- 1072
Kn-m. B mikane sipkocté — nossipu3aiiysi, HOpMAPOBaHHAS Ha MOJISIPU3AIIUIO HACKI-

ICHU.
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Puc. 5. Dposronus nepBOHAYAIBEHOTO COCTOSIHUS IMOJIIPU3AIUMH. a) MOJIIPU3AIUI
MIPUMECHOM MOACUCTEMBI; b) KoMIoOHeHTa moist Fy(c; > ¢2); C) KOMIIOHEHTA MO
FEy. Q=04-107%2]x; J =04-10"22]Ix; a = 8.0- 1073 Kn-m;3 = 4.0 - 1072
Ki-Mm. B mikane spkoctu — mosisipu3saiiisi, HOpMHPOBAHHAS Ha MOJISIPU3AINIO HACHI-
LIEHUS.

OTMmeTHM, 4TO BCE BBILIETIEPEUNCIIEHHbIE 3aBUCUMOCTH U BBIBOJIBI COXPAHSAIOTCA U B Cllydae, Korna
KOMITOHEHTHI oSt [1,FJy NEWCTBYIOT Ha MOJISIPU3ALINIO IPUMECHON CUCTEMBI IIPOTUBOIIOI0KHBIM
oOpa3oM. Hanpumep, TUNMUHBIA ciay4yail TMHAMHUKU B Cily4ae IPOTHUBOIIOJIOKHOM MOJSIPHOCTU
uMIynbcoB £,y npencraBieH Ha pUCYHKE 4.

Taxxe coxpaHseTcss U BBIBOA O TOM, YTO INPOMCXOAMT paclaj Ha JBa JIOKAJIM30BaHHBIX
o0pa3oBaHMs y TOM KOMIIOHEHTHI 10JIsA, KOTOpasi Hauboiee c1abo cBsi3aHa ¢ MPUMECHOM cUCTeMOM
(puc. 5). Bee 310 mo3BoseT caenarh BBIBOX O TOM, YTO CBSI3aHHOE COCTOSIHUE O0SI3aHO CBOUM
CYILIECTBOBAHUEM «CHJIBHOI» IPUMECHOM CHCTEME U OIHOM M3 KOMIIOHEHT JJIEKTPOMAarHUTHOTO
OIS

OTmeTuM, 9TO caMO CYIIECTBOBAHHE PACCMOTPEHHBIX BBINIE JIOKAJIM30BAHHBIX COCTOS-
HUIl He SIBIISETCS YIUBUTENBbHBIM (DaKTOM, €CIIM MPHUHATH B PACCMOTPEHHE TO OOCTOSITENIBCTBO,
YTO AMHAMUKA MPUMECHON CUCTEMBI M OHON KOMIOHEHTHI AIEKTPUUYECKOTO MOl OMUCHIBACTCS B
HEKOTOPBIX MPUOIKEHUSX TP roMolu dddexkTuBHOro ypaBHeHus sin-Gordon [16], pemeHus
KOTOpPOTO B BUJE OpHU3epoB M OyIyT aHAJIOraMH IMOJyUYEHHBIX HAMU YHCIEHHBIX perienuid. [loa-
TBEPKJIEHUEM TOTo (haKTa, 4TO MOTYUCHHbIE PEUICHHS SBISIFOTCS aHAJIOTaMU OpU3EPOB SIBIIIOTCS
pe3yNIbTaThl, Kacaloulfecs W3MEHEHHUS MMOCTOSHHBIX CBSI3M MPUMECHON CHCTEMBI M Kakod JHO0
KOMITOHEHTBI 3JICKTpHUYECKOTO ToJist (v, 3). 31ech TePMUH «OpU3epy HCIONIb3yeTCsl sl 0003Ha-
YCHHUS JIOKATH30BAHHBIX «OCIUUIAPYIONIUX)» PEIICHUI B CUCTEMaX, HEUHTETPUPYEMBIX METOIOM
0o0paTHOH 3a/1auy, CyIIECTBOBAaHHE KOTOPHIX, KaK M B HAIIEM CIlydae, BHI3BAHO B3aUMOICHUCTBH-
€M C TaK Ha3blBaMBIMH «BHYTPEHHHUMI» MoJaMH. B Hamiem ciiydae poib «BHYTPEHHHUX MO
UTPAIOT MPOIECCHl B MPUMECHON MojcucTeMe. BmecTe ¢ TeM OTMETHM, YTO IMOJy4YeHHBIE HaMU
pelieHusi HocAT Oosiee HEpPEeryasSpHBIN XapakTep, a Ta 4acTh PEIIEHUs, YTO COOTBETCTBYET 0O-
Jee cy1abo CBSI3aHHON KOMITOHEHTE, PacIpOCTPAHSIETCS ¢ MEPUOINIECKUM U3MEHEHHUEM CKOPOCTH
(cM. Hanpumep puc. 4¢). Ilogo6HOE nepruoauueckoe U3MEHEHNE CKOPOCTH MOXKHO CBS3aTh C 0OMe-
HOM DHEPruei MeX/y JOKaJIM30BaHHBIM COCTOSIHUEM M HEJIOKAIW30BaHHBIMUA MogaMu. OTMETHM,
YTO MOJIHOCTHIO aHAJIOTUYHBIN 2P deKT ObLT y’Ke UCCIEIOBAaH B Ciiydae OpITTOBCKUX COJMTOHOB
CaMOUMHAYIIMPOBAHHOU mpo3payHocTH [16]. Takoe moBeneHWe COTUTOHA CAaMOWHIYIIMPOBAHHON
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MPO3PAYHOCTH, AHAIOTMYHOE IMOBEACHUIO 3yMepoHa [17], ces3biBaeTcs B [16] Takxke ¢ oOme-
HOM SHEpPrueil MeXIy COJMTOHOM U MOJAMHU HECOJIMTOHHOW YacTHU CHEKTpa. 3yMEpoH, Kak U
COJIUTOH, 00JIaJJaeT YCTOWYMBOCTHIO TIPU PACIPOCTPAHEHUH M B3aUMOJEHCTBUH, HO €r0 CKOPOCTh
U aMIUTMTYJa B MpOLecCe MBUKEHHS HCIBITHIBAIOT OCHWLISAIUU. B TaHHOM ciyyae Mbl CBSI3bI-
BaeM IEPUOANYECKHE U3MEHEHHs] CKOPOCTHM HAIIEr0 COCTOSHUS C MEPEKAYKON SHEPruu MEexay
MMIIYJIbCOM, SHEPTUsl KOTOPOro COCPEAOTOYEHAa B OCHOBHOM B 3JIEKTPUYECKOM IIOJIE, U PUMEC-
HOU mojcucTeMoi. JlaHHOe MmoBeneHHe HaOIIONAIOCh B IIMPOKOM JHAIla30HE MapaMeTpoB, UTO
CBUJETEIBCTBYET O TOM, YTO JAaHHBIN PEXKUM SIBISETCA IOCTATOUYHO YCTOMUMBBIM.

4. BruIBOabI

(1) YcranoBneHo, 4TO MPHU B3aUMOJEHCTBUU 3JIEKTPOMArHUTHOTO UMITYJIbCa UMEIOIIETO MPo-

H3BOJIBHYIO MOJIIPU3ALUIO B ABYITYUYCTIPCIOMIIAIOIICM KPpUCTAJIIIC C HpHMCCHOfI IIoACUCTC-
MOH 06pa3yeTc51 CBA3AaHHOC HOJITOKHUBYHICC COCTOAHHUEC COJIMTOHHOI'O THIIA. I[aHHaH An-
HaMHKa Ha6moz[aeTc;1 B IIMPOKOM JHAITa30HC HAYaJIbHBIX YCJIOBI/Iﬁ H IIapaMC€TpOB 3a/1a4u,
4qTO ACJIaCT BO3MOXKHBIM CO3JaHHC YCTPOﬁCTB MaMATU Ha OCHOBC OIITUYCCKUX UMITYJILCOB.

(2) BoIsiBIEHO, YTO CYIIECTBYIOT TaKUe MapaMeTphl 3a/1auu, MPU KOTOPBIX OAWH U3 UMIYJb-

COB IIOCJI€ B3aUMOZACHUCTBHS MCIIBITHIBAET NEPUOANYECKUE U3MEHEHUSI CKOPOCTU U IIUPH-
Hbl. Takol MMITyJIbC HAallOMMHAET IIMPOKO HCCIELYEMBIH B IIOCIEIHEE BPEMs 3yMEPOH
[16,18,19]. /lanHO€ nOBeZicHNE BO3HUKAET BCIIEICTBUE MEPEKAYKU SHEPTUU MEXAY JIOKa-
JIM30BAaHHBIM COCTOSTHUEM 3JIEKTPOMArHUTHOTO IOJISI ¥ IPUMECHOM MOJICUCTEMOM.

(3) IlonyueHHOE CBSI3aHHOE COCTOSIHHE HAllOMHHAET XOPOLIO U3BECTHBIN OpH3ep, BOZHUKAIO-

M B 337a4aX CaMOWHAYLUPOBAHHOW MPO3pavyHOCTH, KOTOPHIE, B CBOIO OYepelb, MOTYT
OBITh MOJyUEHBI U3 MPEEIbHOIO CiIy4as paccMaTpuBaeMoil B pabote cuctemsl [20].

(4) YcTaHOBJEHO, YTO YBETUYEHHE AMIIONb — JIUMOJIBHOTO B3aWMOICHCTBHUS B MPUMECHOMN

MMOoACUCTEMEC YMCHBIIACT BPCM: JKHU3HHU JIOKAJIM30BAHHOI'O COCTOSIHUA.

Jluteparypa

(1]

(2]
(3]

I'mo6c X. OnTHyeckas OGMCTaOMIIBHOCTB. YIpaBlICeHHE CBETOM ¢ momouibio cera. — [lep. ¢ anmi. Mocksa:
Mup, 1988.—520 c.

Po3anor H.H., Xonosa I'B. // OnTrka u ciekrpockomnusi. — 1986. — 61, 1.— 198.

Honn P., Ditnbex k., Tu66on dx., Moppuc X. ConuToHB W HeMMHEHHBIE BOJHOBBIE ypaBHeHHUs. — [lep. ¢
aHn1. Mocksa: Mup, 1988.— 694 c.

Tikhonenko V., Christou J., Luther-Davies B. Three dimensional bright spatial soliton collision and fusion in
a saturable nonlinear medium // Phys. Rev. Let. — 1996. — 76, 15. —2698-2702.

Kang J.U., Stegeman G.I., Aitchison J.S., Akhmediev N.N. Observation of Manakov spatial solitons in AlGaAs
planar waveguides // Phys. Rev. Let. — 1996. — 76, 20. — 3699-3702.

Kamnst E. B. B3aumoneiicTBue U JIoKanu3anys JIEKTPOMArHUTHBIX COJIMTOHOB B OKPECTHOCTH CJIOEB HEOHO-
POAHOCTH B HAHOICKTPOHHBIX YCTPOHCTBAX HA OCHOBE MOJTYIPOBOAHUKOBBIX CBEPXpEIIETOK. // Jlnccepranus
Ha COMCKaHUE YYEHOM CTereHH KaHauaaTra Gpusnko-mMareMaTnieckux Hayk. — Bonrorpan: Bonrorpaackuii To-
CYZapCTBEHHBII ApXUTEKTYPHO-CTPOUTENbHBIH YHUBepcuTeT, 2004.

ArpanoBuu B.M., Agamamsunu I.T., Pynacosio B.M. CamounnynrpoBaHHas Mpo3padyHOCTh aHHM30TPOIHBIX
cpen // KOTD. —1981.—80,5. — 1746-1756.

Steudel H., Zabolotskii A.A., Meinel R. Solitons for the rotating reduced Maxwell-Bloch equations with
anisotropy // Phys. Rev. E. — 2005.—72, 5. — 056608(1)-056608(7).

CmupHoB A.B. 3aryxaHue COTUTOHOB B ABYXYPOBHEBBIX Cpelax, CBA3aHHOE C AUMOIb-IUIIOIBHBIM B3aUMO-
JIEWCTBHEM pE30HAHCHBIX LeHTpoB // KBanToBas anekrponuka. — 1990. — 17, 11. — 1513-1517.

Benonenxo M.B., Kabako B.B. CamomnmyrmmpoBaHHas NpO3pPavHOCTh B PE30HAHCHOW Cpele C IHIOIb-
TUITONIEHBIM B3auMofeiicTBueM // Ontrka u criekrpockonms. — 2000. — 88, 3. —435-438.

3abonorckuii A.A. CaMOMHIyIMPOBAaHHAS MPO3PAYHOCTh LHUPKYISPHO ITOJMSPU30BAHHBIX (PEMTOCEKYHIHBIX
ummynbceoB // Tlucema B KOTD. —2003. — 77, 9. — 558-562.



Ceasannvle cocmosinus 6 08y1y4enpenromMisioujux KpUcmauiiax 41

[12] Steudel H. and Zabolotskii A.A. Solitons of the reduced Maxwell-Bloch equations for circularly polarized
light // J. Phys. A.—2004.—37, 18.—5047-5055.

[13] Annen JI., D6epau [Ix. OnTHdeckuii pe3oHaHC U JByXypOBHEBbIE aroMbl.—MockBa: Mup, 1978. — 224 c.

[14] Bnunn P., XKexu b. CerHeToaneKTpuku U aHTUCETHETOAIEKTPUKU. — MockBa: Mup, 1975. —308 c.

[15] Afanas’ev A.A., Vlasov R.A., Khasanov O.K., Smirnova T.V., Fedotova O.M. Coherent and incoherent solitons
of self-induced transparency in dense, resonant media // J. Opt. Soc. Am. B. —2002.—19.—911-919.

[16] Sazonov S.V., Ustinov N.V. Optical transparency modes in anisotropic media // SPIE Proceedings. —2006. —
6259.—6259-12.

[17] JIbm Hdx. JI. BBenenue B Teoputo conutoHoB. — [lep. ¢ anmi. Mocksa: Mup, 1983.—294 c.

[18] Benonenxo M.B., KabakoB B.B. /IluHaMuka aBTOJIOKaIM30BaHHBIX BO3OYKICHUI B CETHETOATACTHKAX C IPHU-
MECHBIMH JBYyXypoBHeBBIMH IIeHTpamu // N3B. PAH, Cep. ¢uz. — 1998. — 62,8. — 1497-1501.

[19] Belonenko M.B., Kabakov V.V. The pecularities of the self-induced transparency effect in ferroelectric medium
// Laser Physics. —1997.— 7, 6.—1197-1201.

[20] Ca3onoB C. B. DnekrpoMarHuTHbIE BUJICOCOIMTOHBI M Opu3epbl B cernerosnekrpuke tuna KDP // OTT. —
1995.—37, 6.—1612-1622.

[21] CazonoB C. B., Cobonerckuit A. @. O HENWHEHHOM pacIPOCTPAHEHUH IMPENCITFHO KOPOTKHUX UMITYIBCOB B
ONTHUYECKH OTHOOCHBIX cpenax // KKITD. —2003. — 123, 6. —1160-1178.

[22] ManusoB b. . Ontuueckuii 3yMepoH Kak pe3yjbrar OMeHUil BHYTPEHHHX MOJ| OpAITOBCKOIO COJMTOHA //
ITucema B XKOTD. —2005. — 82, 5. —284-289.

[23] Kanomxepo ®., Jleracnepuc A. CrnexrpasbHble ipeoOpa3oBanus 1 conutonsl. — [lep. ¢ anmi. Mocksa: Mup,
1985.—472 c.

[24] Manueos b.1. Ontuueckuii 3ymepon // U3sectust PAH, Cep. ¢us. —2005. — 69, 12. —1789-1793.

[25] Mantsyzov B.I., Keiichiro N. // SPIE Proceedings. — 1996. — 2798. — 2798-15.

[26] Belonenko M.B., Sasov A.S. Effect of the ferroelectric environment on the dynamics of self-induced
transparency in solitons // Journal of Russian Laser Research. —2006. —27,1. — 70-80.



HAHOCUCTEMBI: ®U3UKA, XUMUA, MATEMATUKA, 2012, 3 (1), C. 42-50
YAK 530.145, 53.098

OIINCAHUE ITUHAMUWKHU HAHOCUCTEM METOAOM
OYHKIUOHAJIA BJIUAHUA

A. A. buproxos!, M. A. IlIneenxos?

Camapckuii ToCyIapCTBEeHHbBIN YHUBEPCUTET

'biryukov(@ssu.samara.ru, 2shleenkov@list.ru
PACS 85.35.-p, 03.65.Yz

B pamkax ¢opmannima GyHKINOHAIBHOTO MHTETPUPOBAHMS M METOAa (PyHKIMOHATA BIUSHUS MOTyYEHBI BBIpaXKe-
HUs, OTIUMCBIBAIOIINE IBOIONMIO CTATUCTUUECKON MaTpUIlBI MIIOTHOCTH HAHOCHCTEMBI B KOOPAMHATHOM U 3HEPreTu-
4eCcKOM HpeJcTaBieHusix. HaiineH siBHbINA Bu QyHKIMOHAIA BIMSHUS KBAHTOBAHHOTO DJIEKTPOMArHUTHOTO TIOJIST Ha
Ha”HocucteMy. Iloka3aHa 3KBUBAJICHTHOCTh MPEJIOAKEHHOIO METOJa METOAaM, Pa3BUTBIM B PaMKax TEOPHH BO3MY-

IICHUH.

KoaioueBbie cioBa: HAHOCHUCTEMBI B JJIEKTPOMAarHUTHOM THolie, hopMain3M (yHKIHMOHAIBHOTO HHTETPUPOBAHMS,

MeTo (PyHKIMOHATA BIIUSHHUS.

1. BseneHue

B HacTosiliee BpeMsi aKTUBHO M3Y4arOTCsl M MCCIIELYIOTCSI HAHOCUCTEMBI, IPOSIBIISIIOIINE
CBOMCTBA CJIOKHBIX MHOI'OYPOBHEBBIX KBaHTOBBIX cucTeM. OJHUM U3 HAlpaBJIEHUH 3THUX UCCIIE-
JIOBaHUU SIBISETCS M3YYEHHE MAarHUTHO-3JIEKTPUYECKUX CBOMCTB M JIMHAMHUKU COCTOSHUI 110J
JIEUCTBHEM DJJIEKTPOMAarHUTHOIO M3JIydeHUs. TaxKe HaydHbIM M NPAKTHYECKUU UHTEpEC Mpen-
CTaBJISIFOT OMKCAaHUE MPOLIECCOB BO30OYKICHUSI HAHOCUCTEM BIUIOTH JI0 MX pa3pyLICHHs MO Jeii-
CTBHEM DJIEKTPOMArHUTHOTO MOJis. IMEroTCsl TEXHOIOTHH BO30YXKI€HUS aTOMOB U MOJIEKYJI MOIII-
HBIM JIa3epHBIM H3TyYyeHHEeM, Tak 4To HaOmromaercss ux auccoruanus. Hampumep, B pabotax
[1], [2] HabmrOomamock sBICHWE WM30TONMHMYECKU-CEIICKTHBHOM JMCCOLMAIMN Pa3IMYHBIX MHOTO-
aromuabix mosekyn (BCls, SiF,, SF¢) nmpu pasnudHbIX XapaKTepUCTHKAX CHIIBHOTO JIA3ePHOTO
nonst C'Os-nazepa. B pabdorax [3],[4] uccnenoBanacy mHPpakpacHas MHOTO(DOTOHHAS JTUCCOIIH-
arust Monekyn Tpuxnopcmwnana (SiHCls) u metnnrpudropennana (SiF,CHj;). Hcnons3oBanue
JA3epHOTO M3IYUYEHUS IS pasfesieHusi U30TOMOB 00CYyXKaanoch B padore [5]. Ota uaes Obuia
peanusoBaHa B pabotax [6],[7]. Ocobennoctu nuccouuanuu monekyia UFg B mosne nazepa u npu-
MEHEHHE ITOTO SBJICHUS IS pa3leieHHus M30TOMOB ypaHa obOcyxkaatoTcs B pabote [8]. B aTux
3a/la4ax NIPUHLMUIHAIIBHBIM SIBJISI€TCS UCIIOJIb30BAHUE MOIIIHOTO JIA3€PHOIO OIS 1JIs1 BO3ACHCTBUS
Ha MCCIEAYEMYI0 KBAaHTOBYIO CHUCTEMY, IO3TOMY ONMCAHME JAHHBIX SBJICHUM B paMKax TEOPHH
BO3MYUICHHUI, B YACTHOCTH B HU3IIUX €€ MNOPSAJKAX, SBISETCS HEKOppeKTHbIM. MccnenoBanus
MIOKA3bIBAOT, YTO MU PepeHINaIbHbIe YPABHEHHS, OMMCHIBAOIIIE JAaHHBIE MPOIECCHI, SBISIOTCS
CYIIECTBEHHO HEJIMHEHHBbIMU. VccnenoBanus 3TUX ypaBHEHUH, IOCTPOCHHUE UX PELICHUN INpe-
CTaBJISIIOT OOJIBIIME MaTeMaTHYeCKUe TPYAHOCTH. B CBA3M ¢ A3THMM BO3HHKaeT 3ajada — IOMCK
HEenepTypOaTUBHBIX MOAXOAOB JUIsl ONUCAHMs JIMHAMUKUA HAHOCHCTEM, B3aUMOJIEHCTBYIOLIUX C
MHTEHCUBHBIM 3JIEKTPOMATHUTHBIM IOJIEM.

B nanHoil pabote mpemaraeTcsi HenepTypOaTUBHBIM MOJAXO0J K KBAHTOBOMY OIMCAHMIO
HBOJIIOLIMY HAHOCUCTEMBI, B3aMMO/IEUCTBYIOIEN C MHTEHCUBHBIM IEKTPOMAarHUTHBIM 1oJieM. [1o-
BEJICHHE KBAHTOBOW CHCTEMBI ONPEIEIACTCS CTATUCTUYECKOM MaTpULEH IUIOTHOCTH, SIBHBIM BUJ
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KOTOpO# ompezensercs B GopmainiMe (YHKIIMOHAIBHOTO MHTEIPUPOBAHUS, HCIIONb3YS METOJ
(byHKIMOHANA BIUSHUS.

2. 3BO.]'IIOIII/IH CHUCTECMbI «BemeCTBo+n3.11yqune» B IIPEACTABJICHUHA Q)yHKHHOHaJILHOFO
HHTCIPUPOBAHUA

PaCCMOTpI/IM KBAHTOBYIO HAHOCUCTCMY, B3aI/IMO,I[€I‘/‘ICTBy1-OI_HYIO C SJICKTPOMAIrHUTHBIM I10-
nem. IlomHbIi TaMIIBTOHHAH CHCTEMEI UMECT BUO:

Hfull = Hsyst + Hfield + Hint7
e Hgys — oneparop ['aMuiIbTOHa KBAHTOBON HAaHOCHCTEMBI (aTOMOB, MOJICKYJI);
H i = B (@ + 1/2)

— I'aMHWJIBTOHHAH CBOGOI[HOFO QJICKTPOMArouTHOT'O I10JIA, (Alz n dk — OIICPATOPLI POKIACHHA U YHU-
YTOXKCHHA, MOJbI k OJICKTPOMArHUTHOI'O I1OJIA;

Hiy = hgki"(&z + &k)

— raMMJIbTOHHUAH BSaI/IMOﬂef/'ICTBI/ISI HCCHGHyeMOﬁ KBaHTOBOK MNOACUCTEMBI U 3JICKTPOMAarHuTHOIO
I0JIA B JUITOJIbHOM HpI/I6JII/I)K€HI/II/I, TAC SJICKTPOMArHuTHOC I10JIC MOJIAPU30BaHO BAOJIb OCH T, T—
OIICPaTOpP KOOPpAMUHATBI YaCTHULIbI KBaHTOBOM CHUCTCMBbI, KOHCTAaHTa B3aHMOH€ﬁCTBHH gk

q | h

h 2¢e ov ’

rac q—3ap51)1 HJaCTHUIIbI KBaHTOBOﬁ CHUCTEMBI, €O—III/IE)JIGKTpI/I'-ICCKaH HpOHI/IHaeMOCTB BaKyYMa,
V — O6’beM KBAaHTOBAaHUA 3JICKTpOMaFHI/ITHOFO T10JIA.

Bynem omnuceiBaTh TUHAMHKY CHCTEMBI «BELIECTBO+HU3IYYCHHUE» C MOMOIIBIO CTATHCTHU-
YEeCKOro oneparopa py,(t), SBOIIOLHS KOTOPOrO BO BPEMEHH OIPEIEISCTCsl yPAaBHEHUEM:

gk =

5 — T7(H\ A T+
pfull<t) = U(t)pfull<O)U (t)a (1)
1€ Py (0) — CTATHCTHYCCKHUIA OMEPaTop CHCTEMBI «BELIECTBOTH3IYYCHHE)» B HAYAIbHBIH
MOMEHT BpEMEHH, a oreparop sBosonun U (t) uMeeT BULL:

A

U(t) =T exp {—% /O [:[fu”(T)dT} . 2)

[TpencraBum oneparopHoe ypaBHeHUe (1) 11 CTaTUCTUYECKOTO oreparopa B Oa3uce BeK-
TOPOB |, (v):

|z, ) = |r) @),

IIe BeKTopa |x) u |a) ompenensirorcst ypaBHeHusiMu [13]:

Fla) =z |2), /|x> (alde =1, (z]y)=6dz—1), 3)

ogl” + Jen”

2

. d*o .
alo)=ala), [ o) (ol =1, o] ) = e Fafor] . @)
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Vpasuenue (1), mpencrasieHHoe B 6a3ice BEKTOPOB |, ), IPUHUMAET BUJT

y d*ayy, d%al,
P full (-flff,Oéf,.fle,CY/f;t) :/dxmd-r;n GO

T ow
x U (asf,a},t\xm,am) Pruit (Tin, @y, 5 a3 0) U™ (asf,af,t\xm, ’*) . (%)

e
Pfull (aji'fh Oé,m, x'm’ azn? 0) <3§'m, Oéin’ Ianll( ) ’x”m’ : > )

P full ($f7 Oéf7 $f7 Oéf; t) = (@, af| prun(t |$f7 Oéf>
— CTAaTUCTUYECKHE MaTPULbl INIOTHOCTH COOTBETCTBEHHO B HAYAJIBHBIA MOMEHT BpeMeHM ¢ = ()
U B HEKMI MOMEHT BPEMEHH ;

.t
U (xf,oz},ﬂxm,am) = (xf, af| T exp [—%/ Hfu”(T)dTl |Tin, Qin)
0

— AJIpO onepaTopa IBOJIOLUY.

B BbIOpaHHOM 0a3rice KBaHTOBYIO CHCTEMY OIMCBHIBAEM B KOOPIWHATHOM IIpe/ICTaBIIe-
HUM, JIEKTPOMArHUTHOE T0JIe — B rojoMopdHOM npeacrasieHuu [9]. OnucaHue KBaHTOBAaHHOTO
AIIEKTPOMArHUTHOT'O TMOJIsl B MIPECTABICHUN KOTEPEHTHBIX COCTOAHUM (4) 00yCIIOBIEHO TEM, UTO
B 3TOM IIPE/ACTaBJIEHUM B Ipezese OONbLIMX AMIUIMTYJ €ro CBOMCTBA aHAJOTHMYHBI CBOWMCTBAM
KJIACCUYECKOU AJIEKTPOMarHUTHOM BOJIHBI.

VYpaBHeHHE Ui CTaTUCTUYECKOW MaTpHIbl IJIOTHOCTH (5) mpenctaBuMm B (opmannsme
(YHKIMOHAIBHOTO HHTETPUPOBAHUS. SIpo omeparopa 3BotouH (2) B mpencTaBieHIH (QyHKIH-
OHAJILHOTO MHTETrpupoBanus npuHumaet sua [10], [14]:

U (g, o, |2, ain) = / Da(t")Dp(t')Dx(t') exp {% (o (t)a(t) + a*(O)a(O))} X

x exp{% /O t [p(t’)j;(t’) —~ % (a*(ta(t') —a*(t)a(t')) —

= Hayst (p(t'), 2(1')) = Hpicta (o (1), a(t')) = Hins (w(t'),a*(t’),Oé(t'))]dt,}' (6)

Hcnonw3ysa (6), ypaBHEHUE AJii MATPUIlbl TUIOTHOCTU CHUCTEMBI «IojietusnydeHue» (5)
MIPEICTaBUM B BUJIE:

prun (@5, 07, &y pit) = / Da(t)Da (¢) Dp(t') Dy (¢') Da(t') D! (#) ° — d;, ind /
o {% e a*m)a(o))} eXp{% | i) -5 waw) —a @aw)-

e (0 (¢). () = Hpaaa (0" (1) () = o (2 (F) 0" () o ()]}
< it s = O)xp {3 (@0 0) +0"0)/0) | »
<ol / [p' ()8 (1) — g (0" (£ () — & () (1)) -

~Hayst (0 (') 2" (t) = Hpiera (@ ('), (') = Hima (2" (t') , 0™ (') , (t’))] dt’}. (7)
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Takum 00pazoM, MbI MOJYYMIH 3aMKHYTOE BBIPQ)KEHHE, OMKCHIBAIOIIEE ABOJIOIUHN CH-
CTEMBI «IOJIETU3IyUeHUE». DTO BhIpaXKEHHE MPEACTaBIsieT co00i (YHKIIMOHATBHBIN WHTErpal
(KOTOpPBIN MOKET OBITH MPE/ICTaBIeH OECKOHEYHOMEPHBIM HHTErPaioM) MO MPOMEKYTOUHBIM CO-
CTOSIHUSIM CHUCTEMBI «BEILECTBO+TU3IyUYEHHE» C (PUKCHPOBAHHBIMH HAYaJIbHBIMH M KOHEYHBIMU
yCIOBHSIMH. BbIunciieHne JaHHBIX UHTErPAIOB TPEOYET CIIeMAIbHBIX MAaTEeMaTHYECKUX CPE/ICTB.

3. OnucaHue TMHAMHUKH KBAHTOBOI CHCTeMbI, B3aNMOeiCTBYIOLIEN
€ IEKTPOMATHUTHBIM M0JIEM MeTOA0M (PYHKIIHOHAJIA BJIMSAHHSA

B psine 3apa4 Hac MHTEpECYET JIMILb AUHAMUKA HCCIIeAyeMON KBAaHTOBOM CUCTEMBI (aToMa,
MOJIEKYJIbl WM JIPYTOM HAaHOCHUCTEMBI) B 3JIEKTPOMAarHUTHOM Tmoze. PaccMoTpum Mojens, Korna
AJIEKTPOMArHUTHOE I10JIE UMEET CTOJIb OOJIBLIYI0 HHTEHCUBHOCTD, YTO OOpPaTHBIM BIIMSHUEM HC-
cllelyeMON KBaHTOBOM CHCTEMbI Ha HETO0 MOXHO INpeHeOpedb, TO €CTh U3MEHEHHE COCTOSHMS
AJIEKTPOMArHUTHOIO IOJISI B IIPOLIECCE IBOJIIOLIUU CUCTEMBI «BELIECTBOTU3IIyYEHUE)» MOXKHO HE
YUHTBIBaTh. B 3TOM ciyyae MOXHO IIPOBECTH PELYKLHUIO CTaTUCTUYECKON MaTpullbl IJIOTHOCTH
HOJHOM cucTeMbl (7) K CTAaTUCTUYECKONW MaTpuUIe INIOTHOCTH KBAHTOBON CHUCTEMBI:

dZOéf

psyst (l‘f,ﬂf{f,t) == / pfull (xf,a;,.flf{f,af/,t) T (8)

ozf:a}
B paac ciydacB AOIMyCTHUMO, YTO B Ha4YaJIbHBIA MOMEHT BpPEMCHH IMOJACUCTCMBI «BCIIC-
CTBO» WM «HM3JIyYCHHE» HE B3aMMOJCHCTBOBAIM MEKIy co0oil. B 3ToM cirydae Bo3MOkHA (hakTo-
pI/I3aLII/I$I HaLIaJ_IBH()ﬁ ManI/H_UJI IIJIOTHOCTH.

Pfull (%’m Oé;kn, x;n, aén,t = 0) = Psyst (fL’m, IL’;m = 0) * Pfield (Oéfm Oé;n, t= 0) . 9)

[Toncrasnsas (7) B (8), a Takxke UCTONB3Ys yCiaoBH (9), 3aMuilieM CTaTUCTUYECKYIO MaT-

pHIIBI TUIOTHOCTH HCCIIEAYEMOH KBAHTOBOM IOACHCTEMBI gyt (xf,x};t) B HEKHH MOMEHT { B
BHUJIE:

psyst (1, T i t) =
[ e {% [ P00 = ool 2(0) = (003 () + Huaalif (). (0] dt'} x

X Flz(t"), ' (1)) psyst(Tin, 253 t = 0)Dp(t')Dx(t")Dp' (') D2’ (¢") s da,,, (10)

)

rae
d2 in d2 / d2
Flr,2] = / / Da(t') Do/ (t') =2 CLin T AL i (i, o5t = 0) X
T T
af:oz}
1
X exp {5 (@*(H)alt) + a*(0)a(0) + o (t)a(t) + 0/*(0)0/(0))} X

x p{ﬁ [ 50 1) =6 Oate) = () )+ 6" (Dol () = Haa (0" (). (8) -
— Hint (x(t'), ('), a(t") + Hpiera (o (&), &' (t")) + Hine (2 ('), & (1), o/(t'))} dt’} (11)

— q)YHKI_[I/IOHaJI BJIMAHUA 3JICKTPOMArHUTHOTO ITOJIA HAa UCCICAYEMYIO KBAHTOBYIO CUCTEMY.
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Bripaxkenne (10) ¢ yuerom (11) onmuchiBaeT 3BOTIONNIO CTATUCTUYECCKOW MaTPHIIBI TUIOT-
HOCTH UCCIIEyeMOW KBAaHTOBOI CHUCTEMbI B KOOPAMHATHOM MPEICTABICHHH.

B psine 3amau ynoOHO ONMUCHIBATH NTUHAMHUKY KBAHTOBOW CHCTEMBI B DHEPreTUYECKOM
npenctaBieHnu. CTaTucTUueckas MaTpulla IUIOTHOCTH KBAaHTOBOM CHUCTEMBI B SHEPreTHUECKOM
MpeICTaBICHUH onpezensercs Gopmynoii:

Psyst (m,m/,t) = /%*n (xf) Psyst (xﬁ x,f7 t) P (x./f) dxfdxlf‘ (12)

Jns cioydas, Korma HadajdbHOE COCTOSHHE MCCIEAYEMOW KBAHTOBOM CHUCTEMBI — YHCTOE
KBAaHTOBOE COCTOSIHMSI MarpHila INIOTHOCTA IPUHUMAET BHI:

Psyst (Tins T3 t = 0) = @ (Tin) oy (T3 (13)
rae B BelpakeHusX (12) u (13) ¢,y (as’f) — BOJTHOBAs (DYHKIIMSI KBAHTOBBIX COCTOSTHHW CHCTEMBI.

VuureiBas (12) u (13), noayyaem ypaBHEHHE 3BOJIOLM JUIsl CTaTUCTUYECKOM MaTpULlbl
IUIOTHOCTH B SHEPIeTUYECKOM IPE/ICTABICHUN:

psyst (ma m/a t) =
_ / Dp(#)Da(¢')Dp! (VD& (¢ )dar gyl 0%, (07) 0 (i) F [(t'), 2 (#)] x

l

e { [ (0050 = Hoy 00 210) = H ) + oy (02 ) }

X @;(min)gpn’ (mfm) (14)

B Boipakennu (14) nuaroHalibHbIE 3JIEMEHTHI CTATUCTUYECKOM MATPUILI JIOTHOCTH BhI-
paXkaroT BEPOSITHOCTH COOTBETCTBYIOIINX KBAHTOBBIX COCTOSIHHM, TaK 4TO U3 ypaBHeHUs (14) MbI
THOJIy4aeM BBIPAXKEHHUS JUI BEPOSTHOCTEH TepexofoB cucteMbl P(m,t|n,0) U3 cocTosiHus n B
COCTOSTHHE M:

P (m,t|n,0) =

- / Dp(t")Dx(t')Dp' (t')Da' (t')dw pday dindal, ot (x5) om (2f) F [2(t'), 2/ ()] x

e { [ (00— Hay (0),20)) = PO 0) + Ho 1)) ) }

VYpasuenus (10), (14), (15) onuceiBalOT TUHAMUKY KBAaHTOBOW CHCTEMBI TOJ] JCHCTBH-
€M DIIEKTPOMArHUTHOTO TOJs. [IpuMedansHO, 4TO OHU IMOJyYEHBI BHE PAMOK MEPTYpPOATUBHBIX
MeTof0B JIJIsT BBIYMCICHHUS CTaTUCTHYECKOW MATPHUIBI B OMPEICIICHHBII MOMEHT BPEMCHH t U
BEPOSITHOCTEH MEPEX0J0B HEOOXOAMMO:

® KOHKpETH3allMs MCCIIENyeMON KBaHTOBOM IOICUCTEMBI, @ IMEHHO 3ananue H,y B KOOp-
JMHATHOM MPECTABICHUH U SBHOTO BH/A BOIHOBBIX QYHKUIHUH ©,(7) ;

® BEIUKCIICHHE SIBHOTO BUIA (PYHKIIMOHATA BIUSIHAS F' HA UCCIIEAYEMYIO KBAHTOBYIO CHCTE-
My,

® BEIUMCIICHHE COOTBETCTBYIOMINX (DYHKIIMOHATHHBIX HHTETPAJIOB.
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3ameTtum, uro dopmyisl (10), (14), (15) yka3sIBaroT, 4TO TPOIECC SBOIIOIUN CTATHUCTH-
YECKOM MaTpUIlbl TUIOTHOCTU CHUCTEMBI SBIISIETCS MPOLECCOM C MaMSThIO, TO €CTh €r0 MPUHIIUIIN-
aJIbHO HEJb3$ MPEICTaBUTh MAPKOBCKUM IPOIIECCOM.

4. SIBHBI BHU/1 (l)yHKIII/IOHa.J'Ia BJIMSIHUSA 3JICKTPOMArHUTHOI'O IMOJIsA

@OyHKIMOHAN BIUSAHUS BriepBble BBed DeilHMaH B (PyHKIHMOHAIHLHOM METO/IE ONMHCAHUS
KBaHTOBBIX cucTeM [11]. DeliHmaH BbICKa3all TUMOTE3Y, YTO AJIS MIMPOKOTO Kiacca (pusmuecKkux
BO3/ICHCTBUI Ha KBAHTOBYIO CHCTeMY (DYHKIIMOHAJ BIUSHUS UMEET KBaJPaTHUHYIO CTPYKTYpPY U
MIPE/ICTABIIACTCS BHIPAKEHUEM:

Flo,a] = exp[ / / () 2(E )2 (") + 4 (¢, ") 2 () (¢)—
— ,y* (t/jt//) l’(t/)l’,(t”) _ ,y (t/’t//) [L‘/(t,)l’(t”)>dt,dt”:|, (16)

rae Gynkuun y(t,t') KOHKPETH3UPYIOTCSI B 3aBUCUMOCTH OT HCCICAYEMOM MOJICIH.

Bbruucnenue siBHOro Buaa (pyHKIHOHAJIA BIUSHHUA TapMOHUYECKOTO OCLIIIISATOpPA IMPO-
BOJIMJIOCH B KOOPAMHATHOM M SHEPreTHYecKoM mpezactaBieHusx [11]. Apropamu ObuT IpOBEICH
pacder (yHKIMOHAIA BIUSHUS OJHOMOJOBOTO 3JIEKTPOMArHUTHOTO TOJISI YacTOTHI {2, Tpe/IcTaB-
JeHHbIM BbIpaxkeHueM (11), B romomopdHoM npencraBieHuy. BorunciaeHus: npuBenan K KBajpa-
tudHOMY (yHKUMOHANY Biusaus (16), rae dyHkims v (¢,t') umeer Bux:

2
q Q e—'LQ(t/_t//)
QEOVFL
B ciyuae, xoraa »IeKTpOMarHUTHOE T10JIé MHOTOMOZOBOE, (DYHKIIMOHAN BIMSHUS COXpa-
HSICT CBOIO KBaApaTuuHyo cTpykrypy (11), mpeobpasyercs byukiws 7 (t,t'). OHa UMEIOT BUA:

Yo (1) = (17)

U o
YVsieta (', 1) Zm (t',1") _Zzgovkn@ et (18)

5. IlpuioxkeHusl K OMACAHUIO CHCTEM

Brrancianm Ha ocHoBaHuM (hopmynsl (15) 3aBUCUMOCTD BEPOSTHOCTU NPeObIBaHUS KBaH-
TOBOM CHCTEMBl Ha HEKOM KBAaHTOBOM YPOBHE 7 OT BPEMEHHU B OTCYTCTBUH 3JIEKTPOMArHUTHOTO
nosist. OYHKITMOHAI BIMSIHUS BaKyyMa Ha CUCTEMY MMEET BUJ:

Fuae [z(t'), /(1)) = exp | — /0 /0 (Yoae (', 87) (@) (") + Y5qe (¢, ") 2'(¢)2"(¢")) dt'dt” |
(19)

e Yoae (t',1") = Vfiera (', "), TO ecTb onpenensercs Gpopmyinoit (18).

[Toncrasnss ¢yHkmoHan BiIugHUSA BakyyMa (19) B BbIpaskeHHE /1711 BEPOSITHOCTU KBaH-
ToBOro nepexona (15) u npoBoAsi HHTErPUPOBAHUE 10 TPAEKTOPUSM U MEPEMEHHBIM BOJHOBBIX
(byHKIUI COCTOSHUS, TIOTYYHM:
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Paps(n,1) = exp | - / (L, e

o

Z Vh

~iwnm =) (#'=t") )dt dt”], (20)
rje ObUIA MPUHATHI 0003HAUYCHUS:

Pmn = / @;(x)$90n<x)dxa Wnm = Ta

tne Psyst (n,t) = Psyst (0, t|n, 0) — BeposiTHOCTD NpeObIBaHHS CHCTEMBI B KBAHTOBOM COCTOSHUH
¢, () TpHU yCIOBHH, YTO B HadyaJbHBI MOMEHT BPEMCHH KBAaHTOBas CHCTEMa HAXOJMIACh B
COCTOSHHUH ¢, () € BepOATHOCTBIO Py (n,t = 0) = 1.

Hcnonesys npubmmkenne Batickonda—Burnaepa [13] (mpu wy,,, = €2 > 0), nomydmnm:

- QQQk

I 4 F
280Vﬁ ‘ nm’Q Z(U-)nm—Qk)(t —t ) 25 (t/ _ t//) ’ (21)
=0

rac

1 4w2m ‘pmnﬁ

I' = -
47eq 3he3

(22)

[Tpu ucnionb3oBanuu (21), Beipakenue (20) npuHUMAET BHUI:

Pyyse (n,t) = exp [— /O t /O t (gé (' —t") + gé (t' —t”)) dt’dt”] = exp [-I']. (23)

[Tony4yeHnHas BeposTHOCTH (23) 0OHapyKEHUsI CUCTEMBI B BO30Y>KJICHHOM COCTOSIHUHU COB-
nasiaeT ¢ U3BECTHBIM BBIPAXKEHUEM, ITOJYYEHHBIM JAPYIMMU MeTonamu [13].

®opmyna (15) i BepoATHOCTH KBAaHTOBBIX NEPEXOAOB JIETKO HMPEACTABISIETCS B BUJE
psiaa Teopun Bo3myleHui. st ero noctpoenus ¢yHkuuonan BiusHud (16) Heodxonumo pasio-
JKUTh B PAJL:

Flr,2]=1- ) /0 (x(") = 2" (&) (v (', ") (") +~* (', ") 2/ (t")) dt'dt"+

_ /O /0 (@) — ' (#) (7 (") 2 (") + 7 (¢ 4 @) dedt” | +.... @4)

[Toncrasunsst (24) B BeipaxkeHue (15) ams BepoATHOCTH KBAHTOBOTO MEPEX0/1a HCCIeNyeMOn
KBAaHTOBOW CHCTEMBI, ITOTYYHM:

P (m,t|n,0) = P°(m,t|n,0) + P’ (m,t|n,0) + P (m,t|n,0) + P (m,t|n,0) + ..., (25)
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rac
PV (m, tn,0) = / (7)o (@) o (22n) 5 () X

<exp { [ (0000 = Hoy G0 2(0) = H O ) 4 Hoy (FO, D) ) }

X % —/0 /0 (x(t') _ x’(t')) (y (t’,t") x(t”) + 4t (t/’t//)x/<t//)) dt' dt” %

x Dp(t")Dx(t')Dp'(t') D2/ (t')dx pda’s dv dis,,.

OcraBiisas IepBbIC J1Ba CiraraeMbIX B (25), moy4yum, Kak 3To TToKa3zaHo B padore [12] Bepo-
ATHOCTb [EPEX0/ia B €AUHHILY BPEMEHH, KOTOpast COBMAJAET C U3BECTHBIMU MpaBuiamu J. Oepmu.

AHanu3 MOJHOrO psiia TEOPUH BO3MYIIEHUH (25) MOKa3bIBa€T, YTO BEPOSTHOCTH KBaH-
TOBBIX IEPEXOJOB, KOTJAa YacTOTa MO {2 COBMANaeT C PE30HAHCHOW YAaCTOTOH MEPEXOAa Wiy,
UMeeT BUJ:

.2
P (m,tn,0) = sin® (Qgrt) + p (Qr, Win, t) (26)
rae {)p —yacrora Pabu.

[TepBoe crnaraemoe B gopmyiie (19) onuceiBaer u3BecTHbie ociuuIsAiuu Padu [13], BTO-
pO€ TIPEICTABISACTCS XaOTHYHO OCIHHJUTHPYIOIIEH (YHKIHEH, KOTOpas BOZHUKAET KaK CIICACTBHE
MHOTOYpPOBHEBOCTH CUCTEMBI. JTO ClIaraeMoe MpeacTaBisieT (IyKTyalud KBaHTOBBIX IIEPEXOI0B.

[IpennoxkeHHbIe BBIpAXKEHUS JUIS HBOJIOLMU CTAaTUCTUUECKOM MaTpullbl MmiIoTHOCTH (7),
(14) npuemiemsl 7151 OMUCAHUS IIUPOKOTO Kpyra (PU3MUEeCKHX MPOIIECCOB B aTOMax, MOJIEKyJax
U IPYTUX HAaHOCTPYKTYypax.
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A nonlinear model of DNA dynamics with coupling between conformational dynamics and proton tunneling is
presented. It is demonstrated that terahertz radiation can influence both vibrational excitations and proton motion
in DNA hydrogen bonds. The irradiation at the edge of far IR spectral range can promote proton tunneling. If
the radiation frequency matches the vibrational mode, the generation of localized excitations in form of dissipative
solitons is possible. These solitons decrease the probability of proton tunneling.

Keywords: DNA, terahertz radiation, proton tunneling, dissipative soliton.

1. Introduction

There has been renewed interest in understanding the dynamics and properties of DNA
due to recent advances in both single-molecule experiment techniques [1], molecular dynamic
simulations [2] and theoretical modeling for such nanosystems [3]. Such modeling played an
important step towards nanobiotechnology [4, 5].

It is believed that many biological processes depend on the nonlinear properties of DNA.
A number of theoretical studies of nonlinear physics of DNA were related to localized conforma-
tional excitations [3] and electronic conductivity [5]. The motion of protons in hydrogen bonds
causes a great number of interesting physical effects. The importance of proton tunneling in
chemical and biological systems is well known for the DNA base pairing and mutagenesis [6,7].
The proton can tunnel into less energy favorable tautomer state of base pair, which may cause
incorrect pairing during DNA replication. There are a lot of theoretical studies of proton tun-
neling in such systems [7-9]. An important conclusion from these studies is that the vibrational
excitations in conformational subsystem can significantly influence the proton tunneling.

The frequencies of vibrationalrotational transitions of biological molecules and frequen-
cies of intermolecular interactions as well as the frequencies of tunneling transitions fall into ter-
ahertz range (0.1-10 THz). It is demonstrated that terahertz radiation can induce conformational
changes in proteins and nucleic acids [10], and also can influence the number of spontaneous and
induced point mutations [11]. However, the underlying physical mechanisms of this interactions
remain unclear. Some theoretical models suggest that collective nonlinear excitations can be
responsible for such effects [12].

In the present paper a response of DNA to external terahertz electric field is studied on
a basis of nonlinear model taking account of coupling between elastic vibrational dynamics and
proton tunneling.

2. Theoretical model

Let us consider the self-consistent model of conformational and proton dynamics. A
movement of the proton can be considered inside the asymmetric two-well potential per each
hydrogen bond, as was initially proposed by Lowdin [6]. In conditions of terahertz excitation
one can neglect the upper proton states considering only ground states in the right and left wells.
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In this case it is useful to consider the tunneling dynamics within the framework of pseudospin
formalism [13]. The corresponding proton Hamiltonian /1, can be represented as:

[:[p:_Qﬂzgg,i_AZ(_l)i+lgrzL,i_%JJ' ZSTZHSZ] Z‘]U n-l-lz n]+5z 1y ”J) (1)

n,l#] n71’7j

where indexes ’n’ correspond to n-th base pair and indexes ¢, 7 denote the number of hydrogen
bonds in a base pair (from 2 in Adenine/Thymine to 3 in Guanine/Cytosine). Here pseudospin
operators 5% and S® have the sense of the electrical dipole moment operator and the tunneling
operator, respectively, () is the tunneling integral, J, and J;; are the exchange integrals, and A
is the asymmetry parameter of the potential well.

The conformational subsystem can be treated classically [3] since it corresponds to col-
lective movements of large groups of atoms. The Hamiltonian is taken as in a well-known
Peyrard-Bishop-Dauxois model (PBD) [14]

H. = Z {—r + —(rpg1 — )* 4+ Dy (e7Pmm — 1)2} , )

where r, is the relative dlsplacement (stretching) of base pairs inside the nucleotide, m is the re-
duced mass of the nucleotide, coefficient K characterizes the stacking interaction, and parameters
D and [ define the potential depth and width.

The interaction of proton subsystem with vibrations and terahertz electric field £ is taken
into account by interaction operator

Hmt = —/JEZS -9 ZTn Sz - Sz ZQI(Siz - SZ,i)? 3)

where 11 is the dipole moment, and g is proportional to the linear piezoeffect coefficient, S* and
S® are the equilibrium mean values of the pseudospin operators. The last sum corresponds to
modulation of tunneling integral and can be approximated as Q; = Qq(exp(—or2/2) — 1), where
o is the material constant which is reversely proportional to the De Boer parameter of proton in
DNA.

The Heisenberg equations of motion for the mean values of the pseudospin operators
supplemented by phenomenological relaxation terms in the random-phase approximation have
the form:

ast cosa  sina
RO Mz ST~ (57, 5T 4
dt n,? TLZ ( )( T* + TQ* )7 ( )

asy,

h dt7 - _Mriz‘sfzz + MTZflS’fZLZ - Sg,z/T2*7 (5)

ds; ; cosa  sina
h—t — M Y z _ Qz 6
dt nzSnz (S STL Z)( T2* + Tl* )7 ( )

where ( )
O(H, + Hi;

My; = ———=———", tga = S,
n,1 asi,lz , L8 / n,i?

Ty, T; are the longitudinal and transverse relaxation times of pseudospins, and the equilibrium
mean values of the pseudospin operators S* and S* are defined through the molecular field
components:

T2

= M M. _ OH - —
SI7“Z = n,t th n,1 MIVZ = — p Mni — \/ WES 2 M= . 2‘
o 2Mn,i 2]{317,1—” .t asmv?’ ) ( n,z) + ( n,z)

n,i
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The equations for the conformational subsystem under conditions of low-amplitude vi-
brations have the following form:

d2 " K 3 7
d; _ E(rn-i-l +r,_q— 27~n) + wgrn — 5@4)27’2 + 652(,027"2 =

g . 20 - - dr,, XE2
}j =5 7nm§jwm—sm%— R T (7)

(2
Additionally the external dampmg term (with damping constant vz) and Maxwell-Helmholtz
pressure term are taken into account. The last one arises from the uncompensated difference
in dielectric permittivity between disturbance in DNA and surrounding medium (water). The
equations (4)-(7) describe the self-consistent dynamics of proton and conformational systems
under the action of external terahertz electric field.

3. Parametric excitation of conformational solitons and their influence on proton
dynamics

The response of the system (4)-(7) posses high frequency modes, which correspond to
tunneling transitions. Unlike the typical hydrogen-bonded crystals, in DNA the tunneling integral
is much smaller than asymmetry parameter of potential. This gives relatively small probability for
finding the proton in the tautomer positions P} ~ 1074, The tunneling frequencies are determined
mostly by the asymmetry parameter A, and their values are at the order of 10 — 20THz [9]. The
slow conformational subsystem cannot follow such excitations, therefore the increase of tunneling
probability into tautomer state occurs under irradiation. This simple conclusion is supported by
experiments, where the increase of point mutations have been observed after irradiation in the
far IR spectral range [11]. The exact expression for response of the system can be calculated in
a usual form [13].

The excitation of conformational subsystem with low frequency (optical phonon mode)
requires special consideration. Its characteristic frequency (taken at the center of Brillouin zone)
isw, = +/2DB?/m ~ 2 — 3 THz [8,12].

Since the conformational system is much slower, the response of proton subsystem can
be calculated using the approximation of adiabatic following [15,16]. In general case we obtain
an expansion

Sz =52 4 (s 4 s+ s VE 4 (8P 4 58, sCPr2 B2 (8)

n, n,t n,t

The calculation of probability for finding the proton in the tautomer state of base pair A-T or
G-C in the leading order gives:
P = Py = xiarn + X0 B+ x

,n

0B+ (9)

)

The second term is produced by the modulation of the tunneling integral, while the others result
from the tunneling far from the resonant frequency. Thus, there are competing effects, which
depend on conformational disturbance.

Let us consider small amplitude oscillations in conformational subsystem. The solution
in a semidiscrete approximation can be cast as

r = 7(0)((—vt) expli(w,y(q)t—gqn)]+c.c.4raqy ((—vt)+7(2) ((—vt) exp[2i(wa(q)t—gn)]+c.c.+....,

(10)
where ¢ is the reciprocal lattice vector, ( is the coordinate along the DNA axis. Since the
characteristic size of DNA is much lower than terahertz wavelength, the expression for the
external electric field with frequency w takes form F = FEjexpliwt] 4+ c.c.. Therefore the
resonance is possible for the nearly standing excitation (g = 0).
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The resulting equation for the slowly varying amplitudes in the dimensionless form can
be written as
oy 0%

2iy ~ g ~ WP =~ + eyre, (11)

where ¢ = (26) 7! Bsr(0) exp(2ieT), 5 -denotes the modulation of nonlinear coefficient by the
proton response, T = w,t, & = (/Lo, Ly = (ws/a)/2m/K is the characteristic spatial scale,
a is the base spacing in DNA, v = yg/w,. The main influence of external field is given by
ponderomotive force, therefore € ~ axEZ/(8mmw?).

The approximate solution of (11) can be found in form of perturbed soliton of nonlinear
Schrodinger equation locked to the external frequency [17]

Y = 2v/2in sech(né)e ™, (12)

2
® = 2e1 + arccos <—7> [2—7)2, n?=2e++/e2/4—~2
€

This solution has the only free parameter £, which correspond to external parametric pumping by
terahertz electric field. Therefore the solution (12) has a sense of dissipative soliton. We should
note that parametrically driven solitons of equation (11) can form complexes [18] or transfer to
periodic or quasiperiodic structures.

The structure of (12) requires € > 2, that gives a threshold for excitation depending on
the terahertz field intensity. Taking v ~ 10%s™!, we can make an estimation of threshold intensity
Lipr ~ 10 — 100 mW/cm?. This estimation agrees reasonably with experimentally observed
effects of change in DNA conformation and function [10,11,19]. An experimental observation
in the neuron system [20] gives even lower threshold values ~ 1 mW/cm?,

After substitution of characteristic values of induced deformation from (12) to (9) we
obtain (252 - ng - )Zl(lj ))Eg > 0, thus the localized deformation decreases the probability of
tautomer shift. This is confirmed by the experimental observations [11].

4. Conclusion

On the basis on simple nonlinear model of DNA dynamics it is demonstrated that terahertz
radiation can influence both vibrational excitations and proton motion in DNA hydrogen bonds.
It is highlighted that irradiation at the edge of far IR spectral range can promote proton tunneling
and thus make the tautomer states of DNA base pairs to be more probable. If the irradiation
frequency matches the vibrational mode, the parametric generation of localized excitations is
possible. These dissipative solitons decrease the probability of tautomer shift due to modulation
of the tunneling integral.

This preliminary theoretical results can qualitatively explain the results of experimen-
tal observations of terahertz influence on the number of spontaneous and induced point mu-
tations [11]. The low-amplitude DNA collective breathing modes can serve as precursors to
generation of the transcription bubbles and other large-scale conformational changes such as B-Z
transition. This may relate to experimental observations of DNA conformation change [10] and
gene transcription [19] in the presence of terahertz field. However, the precise mechanisms of
these effects are too complex and require further experimental and theoretical studies of such
nanosystems.

The work was conducted under the financial support of the Russian Foundation for Basic
Research (grant No.09-02-00503a) and the Dynasty Foundation.
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O6cyxnaercst BIMSAHUE CPeIbl ONTHIECKNX HAHOMATEPHAJIOB HA XapaKTep B3aMMOJCHCTBUS aTOMOB C COOCTBEHHBIM
MOJIEM M3JIy4eHHs Ha mpuMepe (OTOHHBIX KpUCTaUIOB. B paboTe moka3aHo, YTO Takoe BIMSHHUE MOXKET IPHBO-
JIUTh K U3MCHEHMIO DHEPreTUYECKUX YPOBHEHW arOMOB, IOMEIICHHBIX B IEPUOJUYECKUE TUDICKTPUYECKUE CPEIbI
HaHOMETPOBOI'O pa3Mmepa.

KiroueBbie cJIoBa: MIOTHOCTh COCTOSIHUIA, (POTOHHBIC KPUCTAIUIBI, CIIBUT SHEPIETUYCCKUX YPOBHEH.

1. BseneHue

Pa3BuTHe coBpeMeHHOH (M3MKH YK€ KaKETCs HEMBICIUMBIM 0e3 mporpecca B 00iacTu
co3fanus HaHoMmarepuanoB. Ha ceromHsimmHui AeHb U1 W3Y4EHUS NPEICTaBICH OIPOMHBIA MX
kiacc. [IpuHnunuanbHOi HOBU3HOMN SIBIISIETCA TO, UTO CO3JJaHUE CTPYKTYP B HAHOMETPOBOM Mac-
mrTabe MO3BOJIMIO BBINTH 32 paMKH NPUBBIYHON (U3UKH, KOTOpas A0 ATOr0 OrpaHWYMBajIach
JUIIb 00bEMHBIMU MaTepuallaMi. B 1aHHOM KOHTeKcTe 0coOblif MHTepec MpeAcTaBisieT uccie-
JoBaHUe (HPOTOHHBIX KpUCTAIIOB. DOTOHHBIE KPUCTAIIBI — 3TO MaTepHalibl, CTPYKTypa KOTOPBIX
XapakTepusyercs MepHoINYeCKMM M3MEHEHHEM I0Ka3aTess MpeloMiIeHHs (TMepUoJ COCTABISET
MOpsJIKA HECKOJIBKMX COTEH HAHOMETPOB) B IPOCTPAHCTBEHHBIX HampaieHusx [1,2]. x BaxHoMI
OCOOEHHOCTBIO SIBJIIETCS TO, YTO TaKasl MEPUOJUYHOCTb IMPUBOIUT K OTIMYHIO JUCIIEPCUOHHBIX
COOTHOIIEHUH it (POTOHA OT Ciydas BaKyyMmMa M, KaK CIJI€JCTBHE, K BO3HHKHOBEHHIO 30HHOU
CTPYKTYPHI ¢ (JOTOHHBIMH 3alpenieHHbIMHA 30HaMH. [1o JucTiepCHOHHBIMU COOTHOIICHUSIMH T10-
HUMAEeTCsl 3aBUCHUMOCTb 4acTOThI (DOTOHA OT €ro BOJIHOBOTO BEKTOpa. XOpOILIO H3BECTHO, YTO
JUCTIEPCUOHHBIE COOTHOILIEHHS TECHO CBsI3aHbl C (PyHKIMEN IIOTHOCTU 3JEKTPOMAarHUTHBIX CO-
CTOSIHMM, U, Oyarojaps HaJW4Mi0 (POTOHHBIX 3aIPELICHHBIX 30H, OHA UMEET CJIOKHBIA BUA U
UCTIBITHIBAET PE3KUH CKAYOK Ha IpaHMLAX 3alpelleHHbIX 30H B (POTOHHBIX KpHUCTaIax. IJTO
OTKpPBIBAET JIOPOTY K HCCIIEIOBAHUIO TAaKUX HOBBIX ONTHYECKUX 3(dekToB kak (HOTOH-aTOMHOE
CBSI3aHHOE COCTOSIHME [2], CHEKTpajbHOE pacllielUIeHne JUHUM [3] WM KOrepeHTHBIM KOHTPOJIb
3a CIIOHTaHHBIM U3nyuyeHueM [4]. B nanHoil pabore noka3aHo, 4yTo cpesia (POTOHHBIX KPUCTAIIOB
CYILLIECTBEHHO BJIMSAET HA XapakTep B3aUMOJCHCTBUS aTOMHBIX 3JIEKTPOHOB C COOCTBEHHBIM IIO-
JIEM U3JIy4E€HUs, U 3TO IPUBOAUT K TOMY, UTO IPH TAKUX YCIOBUSIX MPOUCXOAUT JONOTHUTEIbHBIN
C/IBUT SHEPTeTHUYECKUX YPOBHEH HOBOI'O THIA, KOTOPBIN HE CBOAUTCS K OOBIYHOMY JI9MOOBCKOMY
CIBUTY.

2. I1IO0THOCTB JIEKTPOMATHUTHBIX COCTOSTHUIA

BaxHo#l XapakTepucTHKOM H3iTyueHHsl sBiIsgeTCsl QYHKLUS JOKAIbHOM MJIOTHOCTH 3JIEK-
TpoMarHuTHbIX coctossHui (local density of states, LDOS), koropas siBisieTcsl IJIaBHOW BeJH-
YUHOW, ONPEIENAOMEN AMHAMUKY W3JIYyYEHUS B CTPYKTYPUPOBAHHON AMDIEKTPUYECKOW Cpene
[5,6]. [Tonsitue TpexMepHOil (HYHKIIMU JTOKATHHOU IUIOTHOCTH COCTOSTHUN MPUMEHUMO K peajib-
HBIM M3JIy4aTessiM, TAKMM, KaK aTOMbl M KBAHTOBBIE TOUKH, B TO BpeMs KaK JABYMEpHas (QyHKLUs
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JIOKAJIbHOM TUIOTHOCTU COCTOSIHUM MPUMEHHUMA K CIIy4ar0 JUHEWHOTO MPOTSHKEHHOTO MCTOYHHKA.
JlokanpHas MIOTHOCTh COCTOSIHUN OTpeensieTcs Kak [7]

Nirw) =3 /B BB 3w = n(0), 1)

rne E, (r) — dynkius Broxa s BoiHoBoro Bekropa bioxa k Ha n-0if 30HHO# OBEepXHOCTH,
HOPMHMPOBAHHas HA EMHUYHBL 00beM, B, (1) = >, E, (g)e'®*®)T o _ pexropa 06parHOii pe-
metku. [loBenenne GpoToHOB B HOTOHHOM KpHrcTasie OyieT MOJYMHEHO YPaBHEHUAM ISl COOTBET-
CTBYIOLLIMX KBAHTOBOIIOJIEBBIX OneparopoB. OHAKO U3BECTHO, YTO 3TH YPABHEHUS SKBUBAJICHTHBI
KJIAaCCUUECKUM ypaBHEHUAM Makcsema. [103ToMy MOKHO HCIIONIb30BaTh PEIICHUE KIIACCUYECKON
3a1a4M, TPAKTYs €r0 Kak BOIHOBYIO (QyHKIHIO (poTOHA B poToHHOM KpucTasuie. Oyukiws N (r, w)
OIMCHIBAET MOJOBBIN COCTAB U3IyYEHHs B OTACIBHOM TOUKE.

B ¢wusuke TBepaoro tena yaiie UCHONb3yeTCs NPOCTPAHCTBEHHO He3aBUCHMAas (yHKIMS
IUIOTHOCTH COCTOSTHHM, B TO BpeMsI KaK 110 OTHOLIEHHUIO K (DOTOHHBIM KpUCTaJIJIaM OHA IPUMEHNMA
JIMILUB IPU ONMCAHUM OTPAHUYEHHOI'O YMCJIA SKCIIEPUMEHTOB, B KOTOPBIX aTOMBI, IIOMELICHHBIE B
(OTOHHBIN KpUCTAJLI, paclpeiesieHbl pABHOMEPHO 110 AJIEMEHTapHOM siuelike. OQHaKO MIOTHOCTh
COCTOSIHMI 0oJiee TECHO CBSi3aHA C 30HHOM CTPYKTYpOH NMEPUOAMYECKON Cpelibl, YeM JIOKaJIbHAs
IJIOTHOCTh COCTOSTHUM [8], MOTOMY OHa MOJIE3HA MPU TEOPETUUECKOM OINKUCAHUM TPOILIECCOB B
(OTOHHBIX KpHUCTaJIaX.

@OyHKIUS TIOTHOCTH COCTOSIHUN OTIPEACIIAETCS CISAYIOIUM 00pa3oM:

Nw)=>_ /B ) Phké(w — w(K)) 2)

@OyHKIMS TUIOTHOCTH COCTOSHUN U (PYHKIMS JIOKAJIbHON IJIOTHOCTH COCTOSIHHIA CBSI3aHBI
MeXIy co0ol Kak

N(w) = / d*rn®(r)N(r,w) (3)

N3 dpopmynst (2) BugHO, 4TO B 3aBHCHUMOCTH OT u3MeHeHus w(k) dynkuus N(w) Tak-
e OyleT CHIbHO MEHATHCS IPU Pa3IMYHBbIX 3HAYEHUAX YAaCTOTHI. A 3TO 3HAUUT, YTO YIIPaBIISs
napameTrpamMu ()OTOHHOTO KpPHCTaJIa, MOXXHO M3MEHATh U (POPMHPOBATH TUNIOTHOCTH COCTOSIHUIA.
Crout otTMeTuth, 4T0 N (r,w) 1 N (w), KaKk IpaBuiIo, 331AF0TCS IS KaXI0H U3 IBYX BO3MOXHBIX
nosisspusanuii (00braHO paccMarpuBaroT TE u TM nonsipusariu) oTaeabHo.

[ToHsiTHE MIOTHOCTU COCTOSIHUN UTPAeT BaKHEHIIYIO POJIb B ONMCAHUU CBOMCTB H3JIy4de-
Hus B poToHHOM KpucTamie. C npoBajamMu B INIOTHOCTU COCTOSTHUI CBSI3aHBbI TaKHE MHTEPECHBIC
a¢deKThl Kak MOJaBICHHUE CIOHTAHHOTO M3JIYYEHHUs, CUJIbHAs JoKanu3anus (HOoToHa, HEMAapKO-
BOCTH B ()OTOH-aTOMHOM B3aWMOJICHCTBUH U Pa3HOOOpPa3HbIE KOJUIEKTUBHBIC dPPEeKTh. CEKTPHI
IIPONYCKAHUS M HOIVIOLIEHUS CBETa Yepe3 (POTOHHBIE KPUCTAIIBI HE MOTYT JAaTh HaM JI€TaIbHYIO
MH(POPMAIUIO O JUCIIEPCHOHHBIX COOTHOMICHUAX. OTHAKO OHM MMEIOT TECHYIO CBSI3b C YHCIIOM
COCTOSIHUM, JUIsl KOTOPBIX pa3pellieHO paclpOoCTpaHEHUE B BbIOpaHHOM HampasieHuu. MHTerpu-
pOBaHHE 3TOr0 4YMCJIa MO BCEM HAIPABJICHUSM JUIsl BHIOpAHHOrO 00paslia JacT HaM IOJHYIO
IUIOTHOCTh cocTosiHui. Korma ke peub 3axoauT 00 SKCIEePHUMEHTax, CBS3aHHBIX C KBaHTOBOM
anekrpoauHamMukoil (KDJ1) B ¢hOTOHHBIX KpHCTaliaX, TaKUX, HapUMEp, KaKk U3MEPEHHUe CIIOH-
TaHHOTO U3JTYUYEHHsI UM JTIMOOBCKOTO CIBUTA, HAM HEOOXOJUMO YUYUTHIBATh MECTOPACIIONIOKEHHE
u3nyyarens B siuelike. OT BEIOOpA TOTO, B KAKOM UMEHHO MECTe STYEHUKH CIIelyeT TOMECTUTh aToM,
MOJIEKYJTy WM KBAaHTOBYIO TOUKY, MOXKET 3aBUCETh yCIeX 3KkcrnepuMmenTa. Crneunduka Takoil npo-
CTPAHCTBEHHOM 3aBUCHUMOCTH B3aUMOJECHUCTBUS OTPAXKAETCS B JJOKAJIBbHOW IUNIOTHOCTH COCTOSIHUIA.

B o0miem citydae ¢yHKIMSI INIOTHOCTH COCTOSIHUNA MOXKET BBINISAZETH JOCTAaTOYHO CIIOMKHO.
Opnnako Bceraa, korga ()OTOHHBIA KPHCTAUT 00IagaeT 3arpenieHHON 30HOW, COOTBETCTBYIOLIAS
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IUIOTHOCTh COCTOSIHMIA OyleT uMeTh npoBaji. Haubomnee npocToit Moaensio GYHKIMH TUIOTHOCTH
COCTOSIHUM, MCTOJIb3YeMOM B JIMTEpAType, sIBIseTcsl u3oTponHas moxenb [1, 2, 3, 9]. Ee cyts
COCTOUT B TOM, YTO B JUCIEPCHOHHBIX COOTHOLICHHIX (OTOHA MpeHeOperaeTcsi 3aBUCUMOCTHIO
oT yroB. B pesynbrare 3aa4a U3 TpeXMEpHON CTAaHOBUTCSI OJJHOMEpHOH. B ciydae nzoTponHoi
MOJISJIH TUCTICPCUOHHBIE COOTHOMIECHUS (DOTOHA BEIOMPAIOTCS CIeIyrommM oopazom [1]:

4n cos(kL) = (14 n)?cos ((2na + b)wi) — (1 —n)? cos ((2na — b)wy) 4)

IJe n — MoKa3arelb MPEJIOMJICHHS OJHOTO M3 CJIOEB (DOTOHHOTO KPHCTaJIa C TOJIIUHON 2a, B
Ka4eCTBE BTOPOTO CJIOS BBIOMPAETCS BO3IYX C Mg = 1, L = 2a + b—MOCTOSTHHAS PEIIETKH.
31ech U Aajiee UCIOJIb3yeTCsl ECTECTBEHHAsI CUCTEMa €AMHMULL, B KOTOpoil i = ¢ = 1. BelpaxeHnue
JUTSI TUIOTHOCTH COCTOSTHUI B M30TPOITHOM ClTydae Oy/IeT BBIISIETh CICIYIOIIHM 00pa3omM

2

w)=2) / K2dkd(w — win) = %/Jdk (5)

3Has cocTosHUSA (POTOHOB B (DOTOHHOM KpHUCTAJLIE, MOXHO OINUCHIBATh MPOLECCH] B3au-
MOJEHCTBHS CBA3aHHBIX M CBOOOJIHBIX AJIEKTPOHOB C COOCTBEHHBIM I0JIeM H3NyueHus. Jleno B
TOM, YTO TIPY ONHMCAHUU CIIEKTPOB M3IyYEHHUS aTOMOB B (DOTOHHBIX KPUCTAJUIAX 3TO UTPAET Cy-
IIECTBEHHYIO poJib. Takue Mpouecchl, KOTOPbIE, B YaCTHOCTH, IPUBOAAT K JIIMOOBCKOMY CHBHTY
CHEKTPAJIbHBIX JTUHUNA aTOMOB, JOJIKHBI ObITh OYEHb CYIIECTBEHHBIMU IIPH YAaCTOTaX BUPTYaslb-
HBIX (POTOHOB B 00JACTH 3alpEIICHHON 30HBI M3-3a IUIEHEHUS M3JIy4E€HUS COOTBETCTBYHOIIEH
yacToThl. OJJHAKO NP ONMMCAHMM IPOLIECCOB B3aUMOJEHCTBUS aTOMOB C COOCTBEHHBIM IOJEM
U3JTy4YEHUs] HEOOXOUMO YUUTHIBATh BKJIa/bl BCEX BUPTYyaJIbHBIX (POTOHOB. IIpu 3TOM MBI CTaNKK-
BaeMcs ¢ 00bruHON npobinemoit KOJI: Mbl HE MOXKEM OIpaHUYMTHCS KOHEYHOM 00J1aCThIO YacToT H,
OoJiee TOro, BKJIaJl OT IPOLIECCOB C yYacTHEM BUPTYaJIbHbBIX (DOTOHOB C MPOM3BOIBHO OOIBLIIMMHU
4aCTOTAMH SIBJISIETCS] OECKOHEUHBIM. JTO TaK Ha3bIBaEMbIE YIBTPa(HUOIETOBBIE pacXoauMocTu. B
K31 »ta nmpobnema pemiaercss ¢ IOMOILBIO IEPEHOPMUPOBKH, B pPe3yJIbTare KOTOPOH MHTErpajbl
10 UMITYJIbCAM CTAHOBSITCSI KOHEYHBIMH. JTO 03HAYaeT, YTO IEPEHOPMHUPOBKA MOAABISAET BKIIAIbI
OT BUPTYyaJIbHBIX ()OTOHOB C SHEPTUSAMU w OOJIbIIIE HEKOTOPOU XapakTepHOU sHepruu. duznyecku
3TO COOTBETCTBYET TOMY, UTO OECKOHEUHBIE BEIMYHMHBI BKIIOYAIOTCSA B MEPEHOPMUPOBKY MAaCChl
U NIPUOABIIAIOTCS K 3aTPaBOYHON Macce my, a HaOIIOIEHHUIO MOJUIEKHT TOJIBKO CyMMa 3THX JBYX
BKJIAJIOB.

3. KBaHTOBasi 3JIeKTPOAUHAMMKA CBSI3AHHBIX COCTOSIHUI

[TpowtrocTprpyeM TPUHITUT IEPSHOPMHUPOBKH HA 3aj]lade O JIIMOOBCKOM ciBure. B nu-
JTUPYIOIIEM TOPSAIKE TEOPUH BO3MYIICHHS CBUT SHEPTUM aroMa B BakyyMme OyAeT OnpeaessiThCs
BKJIAJIOM OT JAHarpaMMbl, Ha KOTOPOU 3JEKTPOH UCIYCKAET U MOIMIOIIAET BUPTYaIbHBIA (POTOH.
OpHako BbIpaKEHHE, COOTBETCTBYIOIIEE NAHHOW auarpamme, pacxoaurtcs. YToObl 00OWTH ATY
TPYAHOCTb, IPUHSTO Pa3leisaTh €ro Ha JBE YacTU

AE, = AES + AE> (6)

e AE” u AET —BbICOKO- M HH3KOIHEPreTHYECKUE YacTH JOMOOBCKOTO caBura. Ilapamerp
pasieNieHnst I0JDKEH YAOBIETBOPATh CIEAYIOIMM YCIoBUAM (Za)’m, < kpm < (Za)m,. Co-
[IACHO BTOPOMY TOPSIKY TEOPUU BO3MYIICHHMI HU3KOOHEpPreTHdecKkas 4acTh CABHra DHEPIHH,
00ycJIOBIIEHHAs] TEM, YTO AJIEKTPOH B COCTOSTHUH 70 UCITYCTHUT U BHOBB MOIIOTUT ()OTOH, paBHA

AE< — o? /kmi“ d3k (nlac- ee®Tm)(m|o - ee %" |n)
" e 2k(2m)3 £ E,—k—E,

(7
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1€ CYMMHUPOBAHUC ITPOBOAUTCH 110 ITOIICPCUYHBIM IMOJIAPU3AIUAM (bOTOHa " 110 BCEM JJICKTPOHHBIM
COCTOAHUAM. BOCHOJ’II)SYGMCH JajJaec NTUITIOJIbHBIM HpI/I6J'II/I)KeHI/IeM. 9J'ICKTpOHHBIe COCTOsHHA SB-
JIAOTCA HEPCILITUBUCTCKUMU, IIOOTOMY (¥ MOKHO 3aMCHUTDb HA V = p/m Torz[a, MOKHO ITPOBECTHU
HHTCTPUPOBAHHUC I10 k, KOTOpPOC HacT

2 Em - En
AES = - —FEmin(n|v?|n) + E s In |
m

Em - En + kmin| |<

2 2
8

3

Teneppb mist 3TOM YaCTH BBIYMCICHUN HEOOXOAUMO MPOBECTH MEPEHOPMHUPOBKY MACCHI.
[TocKOBbKY AJIEKTPOMArHUTHASI Macca JIEKTPOHA dm YXKE COMEPIKUTCS B €r0 IKCIIEPUMEHTATbHOU
Macce m, B TAMWJIBTOHMAHE MOSIBUTCS MAaCCOBBI KOHTPYJIEH BH/IA

2 2
P p~ 1 (p >2
_F P C(B)y 9
2(m—dm) 2m 2 \m m ©)
OH TIPUBOJHUT K C/BUTY SHEPTHU
1
E, = §5m<n|vz|n> (10)

KOTOPBIM UMEET Ty K€ CTPYKTYpY, UTO U nepBbiii wieH B (8). [loaromy mocnenHuii BKIto4aeTcs
B MEPEHOPMUPOBKY Macchl. YUUTBIBAsA, 4TO Ky, > FE, — E,,, Ui HEPEeNATUBUCTCKOW YacTh
JT3MOOBCKOTO CIBUTA MOTyYaeM

2 kmin

2 2

3aBUCUMOCTD OT Kynj,, KOMIIEHCUPYETCSI aHAJIOTMYHON 3aBUCUMOCTBIO B BBICOKOOHEPIeTH-
yeckoil yactu AE>. B pesynbrare 19MO0BCKHI CIBUT ompenesnsiercst popmysioit

da(Za)t me 11 1
AE, =———(lh—=+ ——— e 12
3703 <D2E+24 5>m (12)

rne I — koHCcTaHTa, BrepBhle BerancienHas bere [10]. C G0MbIIOH TOYHOCTBIO TAHHBIHA PE3yIbTaT
COBMAJAeT ¢ JIMOOBCKUM CIIBUIOM, MOJIy4eHHbIM bere moicraHoBko# Ky, = M. B KauecTBe
napameTpa obpe3aHus B BBIpQKCHHE JUTs HU3KOdHEepreTHyeckon yactu AES.

ToyHO Tako# ke MpUeM UCIOJIB3yeTCs AJIs pacueToB JIIMOOBCKOTO CIBUTA B CIyyae aro-
MOB, TIOMEIIEHHBIX B (OTOHHBIA Kpuctama [1,2,5,11]. B kadectBe 000CHOBaHHUS aBTOPHI BCEX
paboT cCchUTalOTCS Ha apryMeHThl bete o ToM, 4To mpu 3HEprusix (GoToHA OONBIIMX, YEM Macca
ANIEKTPOHA, OH NEPECTaeT B3aUMOJECHCTBOBATh C PENATUBUCTKON CTPYKTYPOIl 3JIEKTPOHHOTO BOJI-
HOBOI'O IMaKeTa. DTO MOJICTAHOBKA SBJIAETCA (OpPMaJIbHBIM IPUEMOM U HE MMEET (PU3UYECKOIO
cMmbicia. Mcnonb3oBanue 3Toro mpuema B (POTOHHBIX KpHUCTAIIAX MPUBOIUT K HEMPABHIBHBIM
pesynbraram. [lpu BeIUMCIIEHUN I3MOOBCKOTO CABUIa JIOTapu(pMHUUECKas PacXoIUMOCTb B HM3-
KOSHEPreTUUeCKOM 4acTH He TIOJTHOCThI0O KOMIIEHCHPYETCS COOTBETCTBYIOIICH pacXOJUMOCTHIO B
BBICOKO?HEpreTuueckoit yactu. Kpome Toro, MaccoBblii KOHTpUJIEH B CTAaHJAPTHOM T'aMUJIBTOHH-
aHe, KOTOPBI B cllydyae aTOMOB B BaKyyMe KOMIICHCHPYET 4acTh JIXMOOBCKOTO CIBUTA, OMUCHI-
BAIOLIYIO BKJIJ] B Maccy 3JEKTPOHA, HE JIeaeT 3TOro B cliyyae aTOMOB B (DOTOHHOM KpHCTaJlIe.
[ToaTomMy ocTaercs 4jeH, KOTOPBIM UMEET Ty K€ CTPYKTYpPY, YTO U COOCTBEHHO-IHEPreTUYECKUI
BKJIAJ]

_ T Y e
OB, = = dk(cu?(k) kz2> (n|v?In) (13)
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4. CoO0CTBEeHHO-IHEPreTHYeCKMid CABUT IHEPreTHYECKNX YPOBHEH aTOMOB, IOMEIIeHHbIX
B (GOTOHHBIC KPUCTAJJIbI

[TorrpaBKka K CABUTY SHEPreTUYECKUX YPOBHEH, BHOCUMAst ()OTOHHOKPUCTATUIECKAM OKpY-
JKEHHEM aToma Osarofapsi HeTPUBUAJIBHBIM JIUCIEPCUOHHBIM COOTHOIIEHUSIM, OIMCBIBAETCS BbI-
paxxenueM (13). OnHako cienyeT HOMHUTb, YTO AUCIIEPCUOHHBIE COOTHOILIEHUS SBIISIOTCS CIOXK-
HOM MHOTOJIUCTOBOM (pyHKIIMEH KOMIUIEKCHOW nepeMeHHOW. FIMeHHO MHUMasi KOMIIOHEHTa BOJI-
HOBOTO BEKTOpPA MOAABIIAET pacpoOCTPaHEHHE CBETA U (JOPMHUPYET CBSI3aHHOE COCTOSHHUE (POTOHA
¢ n3nyvaroumm aroMmoM. Kpome Toro, Heo0X0AMMO NOMHHTB, YTO B IEPUOIUUECKUX JUAIEKTpHYE-
CKUX Cpe/iaXx BOJHOBBIE (DYHKIHHU (POTOHOB UMEIOT OJIOXOBCKYIO CTPYKTYPY, UTO HE YUUTHIBACTCS
B (13). UToOBI HCIIPaBUTh 3TOT HEJOCTATOK, HEOOXOIUMO ONHUCATh COOCTBEHHYIO SHEPIHUIO 3JIEK-
TpOHa B (DOTOHHOM KpHUCTAJUIE Ha A3bIKE OJOXOBCKUX (QyHKUUH. Mcnonb3ys ux, Ui 3JIEKTPOHa C
HUMIIYJIbCOM P MOKHO 3amucarb

<plHp—k—gkn><p—k—gkn|Hp>

AFE e =< p|H[G0H]|p >= (14)
’ Zg:%; p?/2m —{(p —k—g)* /2m + w,(K) }
3necy H; — omneparop B3auMOAEUCTBHS B Oa3uce OJIOXOBCKUX COCTOSHUMN [9]
e 1 + %
Hy = - Z W o (K) {arnEpn(re) + o), Er,(re) } - p (15)

rae V' —ob6wveMm obOpasua. Crienyer OTMETUTh, YTO Onarogapsi MepHOAMYHOCTH (POTOHHOTO KpH-
cTanna, oneparop H; oOmamaeT HEHYIEBbIMH MaTPUYHBIMU dJIEMEHTaMH MpH Bcex g. OnmHako,
[IPU YBEJIMUYEHUH g MaTpUYHBIE AJIEMEHTHI YOBIBAIOT O4eHb ObICTPO [9]. B cBsi3u ¢ 3TuM, 11 rpy-
0oi1 orleHKH AP deKTa BOZMOKHO NMpeHeOpeub wieHaMu ¢ g # (. B HepensTHBHCTCKOM Ipenere

CIIpaBCaAJINBO
2

AL~y B 8 (16)
2m?V 4= w2 (k)

rJe HajuepKuBaHHE 0003HAuaeT MaTPUYHBIA 3JIEMEHT OT COOTBETCTBYIOLIMX COCTOSIHMM. Mc-
10JIb3ysl BelpakeHue (1) W yuuThbIBasi, 4YTO MMILYJIbC JIEKTPOHA OPUEHTUPOBAH B IPOCTPAHCTBE
CIlydaifHBIM 00pa3oM, MBI MOkeM B (opmyne (16) mepeldTH K JIOKaTbHOM IJIOTHOCTH COCTOS-
HUM, a 3aTeM MPOBECTU yCPEAHEHUE IO MOJOXKEHUIO aToMa B siuelike Burnepa-3eiina, u BMecTo
(YHKIMH JTOKATbHOM IIOTHOCTH COCTOSHUI MOKHO HCIIOJb30BaTh MIIOTHOCTH COCTOSIHUN N (w).
Paszymeercs, 3T0 ycpenHeHHE HE TOYHOE, HO OHO IMO3BOJIET OLEHUTh MOPSAJOK HCCIIEILyeMOro
s dexra. Torga BeipaskeHus (16) MokeT ObITh IEPENMCAaHO B BUJE

2 2
_ P N(w)
AEPCN_W/dW w2 (17)

Boruutas u3 (17) aHaIOrHuHbIN BKJIaJ B COOCTBEHHYIO SHEPTHUIO 3JIEKTPOHA B BAKYyM€, MBI
MOJIYYHT MOMPABKY K SHEPTeTHUECKUM YPOBHSIM HOBOTO THIIA, KOTOPAsi HE CBOAUTCS K OOBIYHOMY
JTHMOOBCKOMY CHBUTY.

0By = AE, — AE,,.. (18)

J1s TOro 4TOOB! OLIEHUTH MpeCcKa3bIBaeMbli 3P PEKT, paccMOTPUM MIPOCTYIO MOAEIb (o-
TOHHOTO KPUCTAJJIa C U30TPOITHBIMU JUCIIEPCUOHHBIMU COOTHOLIEHUAMM (4) U COOTBETCTBYIOLIEH
IUIOTHOCTBIO cocTosiHUH (5). HecMoTpst Ha pocTOTy Takoi Moziesiu, OHa MO3BOJISET JIETKO MOHSTh
cyTb 3¢ ¢ekra. [Ipu unrerpuposanuu B (18) Mbl cTaJIKMBaeMcs ¢ IMHEHHOM pacXOAUMOCTBIO. JTO
JIETKO IPOCIEIUTh C MOMOIIbI0 BbipaxkeHus (13). HTerpan B 3TOM BbIpaKEHUM JIMHEHHO pacxo-
JIATCS, TaK Kak BTOPOH unen B (13) pacxomures Kak k - 2a° /37, a nepwsiit kKak kn’;, - 20° /3,
IZIe Neff — ITO MOKA3aTeIb OpeaoMiIeHUs Y3P(EeKTUBHON OAHOPOIHON Cpeibl, COOTBETCTBYIOIIEH
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(poronHoMy kpHcTamry. OIHAKO €CJIM y4ecTh, YTO NPU OOJBHIMX DHEPIUAX (POTOHA N.rf OyneT
ONMU30K K €IMHUIIE, ITO MPHUBEAET K CXOAUMOCTU B BhipakeHHH (18).

3aBUCUMOCTH MOKa3aTels MpeJoMIICHHUs OT Hepruu (oTOHA Ha3bIBaeTCs aucrepcuei. B
JUTeparype MPUHATO YYUTHIBATh ATOT (DAKT MPOCTHIM OOpe3aHHeM AMCIIEPCHOHHOW 3aBUCHUMO-
CTH TIpU ONpeeeHHBIX dHepruax ¢otona [8,11]. B kauecTBe 000CHOBaHMS aBTOPHI BCeX paboT
KOHCTaTHPYIOT TOT ()aKT, 9TO MBI JTOJKHBI OTPAaHUYHUTHCS TOJIBKO ONTHYCCKUM JHana3oHoMm. Pa-
3yMEETCsl, TOUHON T'PaHMIIBl HE CYIIECTBYET, MOATOMY MPUHATO BHIOMPATH HEKUW XapaKTEpPHBIN
napameTp o0pe3aHus, CIyXKalluil Takou yCcIIOBHOM rpanuiiei. OqHaKo pa3HbIe aBTOPHI BEIOMPAIOT
3TOT mapamerp mo-pasHomy. Tak, Hampumep, aBTOpbl pabotsl [8] BbIOpanu ero paBHbIM 27/ L,
B TO Bpemst kak B pabore [11] on paBeH 3.5 - 27w/ L. UroObl ObITh Gosiee MOCIEIOBATENLHBIME
B paccyKIeHHUsIX OOpaTUTh BHUMAaHHE Ha UCHEPCUIO PeallbHbIX MaTepHasioB. 3aKOH AUCIIEPCUU
JUISL KQKJIOTO BELIECTBA YHUKAJIEH U, KaK MPABUJIO, BBIVISIIUT JOCTATOYHO CJIOXHO, PUCYHOK la.

18
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Puc. 1. a) 3aBucuMocCTh MoKazaTensl MPENOMJICHUS apCeHUIa Talulus OT dHep-
ruu ¢otoHa. [TyHKTHpOM ToKa3aHa cryneHdaras GyHkuus (19); 6) 3aBHCHMOCTD
paccuuTaHHOW TOMpPAaBKU K SHEPTrUM ypoBHS 1S atoma Bomopoaa OT mokazaTens
IpeoOMJICHHUSI MaTepHralla, U3 KOTOPOTro M3roTOBIIeH (DOTOHHBINA KpUCTaJUl (BTOPOI
Cpeloit ABIAETCS BO3IYX).

st Toro 4ToOBI OIIEHUTH UCCIeAYeMBbIA d3PQPEKT, MBI TaK)Ke OTPaHUYUMCS TPyObIM MPH-
OmKeHueM, IpU KOTOPOM JUCTIEPCHUS CPellbl MOIEUPYETCs CTyNeHYaTol (pyHKINEH,

ng, w<A
) ={ 933 (19
T7I€ Ny — 9TO XapaKTEePHBIA MOKa3aTelb MPEIOMJICHNsI MaTepualia B ONTHYEeCKoi obmactu, A —
3TO napaMmeTp oOpe3aHusl, ONPEAEIIAIOMUN Ty SHEPIreTUYECKYIO TPaHHUILy, 32 KOTOPOM B3auMoze-
CTBHEM (POTOHOB CO CPeIOi MOXHO NpeHeOpeub. O4eBUIHO, YTO COOCTBEHHO-IHEPTETUYECKHE
MOTIPaBKU K SHEPrUsiM ypoBHEH OyayT Tem Oosblie, yeM Oosiblie OyAeT ONTHYECKUH KOHTPAcT
(OTOHHOTO KpHCTalla, TO €CTh OTHOILIEHHE OOJBILEro Mokas3aresis MPeJOMIICHUS K MEHbIIEMY.
CambIM ONTUMAJIBHBIM B JaHHOM cilyyae OyZeT OCTaBJIATh MOJOCTH (POTOHHOIO KpUCTauIa IMy-
CTBIMH, @ MaTepuaJl BEIOUpaTh ¢ HAUOOIbIIEH ONTHYECKON IIOTHOCTBIO. [103TOMY pacuersl ObLIH
IpOBeICHb! HaMHU U1 (POTOHHOTO KpHCTasla Ha OcHOBe apceHua rauis (GaAs). DToT Marepu-
aJl U3BECTEH TEM, YTO UMEET OTHOCUTENIBHO OOJBILION MOKa3aTelb MPEeJOMIICHHUS B ONITHYECKOM
muarmaszone (ng = 3.5). [lapamerp A mis GaAs ucxons u3 rpadukoB Ha pucyHke la paBen 47.8 5B.

s ¢poTtoHHOTO KpHcTauia ¢ napamerpamu siueiiku L = 2a + b = 100 HM u a = 46 HM
ObUIa TIOJTy4YeHa HOBasl MONpPaBKa K SHEPTETUYECKUM YPOBHSIM aroMOB, KOTOpas HE UMEET MECTO
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B aroMax B cBOOOIHOM mpocTpaHcTBe. [l aToma BogopoJa B COCTOSHUU 1S, MOMEIIEHHOTO B
(oToHHBII KpHcTai1, oHa coctasuaa 1.05 - 107 3B.

Oo6napyxeHHbIH 3D ()EKT MOKET UMETH OOJBIIOE MPAKTUYECKOE IPUMEHEHHE B CBETE MPO-
rpecca B o0iacTu ympaBieHHs] CBOMCTBAMU MaTepUajioB, JOCTUTHYTOTO B TOCIEIHEE BpeMs, C
MOMOIIBIO pa3HOOOpa3HbIX Bo3AeUcTBUN. OCOOBI UHTEpEC MPEACTaBIsAET YIpaBlIeHUE C TIOMO-
HIbIO ONITHYECKOTO M3IyYeHUs, OCHOBAaHHOE, HalpuMep, Ha ontudeckoM 3dpdexre Keppa. B cBsizu
C 9TUM aKTUBHO OOCYXKIAIOTCsI HENMHEIHbIE CBOMCTBA (DOTOHHBIX KPHCTAIUIOB U BO3MOXXHOCTH
KOHTPOJISl TaKUX HUX IapaMeTpoB, KakK, HalpuMep, LIMPHUHA U TOJO0KEHHUE 3alpeleHHON 30HbI
[12-14]. Bo Bcex uccienoBaHUAX, MOCBSIIEHHBIX JAHHOW TeMaTWKe, BHUMaHUE aKIICHTHPOBA-
JOCh Ha TOM (hakTe, 4TO TMOJ BO3ACHCTBHEM BHEUIHHMX MOJEH CYIIECTBEHHO OyIyT M3MEHSTHCS
CBOWCTBA JIMIIb (POTOHHOTO KPUCTAJIa, HO HE aTOMOB, MMOMEIICHHBIX B Hero. OiHaKo, Kak Io-
Ka3aHO BBIIIE, B YCIOBUSAX (DOTOHHBIX KPUCTAIIOB B CIIEKTPaX aTOMOB MOXKET OBITH OOHApYKeH
s¢dekT, 00yCIOBICHHBII HU3MEHEHUEM CBOMCTB DJIEKTPOMArHUTHOrO Bakyyma. Okasanoch, 4TO
3TOT 3P PEKT UyBCTBUTENICH K H3MEHEHUIO TTapaMeTpoB (POTOHHOTO KpucTaiia. B wactHocTH, 00-
Hapy>KEHHBINH 3QPEKT OUeHb CYIIECTBEHHO 3aBUCHUT OT IOKAa3areis MpeIOMIICHUs] MaTepuaia, u3
KOTOPOTO M3rOTOBJIEH (POTOHHBIN KpHUCTaul, pUCyHOK 10. Takum 00pa3oM, CrieKTpasbHbIE TUHUU
aTOMOB, TIOMEIICHHBIX B (DOTOHHBIM KPUCTAIUI, OKA3bIBAIOTCS YYBCTBHTEIBHBIMU K TOKA3aTEII0
IIPETIOMIICHHUS.

5. 3akawuenue

MsI paccmoTpenu npobiaeMy B3aUMOAEHCTBHS aTOMOB, OMEIEHHBIX B (DOTOHHBIE KpU-
CTaJUIbl, C COOCTBEHHBIM MOJeM u3inydeHus. Hamu nokaszano, uto cpena pOTOHHBIX KPUCTAIJIOB
CYLIECTBEHHO BIIMET Ha XapakTep B3aUMOJEHCTBUS aTOMHBIX 3JIEKTPOHOB ¢ COOCTBEHHBIM I10-
JIeM U3JIy4YEeHHUsS U 3TO NIPUBOJIUT K TOMY, YTO MPHU TAKUX YCIOBUSIX MPOUCXOIUT JOMOTHUTEIbHBIN
C/IBHT DHEPTETHYECKUX YPOBHEH HOBOTO THIIA, KOTOPBI HE CBOAUTCS K OOBIYHOMY JIIMOOBCKOMY
CABUTY. HpeHCKaSaHHBIﬁ CABUI paCCUUTAH [JId aTOMa BOAOpPOAa, MOMCIHICHHOTO B ITYCTOThI (1)0-
TOHHOI'O KpHUCTaJlyIa HA OCHOBC apCCHU A IaJlJIvA. BaxxabIM sBIIsIeTCS TO, YTO IIPU OIIPCACIICHHBIX
YCIIOBUSIX, paccMaTprBaeMasi IoIpaBKa K S3HEPTUU YPOBHEN aToMa B (POTOHHOM KPUCTAJIIE MOXKET
OBbITh TOpa31o 6osble I3MO0BCKOro caura. I1pu 3ToM n3MeHeHue crekTpa aroma OyeT 3aBUCETh
UCKIJIIOYUTENIBHO OT CTPYKTYphl (POTOHHOIO KPHCTaJlIa, YTO OTKPBIBAET JOPOTY K Macce MpaKTH-
YEeCKHUX NMPUIIOKEHUH, OCHOBAaHHBIX HA YNPABJICHUU CIIEKTPOM aTOMOB, IOMELIEHHBIX B (DOTOHHbIE
KpHCTaJJIbl, IIyTEM W3MEHEHHUs ero Mokas3arells NpeJoOMIICHHs, HallpUMep, ¢ MOMOIIbI0 3(dekra
Keppa. Kpome Toro, nonobHoe siBieHHe MOXET ObITh OOHAPYKEHO U B IPYTrUX HaHOMaTepuasiax,
KOTOpBIE CIIOCOOHBI BIMATh HA U3MEHEHHE (PYHKIMH IUIOTHOCTU (DOTOHHBIX COCTOSTHUIA.
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PaccMoTpeHa reHepanusi BEICHIMX MAPMOHUK IIOTHOCTH TOKA CBEPXPEIISTKOW Ha OCHOBE Trpa)eHa Ha MOI0ocYaToi
TOZITIOKKE TI0]] BIMSIHUEM ITOCTOSTHHOTO M TIEPEMEHHOTO 3JIEKTPUYECKUX ITOJIEH, MOISIPU30BaHHBIX BIOJIb OCH CBEPX-
pemieTky. DJIEKTPOHHAsI CHCTEMa ONMCAaHA C MOMOIIbI0 KMHETHYECKOTO YpaBHEHHUs bonmblMaHa B NMpuOIMKeHHH
MOCTOSIHHOTO BPEMEHHU penakcauu. MccnenoBaHa 3aBUCUMOCTh aMIUTUTY/Ibl BBICIIMX FAPMOHHUK OT XapaKTEPUCTHK

MMPUIIOKECHHBIX noJieit. Ilokazana BO3MOXKHOCTh YCUiCHUA U MOAAaBJICHUA TapMOHUK IJIOTHOCTHU TOKa.

KaioueBrble cioBa: cBepxpererka, rpageH.

1. BseneHue

B nocnennee BpeMsi akTuBHO u3ydarotcsi cBepxperierku (CP) Ha ocHoBe rpadena [1] —
[9], xoTOpBIe MOTYT OBITH C(HOPMUPOBAHBI IyTEM CO3[AHHS B 00paslie JOMOJIHUTEIBHOTO MepH-
onudeckoro norennuana. Hampumep, B pabore [8] mpemnoxena monens CP Ha ocHoBe rpade-
Ha, oOpasyromiasics 3a c4eT MePUOAMYECKON MOIYJISINH 3alpelleHHON 30Hbl. Takas MOAYIALUs
BO3MOXKHA B TpadeHe, OCAKICHHOM Ha IMOIJIOKKY M3 MEePHOAUYECKU YepelyIOIINXCsl MOJIOCOK,
Hanpumep, SOy u SiC'. Marepuan Si0, He BIHUAET Ha 30HHYIO CTPYKTYpY rpadena, B TO BpeMms
kak SiC' cocOOCTBYeT BO3HUKHOBCHHIO 3alPEIICHHOW 30HBI B CIIEKTpe rpadeHa, T.e. odpazo-
BaHMIO IeneBoi Momudukanuu rpadena. Cion SiC' pacmonokeHbl TaKuM 00pa3oM, 4YTO €ro
reKcaroHajabHasi KpUCTAJIJIMUECKasl PeLeTKa pacroiaraeTcs Moj T'eKcaroHalbHON peleTKoN rpa-
¢ena. Ilpu sTom B obmactax rpadeHoBoro cios Haa ciosmu SiC oOpaszyeTcsl sHepreTudyecKas
IeNIb B 30HHOU CTpYKType rpadena, papHas 0,26 3B.

B03MOXHOCTH TIPOSIBIICHUS psifia HEMTMHEHHBIX (hr3ndeckux 3(h(ekToB B rpadeHe U CTPyK-
Typax Ha ero OCHOBE CBfI3aHA C HEMapaOOIMYHOCTHIO U HEAJJAUTUBHOCTHIO €0 SHEPTreTHUECKOTO
criektpa. Hampumep, HeTMHEHHBINA JIEKTPOMAarHUTHBIA OTKIWK B rpadeHe usydeH B [10]. I'ene-
parusi BTOpoi TapMOHUKHU B rpad)eHe uccienoBaHa skcrepuMenTansho [11], [12] u Teopernye-
cku [13]. B [14],[15] paccmoTpeHa reHepariis BhICIINX TAPMOHUK YIJIIEPOIHBIMU HAHOTPYOKaMH
MIOJIyTIPOBOAHUKOBOIO TUMA. [ 'eHepanys BTOpOH rapMOHUKH B NOIYyNpoBoAHKUKOBBIX CP npu cos-
MECTHOM BJIMSIHUU TTOCTOSIHHOTO M IIEPEMEHHOI0 3JIEKTPUYECKUX MoJiel n3ydeHa B [16].

BHyMaHue K 1o100HbIM HETMHEHHBIM 3JIEKTPOMAarHUTHBIM IPOLIECCaM BbI3BAHO BO3MOXK-
HOCTbIO UX MCIIOJIb30BAHUS MPU UCCIIEA0OBAaHUU (PU3MUYECKUX CBOMCTB HAHOCTPYKTYP, Ul YIIPaB-
JICHUSI XapaKTEPUCTUKAMHU AJIEKTPOMAarHUTHOIO M3JIy4EHHUS, YTO HAXOAUT CBOE IPHMEHEHHUE B
ONTHUKE U HAaHOAJIEKTPOHHUKE.
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B 37101 cBsI3M mpeAcTaBseTCs aKTyalbHBIM HCCIE0BATh TEHEPAIMIO BBICIIMX TaPMOHHUK
CBEpXpEIIETKONH Ha OCHOBE Trpad)eHa, B3aUMOJCHCTBYIOIICH C MEPEMEHHBIM DJIEKTPUYECKUM I10-

JieM B MPHUCYTCTBUH MOCTOSIHHOTO 3JIeKTprueckoro nois. [Ipenmonaraercs, 4to sIeKTpHYECKUe
TMOJISL TIOJIAPU30BAHbI BOJb ocH rpadeHoBoit CP.

2. OcHOBHBIE ypPABHEHUS

Paccmorpum otkimuk CP Ha ocHOBe TpadeHa, oOpasyromielcs 3a c4eT NMEpHOIUICCKON
MOJYJISILIMM 3aIlpellieHHON 30HbI [8], HA 1eHCTBUE MOCTOSIHHOTO U NEPEMEHHOTO AIEKTPUUECKUX
noJiel, mpuioxkeHHbIX Baosb ocu CP. ['eomerpus 3aiauu npuBeneHa Ha puc. 1.

-
.
v
oty
-

)'sic " 'sio, | sic T sio, | sic )7

Puc. 1. T'eomerpus 3amaun

3akoH qucriepcuu Hocutenel 3apsna B CP Ha ocHOBe rpadena Ha 1monocyaroil moIoKKe
B OJJHOMMHHM30HHOM MNPUOIMKEHUN XOPOIIIO OMUCKHIBACTCS CIEAYIOIIUM BhIpakeHueM [9]:

() = & (£ 3 /0 (0L costnd/)) M
rae A — noiyIIMpHHa 3alpeliéHHON 30HBI 1IeneBod Moaudukauuu rpadeHa, p,, p, — KOMIO-
HEHTBl KBa3MHUMITyJbca 3JeKTpoHa, d = dy + dy —mnepuon CP, d; u dy — MHUPHUHBI MOIOCOK

OeciieneBoro u mieneBoro rpadeHa, a kKodpuImeHTsl f; MoxOUparoTCs YUCICHHO HAa OCHOBE
HETIOCPEACTBEHHOTO PELICHUsT TUCTIEpCHOHHOT0 cooTHomenus u3 [8]. Crekrp (1) nmepuoandeH
0 P, ¥ COXpaHseT HEeaJIUTHBHOCTb, MPHUCYIIYIO CIIEKTPY rpadeHa.

[TnotHOCTB TOKA j,, TeKymIero Baoibs ocu CP ompenensercs mo ¢popmyse

) 2e 9
P / vaP) ()05, @)
(2mh)
rie e —3apsj eKTpona, f(p)- HepaBHOBeCHas (PYHKIMs paclpesiesieHUss HOCUTENEH, U, — CKO-
POCTh IBIKECHUSI 37IEKTPOHOB B0 ock CP. Jlist HaxoKIeHust (PYHKIIUH PACTIPE/ICIICHUS] HOCUTE-

JIen pPacCMOTPUM KIIACCHUYCCKOC YPABHCHUC bonpumana B HpI/I6J'II/I)I(€HI/II/I IMOCTOSAHHOI'O BPEMCHU
peiaaKkcanunu

%H*%:_W(m)—ﬁ@), G)

rne £ = (E; + Eycoswt, 0) — cyMMapHasi HAlpPsKEHHOCTh 3JIEKTPUYECKOro T0J1s1, [ — MOIyJIb
HaMNPsSHKEHHOCTHU IMOCTOSHHOTO AIEKTPHUECKOTO MO, £y ¥ w — aMIUIUTya U 4acToTa NepeMeHHO-

IO AJIEKTPUYCCKOTO TI0JIsL,  — 00paTHOE BPEMsI PENaKCalliy, ONpeIeieMOe BCEMH TIPOLIECCAMH,
fo(p) — bepmueBckas paBHOBeCHas! (GYHKIMS paclpe/eIeHuUsI

fop) = C 1+ exp (e(p)/kT)] ", (4)
rae k, —nocrosiHHas bonbimana, T'— temreparypa, C' — HOPMHPOBOYHAST KOHCTAHTA.
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Paznoxum cropocTh HocuTenell v,(p) B psin Oypbe. Pemras (3) meromom Xxapakrepu-
CTHK, MOJCTABJIss pe3yibrar u v,(p) B (2), mocie npeoOpa3oBaHHil, MONTYyYUM BBIPAKCHHE IS
IUIOTHOCTHU TOKa

Eod Eod
_jOZBl Z sin @, J, ( eh:; )cos (leh:i sinwt—nwt—gpn), ®))

n=—oo

e jo = enAdf?/mh, n— KOHIEHTpALKs dJIEKTPOHOB B 30HE MPOBOAUMOCTH, J,, (1) — QyHKIHMsA
beccens 1-ro pona n-ro nmopsiaka

w3 [

T

cos(lx)dxdy

X_[l—i—exp (6{5+ VE+ R+ T - cos(@)]} )

9

-1

= [ et i s = ot dady

§=A/kT, Q=eFyd/h, sing,=1/\1+ (Q/v+nw)?

cos on = (IQ/v +nw)//1 4+ (IQ/v +nw)?, w=w/v.

Paznoxum yskmro miotHoctr Toka (5) B psag Oypee:

J(t) :ao—i-Z(akcoskwt—i-bksinkwt), (6)
k=1
e
2 GE()dl
0= 3 n_z_o;] () s cosion, @

) ebydl eFodl . )
ap = ]OZBl{JO <ﬁ> Ji ( hfu ) (sm Pk COS Pk + (—l)k sin ¢ _j cos go_k) +
!

= eFydl eEodl |, . o eFodl
+Z Fon < ﬁfu > [Jk_% <WO> (SIHQ Pk—2n — (_1)k 2 sin” @—(k—Qn)>_Jk+2n <WO> -
n=1
. n - eEydl eEqdl
x (sin® g ion — (—1)k+2n gip?2 ¢_(k+2n))} + Jop_1 (WO) [Jk+2n—1 <ﬁ> X

. s eEydl
X (sm Pk+2n—1 COS Pp1rop—1 — (—1)k+2 1 Sin QO_(]H_Qn_l) COS QO_(]H_Qn_l)) — Jk—2n+1 ( 0 ) X

k—2n+1

X (SIn @p—2011 COS Pp—2n41 — (—1) Sin Y (k—2n+1) COS W—(k—2n+l)):| , (8
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, eEydl eEydl\ , . _ e eEydl
by = ]OZBZ —Jo ( hfu ) J,, ( hfu ) (sin® op — (—1)* sin® p_y) —|—Z Jon ( hz) ) X
l n=1

GE()dl
hew
. GE()dl

SIN P (k+2n) COS gO_(;H_Qn)) + ‘]2n—1 W X

eFodl , Conil eFodl
: {Jk_%ﬂ ( i ) (sin? @r—on1 + (1) sin® o gemam)) = Jpyon1 ( i > g

eFEydl i Zom .
X |:Jk—2n ( h((,)d ) (SIH Pr—2n COS Pr—on + (_1)k 2 SIN P _ (k—2n) COS 90—(19—271)>_Jk+2n <

X (SIn @g2n COS Ppyan + (—1)kt2n

X (Siﬂ2 Prron_1 + (=1 sin? 90—(k+2n—1))] )

HenocpenctBenHo u3 ananuza ¢opmyn (8) u (9) ciuemyer, 4To aMIUTUTYIbI YETHBIX Tap-
MOHHK TOKa \/aj + b%, npu k = 2,4, ... B cilly4ae OTCYTCTBHsI IOCTOSIHHOTO 1oJist [ # 0 paBHbI
HYJTIO, IOCKOJIBKY IPH 3TOM sin ¢y, = v/+/ 1?2 + k?w?, cos ¢y, = kw/vV1? 4+ kw2, 1 BBIIOJHAIOTCS
paBeHCTBA BUJA: SiN @), COS @), + sin p_j, cos ¢_ = 0 u sin? ¢, — sin? p_;, = 0. [Ipu 3TOM Heuer-
HbI€ TAPMOHUKHU TOKA MPUCYTCTBYIOT. AHAJIOTUYHBII BBIBOJ O T€HEpallMd HEYETHBIX TAPMOHUK B
YIJIEPOIHBIX HAHOTPYOKax MOJA BO3JEHCTBUEM MEPEMEHHOTO JIEKTPUUYECKOTO IMOJIs MPHUBEICH B
pabore [15].

Hanpaeimmii ananu3 ¢popmyi (8), (9) B Clly UX CIOXKHOCTU MPOU3BOAMIICS YUCIICHHO.

3. OcHoOBHBIE pe3yJbTAThl YUCJIECHHOI0 AHAJIHU3A

[Tpu ycrmoBum paBeHCTBA MIMPHH TIOJIOC IIETIEBOI U OeciieneBol Monudukanuii rpadeHa
(dy = dy), a TakXKe B OTCYTCTBUE CIIBHI'a MEXKIY CEPEANHON 3aMpPeniEHHON 30HbI [IEICBON MOJIH-
(bUKaMK U AUPAKOBCKOW TOUKOM OecreneBoid MoguduKkanuy ObUTH Mog00panbl KOADOUIMEHTBI
st 3akoHa pucnepeuu (1): f1 = —0.007479, fo = 0.428302, f3 = 0.251077, f, = 0.327737.
OtHocurenpHas ommOKa B pacuere criekrpa (1) cocrasiser He Gonee 1%. OXTHOMUHU30HHBIM
NPUOIMKEHHEM MOYXKHO TOJIb30BaThCS TIPH BbIONHeHUH yenosus 4hvy < Ad, toe vy &~ 108
cm/c- ckopocth Pepmu B rpaderHe. OHO HaKIIQABIBACT OTPaHUYCHHS HA TeMIieparypy 1', yacto-
Ty NEPEMEHHOIO M HAINPSKEHHOCTh IOCTOSHHOTO 3JIEKTpHYECKoro mous: kyl' < g4, hw <K g,
el d < e, lllupuHa 3anperieHHONH 30HBI MEKAY IEpBOH U BTOPOil MUHU30HAMU £, ~ 0.6A.
DHepreTHyUecKas 1ielib MeXy CaMO HUKHEH MUHU30HOH JJIsl JIEKTPOHOB U CaMOi BEpXHEH MU-
HU30HOM JUIsl BIPOK paBHa €49 ~ 0.9A. C yuyeToM 3Toro 6bUIH BEIOPAHBI CIEAYIOMINE TapaMETPHL:
T ~T70°K,n ~ 109 eMm™2, v ~ 10" ¢!, d ~ 1070 em, 2A = 0.26eV (SiC), jo ~ 40 MA/cMm.
YuclieHHbIN aHan3 ToKa3all, 4To K03 uimeHTsl B; ObICTPO YOBIBAIOT C pOCTOM HOMepa [.

Ha puc. 2 mpencrasieHsl rpadyKi 3aBUCUMOCTH aMIUIUTYIBI TIEPBON TapMOHUKH TOKa
/a2 + b? ot 06e3pa3MepeHHON BETMYMHBI AMILTUTYJIBI IEPEMEHHOTO Mot € Fod /v 11 pasHbix
3Ha4YeHU# mocTosHHOro nojis F,. M3 rpadukoB BUAHO, YTO aMILTUTY/Ia IEPBOM TapMOHUKH TOKa
C POCTOM aMIUIUTYABI IEPEMEHHOTO TOJISl UCIIBITHIBAET CJIOXKHBIE YOBIBAIOLIUE OCIMIUISIHA. ITO
JAeT BO3MOXKHOCTH B IIMPOKOM MHTEpBaje 3HAYCHUN yHpPaBiIsATh aMIUTUTY0M JaHHON TapMOHUKU
C TIOMOIIBIO MEPEMEHHOTO JIEKTPHYECKOTo Tosss. OCOOCHHO TEpCIeKTUBHBIM B IIaHE IMPAK-
TUYECKOTO MPHUIOKEHUS MPEACTABIICTCS HadalbHast 00OJIaCTh IOJIEH, TIOCKOIBKY UMEHHO 37eCh
aMIUTUTYAa OCHMUIIINANA MakcuMaibHa. C yBeIMYCHUEM HaNpsHKEHHOCTH MOCTOSIHHOTO TOJIS XO-
POIIO BUJICH C/IBUT IJIABHOTO MaKCUMyMa aMIUIUTY/bI B CTOPOHY OOJIBIINX 3HAUCHHH aMIUTATYIBI
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Puc. 2. 3aBucumocTh TEpBOl TAPMOHUKH TUIOTHOCTH TOKA OT aMIUIATYABI Iie-
PEMEHHOTO 3JeKTpuueckoro mois: a) el d/hvy = 1, b) eEid/hv = 5, ¢)
eEd/hw =10, w/v = 0.5

MNEPEMCHHOI'O SJICKTPHUYCCKOI'O I10JIA. VBenmndeHne 4acTOThI IMPUIIOKCHHOT'O IMOJIA W TAKKE ITPUBO-
JUT K paCTAKCHUIO rpa(bmca BAOJIb OCH X, 1 KaK CJICACTBUEC, CMCUHICHUIO MAKCUMYMOB aMIUIUTYAbL
rapMOHHKU B CTOPOHY OONBIINX AMIUIUTYA HAITPSKECHHOCTH IIPUIIOKCHHOI'O ITOJIA.

PUC. 3. 3aBUCHMOCTP II€PBON MAPMOHHMKH IUIOTHOCTH TOKA OT YaCTOTHI IIEPEMEH-
HOTO 3JIeKTpHdecKoro noist: ek d/hv = 1; a) eEyd/hv = 1, b) eEod/hv = 5, ¢)
aeEy/hv =10

AMIUIUTYZIa TIEPBOI TAPMOHHUKH TOKAa OT BEIMYHHBI 00€3pa3MepeHHOI HampsHKeHHOCTH
MOCTOSIHHOTO TIOJIS TAK)KE MCIIBITHIBAET CIIOXKHBIE YObIBaroIue oclunisiiuu. HecmMoTps Ha ciox-
HBIH, OCIMJUIMPYIOIIUN XapakTep 3aBUCUMOCTEH MOXHO OTMETUTb, YTO HAJIOKEHHE HA CHUCTEMY
HOCTOSIHHOTO U MEPEMEHHOI0 IEKTPUUYECKOro MOJIs MPUBOAUT K OCIA0ICHUIO NIEPBOI rapMOHU-
KU.

3aBUCUMOCTD aMIUIUTY/Abl IEPBON TAPMOHUKH TOKA OT YaCTOTHI IEPEMEHHOI0 AJIEKTpUYe-
CKOTO TIOJISI JUIsl Pa3HbIX 3HAYCHHUI aMIUIUTY/IBI IepeMeHHoro noiist e Fyd /hv npuBeneHa Ha puc. 3.
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Puc. 4. 3aBucuMocCTb aMIUTHTY Bl IEPBOI (@), BTOpOi (b), TpeThei (C) M YeTBEpTOH
(d) rapMOHHK OT MOCTOSTHHOTO JEKTpHYecKoro moist: e Fod/hv = 5, w/v = 2

U3 rpadukoB BHIHO, YTO aMIUTUTY/a TIEPBOIl TapMOHUKHU TOKa C POCTOM YacTOThI IEPEMEHHOTO
TIOJISl UCTIBITHIBACT CJIOXKHBIE OCIMIUISIIIUH.

MeHsis XapakTEepUCTUKU PHIIOKEHHBIX ToJiel Fy, Fy U w, MOXKHO TOOUTHCS CYIIECTBEH-
HOTO TIOZABJICHUS WJTU YCUIICHUSI COOTBETCTBRYIOIIEH rapMoHuku. Ha puc. 4 xopoiio BUAHO ycuie-
HHE BTOPOW TapMOHUKHU (KpHBast b) MpH MOAABICHHU OCTaIbHBIX Tpu eFd/hv = 2.5 u He6GoIb-
moe npeobiananue yetBepToit rapmoruku (kpusast d) mpu eEyd/hv > 8.

B otiiume ot momynpoBoanukoBbix CP [16], B CP Ha ocHoBe rpadena onvcaHHbIE BbI-

me OCHUWIIIAIUA I'apMOHHK IINIOTHOCTHU TOKa AOJI>KHBI Ha6J'IIOI[aTLCH IIpHU 3HAYUTCIIbBHO MCHBIIIUX
QJICKTPUYICCKUX ITOJIAX.

4. 3axiaoueHue

B 3akmtoueHuun copmynupyemM OCHOBHBIE BBIBOABI U3 JAaHHON paOoThI:

(1) IomydeHo 1 YMCIIEHHO MPOAHATU3UPOBAHO BBIPAKEHUE JIJIs1 aMIUTUTY]T BBICIIUX TAPMOHHK
mwiotHocTH Toka B CP Ha ocHoBe rpadeHa moj BO3JAEHCTBUEM MOCTOSTHHOTO U TIEPEMEH-
HOTO AJIEKTPUUECKHUX TOJICH, MOJSIPU30BAHHBIX BJOJIb €€ OCH.

(2) HanoxeHnue Ha CUCTEMY MOCTOSIHHOTO TIOJISI IIPUBOAUT K BOSHUKHOBEHHUIO YE€THBIX TapMO-
HUK TUIOTHOCTH TOKA, B TO BPEMs KaK TepBasi FapMOHUKA OCJIa0JsieTcs.

(3) 3aBHCHUMOCTH aMIUIMTY/l BBICIITMX TAPMOHHUK TUIOTHOCTH TOKA OT XapaKTEPUCTHUK IMPHIIO-
KEHHBIX K CHCTEME TOJIei MeeT HEMOHOTOHHBIN, OCHUUITHPYIONIUN XapakTep. DTO JaeT
BO3MO)XHOCTh B IIIMPOKOM MHTEPBaJIE 3HAUYECHUH YIIPABIATh aMIUIUTYI0H TapMOHHUKH.

(4) Ilpu ompeneneHHBIX COOTHOMICHUSX BeMU4nH F, Fy, w U ¥ BO3MOXKHO YCUJICHHE OIHUX
TapMOHUK U TO/IaBJICHUE JAPYTHX.

PaGora nonnepsxana rpantom PODU Nel10-02-97001-p moBoimkbe_a.
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ITokxazana BO3MOXXHOCTh YHIpaBJI€HUA BPEMEHEM ITOSBJICHUA OTKJIMKa IHTapKOBCKOFO oXxa CI)OpMI/IpyCMOI‘O B CHCTEMC
HaHO4YaCTUL TP U3MEHCHUHN B3aMMHOU OpHUEHTAIUN TPAAUEHTOB BHEIIHHUX DJIEKTPUICCKUX TIOJICH. Haﬁz[eHo, qTo
TIPpU Pa3sINYHBIX yITIaX MEXAY IpaJu€HTAaMU BHEIMHUX HEOAHOPOAHBIX DJIEKTPUIECCKUX roJein Ha6JHOIIa€TC$[ CIBHUI' B
HaHOBPCMCHHOM JUAMNa30HE MOSABJICHUA U_ITapKOBCKOFO oXxa.

KiroueBblie ciaoBa: GoTOHHOE 3X0, 3amupaHue nHpopmanuu, LlITapkoBckoe 3X0, HEOTHOPOIHBIE 3JIEKTPHUCCKUE
TI0JIsA, OIITUYECKUE HAHOLICHTPHEI.

B pa6orax [1, 2, 3] 6611 paccMoTpeH 3 (eKT «3anupaHus» CUTHAIOB (POTOHHOTO 9Xa MPH
pa3IMyHOM OpPUEHTALMU TPaJMEHTOB BHEIIHUX HEOJHOPOAHBIX 3JIEKTpUuecKux mnoised. U3 pas-
BUTOHM TEOPHUHM CJIEAYET, YTO IIPH B3aUMHOM OPHEHTALMM I'PAJIUEHTOB 10A yrioM 180° BO3MOXKHO
BO3HMKHOBEHHE OTKJIMKA TUIIA 3Xa IIPH OJHOUMIIYJILCHOM JIa3epHOM Bo3zeicTBun. Takoi THIl 3xa
HKCIIEPUMEHTANILHO OblI OOHApy)XE€H B CUCTEME HAaHOYACTHII, B KAUeCTBE KOTOPBIX B3SATHI OINTH-
ueckue 1eHTphl P Eu B kpucramne Eu®t : Y3505, B [4] Ha nepexone "Fy — 5Dy B kpucrauie
Eu : Y55105. B nanHoi paboTe NpUHIMIINAIBHBIM SABJISIETCS TO, YTO BO30YKJIE€HHE HEOIHOPO/-
HOM YIIMPEHHOM JIMHUU MPOUCXOJUT B JIOCTAaTOYHO Y3KOM MHTEpBaje 4acTOT IO CPaBHEHMIO C
ee IIUPUHOM, KOTOpasi B YCJIOBUAX dKcepuMeHTa Oblia nopsiika 3 [T, a o0nacte Bo30yk1eHUS
nopsaka 50 MI'n. Yto HeoOXoqumo Juisl cO34aHMsl UCKYCCTBEHHOTO HEOJHOPOAHOIO YIIUPEHUS
HEOJHOPOAHBIM AJIEKTPUYECKUM II0JIEM, B 3TOM CJlIyyae yYMEHbIIAaeTcs 3aTyXaHue 3a c4eT 00-
paTuMOM pellakcallud U CTaHOBUTCS BO3MOXHBIM HaOmoneHue llItapkoBckoro (rpagueHTHOIO)
IXa.

OnTHYECKHUi TIEPEXOl B MCIIONIb3yEMBIX ONTHYECKUX HAHOLEHTpax B '°! Ku, ucmonsso-
BAaHHBII B 5TOM dKcrepuMente ' Fy — ° Dy Ha muiHe BonHbL 579,879 uM (ipu conepsxanuu 0, 1%
BlEu) B Budt @ Y5S5i0s. Tlepexon Bo30ykaajics JHHEHHO MONAPH30BAHHBIM CBETOM, PacIpo-
CTPAHSAIOIIMMCS B/I0JIb OCH KpHUCTaljla ¢ MOJsIpU3alyel, BBIOpaHHOW JJ11 MaKCUMU3alUK OIJIO0-
meHus. TosuHa KpUcTaiia B HalpaBJIeHUH paciipocTpaHeHus O0bu1a 4 Mm. Kpucramn oxnaxaani-
cs 1o 4° K B xuakoM renuu. KBaapynonsHoe a5ekTpudeckoe nose OblI0 MPUIKEHO K 00pasiy,
ucnosb3ys 4eroipe 10-TM MM, 10 JuUaMeTpy 2 MM HpyTKa B KBaJpYIOJIbHOM paclpelesIeHHH.
JlBa reneparopa ¢ ocHOBHOM 4actoroi 1 MI'1 nmpukiaabIBaiu HapsHKEHUE K 3JIEKTpoAaM. DTH
TeHEePaTOpbl UMENH 110 JABE IIPOTHUBOIIOJIOKHBIE MTOJIIPHOCTH, ¢ HanpsbkeHrueMm +35 B. Takas kon-
¢durypanus obdecrieyuBana 3IEKTPUYECKOE M0JIe, KOTOPOe JUHEMHO N3MEHSI0Ch BHYTpH o0Opa3ia
B HAIIPaBJIEHUU PACIPOCTPAHEHMsI CBETAa ¢ MAKCUMAJIbHBIM I'PAJUEHTOM IOJS NPUOIN3UTEIBHO
300 B - ¢cM 2. TIONAPHOCTH HEOJHOPOIHOTO SIEKTPUYECKOTO OIS U3MEHSIOCH YEPE3 BPEMS T
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(cocTaBsromias AeCSITKH HAHOCEKYH]) U Janbliie Yyepe3 BpeMsl 7 Habmoaanoch 3xo. [Ipeumyie-
CTBOM TaKOM CXeMbl BO30Y>KICHHSI OTKJIUKOB SIBIISIETCS OTCYTCTBHE ONTUYECKUX JTMHUM 3aJICPIKKH,
YTO YHPOIIAET MOCTAaHOBKY COOTBETCTBYIOIIUX IKCIIEPUMEHTOB.

B manHoii pabote uccnenoBano GopmupoBanue otkimka lllTapkoBekoro sxa mpu pasiud-
HBIX TPAJAMEHTaX BHEUIHUX AJIEKTPUUECKHUX MOJEH U PA3TMUYHON F€OMETPUU IKCIIEPUMEHTA.

PaccmoTtpum cxemy Bo30yxaenus IllTapkoBckoro sxa (puc. 1) mpu pa3nuyHBIX BETUYH-
HaX HEKOJUTMHEAPHBIX TPaJIMEHTOB BHEITHUX 3JIEKTPUUYECKUX moieil. BpeMs Bo3neiCcTBUS 1epBOro
rpaauenta OyieM cuuTaTh paBHBIM T (HC), a BpeMsi BTOpPOro — 10 MOMeHTa mosiBienus Llrtap-
KOBCKOTO 9Xa. /{7151 yMeHbIIIeHUsI 3aTyXaHus U3-3a 00paTUMoi penakcanuu T2* Oyaem monararb
00J1acTh BO30YKIE€HHsT HEOJHOPOIHO YIIMPEHHOW JTMHUK paBHO# k% OT ee monymmMpuHbl. Ypas-
HEHHUE JJI1 OTHOYACTUYHOU MaTpPHIIBI TUIOTHOCTH BO BPAIIAIOIICICS CHCTEME KOOPAMHAT 3alUIIeM

B BUC
o i

rac

B = Hy,, + U — hA,
] 1At —iAt
HDm =€ HDme )
; iAtyT —iAt
U=¢e"Ue ",
A —mMarpuiia nepexojia BO BPaIalOIIYIOCsS CUCTEMY KoopauHaT, U — oreparop B3auMOCHCTBUS
PE30HAHCHOM CUCTEMBI C BO30YKIAIOIINM JIa3€PHBIM UMITYJIbCOM, [y, — TAMHJIBTOHUAH OITHYE-
CKOTO I[EHTpa BO BHEIIHEM IMPOCTPAHCTBEHHO HEOJHOPOIHOM HEPE30HAHCHOM JJIEKTPOMArHHT-

HOM I10JI€ HA T,,*-OM BPEMEHHOM UHTEPBAJIE, I — PAJUYC-BEKTOP MECTOINOIOKEHUSA ONTUIECKOTO
LEeHTpa. B ciaydae nqByXypOBHEBOM CHUCTEMBI

eizAt — Pll + P22€izwt7

Hop = h(A+¢e(T,1)),
- 1 . X
U= idEO (Plge_“” + Pglelkr) s

I7ie p;; — IPOEKTUBHBIEC MATPHILIBI (MX 1j-i DJIEMEHT PAaBEH €IMHUIIE, @ OCTAJIbHBIE JIEMEHTHI PaBHBI
HYII0), d — TUMOJIBHBIA MOMEHT PE30HAHCHOTO Nepexoaa, [y — HanpsHKeHHOCTh IIEKTPUYECKOro
TIOJISI JTa3E€PHOTO MMITYIbCa, K, — BOIHOBOW BEKTOP JIa3€PHOTO MMITYIbCA, & (T, I') — HOMOIHHU-
TEJIbHBIM YaCTOTHBIN CABUT ONITUYECKOTO LIEHTPA HA BPEMEHHOM MHTEPBAIIE T, 34 CYET BHEIIIHETO
HEOJHOPOIAHOIO MIEKTPUYECKOTO IMOJIA.

Pemennie ypaBaenus 1 11st 1ByXypOBHEBOH CHCTEMBI OBLIO MOTy4eHo B [1]. B aTom ciryuae
HaNpPsHKEHHOCTD AJIEKTpUYecKoro nojst otkivka Illrapkosckoro sxa onpenenum kak: 1 = B - E¥,
rae

Emfv%//exp{i [T f (T A1) = 7c f (76, A, 1))} 01 (r) g (A) dV A, 2)

—oo V
rae A — CABUT OTAENBHON MOHOXpOMATHL, [ (T, A, 1) = A + € (7,,, A, T) — MOJIHBIC YaCTOTHBIE
CIIBHTHU YPOBHE#1 onTnueckux 1eHtpos [1, 3], V — o6bem Bo30yxaaeMoii qactu obpasua, g, (r) —
paBHOMepHast PyHKIIUSI paCIpeIelICH s OIITHYECKHX IIEHTPOB B obpasie, g (A) — FayccoBa GyHK-
LU paclpeeeHHs ONITUYECKUX HAHOLIEHTPOB MO YAaCTOTaM C HIMPUHOW COOTBETCTBYIOIIEH M-
pHUHE J1a3epHOTO BO30YK/ICHHS HEOXHOPOIHO YIIMPEHHOW JIMHIUK PE30HAHCHOTO MEPEXO/a.
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Puc. 1. Cxema Bo30yxnenusi rpaaguentHoro (IlITapkoBckoro) sxa. P — B030yxk-
narommidi azepHeld umnyinee, G = VE;, Gy = VFE; —TpaglieHThl BHEIIHUX
HEOIHOPOAHBIX MEKTPUUECKUX TOJICH

B city4ae eciu rpaIieHThI BHEIITHUX 3IEKTPUYESCKHX MOJICH HE KOJUTHHEAPHBL, TO f (7,,, A, T)
u f (7¢, A, r) 3aBHCAT OT B3aMMHOI OPHEHTALMH THX rPagHeHTOB. CBSHKEM CHCTEMY KOOPHHAT
(x,y, z) ¢ nepBbIM rpagueHToM, a (2,1, z’)- cO BTOPBHIM IPaIUCHTOM:

(VE) . = bayi + by, j + b, 3)
(VE)ATk = bx’zll + by’zj, + bzé/{?l, (4)

rae b - MpOeKIK BeKTopa rpaiMeHTa Ha COOTBETCTBYIOIINE OCH KOOPAMHAT, i, j, kK — OPTHI CUCTEM
koopauHar. Toraa B cucreme (1, y, z) BTOPOii IpaAueHT OyleT UMETh KOMIOHEHTHI

B., B,
By2 = D(aaﬁvv) Bylg ) (5)
Bzz Bzé

rne D («, 3,)— Marpuna BpallieHui, «, [,y — yribl Diliepa B3aWMHON OpHEHTAllUK TPaJNCH-
TOB. JIJIs1 IPOCTOTHI BBIOEPEM HAIPABJICHUS TPAMESHTOB BIOJb OCEHl 2 U 2 COOTBETCTBEHHO.
Torma

ear(z) = Cubs, 2my (2 =1,2),

rae Oy, — MTapKOBCKH KO3 (ULIUEHT.
B o6wem ciyvae b,/ #+ b.;, Torma

EN% / /exp (1At) exp (Z'CmbziTZ —iCubyy cos B (t — 7) z) g(A) g1 (r) dAdr.  (6)

—oo V.
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Puc. 2. Vmosas 3aBucumocth uHTeHcHMBHOCTH lllTapkoBckoro sxa. 7 = 50HC —
JUIMTENBHOCTD Bo3zieiicTBus rpaguentos; C, = 35 k['/B-cm~! — IllTapkoBckuii
ko3 dumment; d—cABUT BpeMEHH B HAHOCEKYHIHOM JHAla30HE TMOSBICHUS
[ITapkoBckoro sxa, VE; = VE; =100 B'CM_2—I‘paI[I/IeHTLI BHEIIIHUX HEOJI-
HOPOJIHBIX AJIEKTPUUYECKUX TMOJIeH

B clIydae, Korja BCIMYUHBI U HAIIPABJICHUA I'paIMCHTOB OAMHAKOBLI, BPECM: IMOABJICHUA
I_HTapKOBCKOFO sxa t = 27. Ecnu ke BeIMUMHEBI T'paAuCHTOB PA3HbIC, TO BPEMSI ITOABJICHUS OTKIIU-

/

Ka Oyzer Habmroxarbes npu ¢ ~ 7 ( 1 + ————
b.; cos 3

HOLICHHUS MKy BEIMYMHAMH JIMHCHHBIX TPAJIUCHTOB IEKTPUUECKHX MOJICH MOXKHO YIPABISITH
BPEMEHEM MOSIBIICHHST OTKJIMKA 'PAJNEHTHOTO (IITAPKOBCKOT0) 3Xa B HAHOCEKYHIHOM JHAaIa30He.

[1pu cpaBHEHNH YaCTOTHBIX CIBUTOB ONTHYECCKHX ICHTPOB HA PA3HBIX BPEMEHHBIX HHTEP-
BaJIax T,, 38 CYET B3AMMOJCHCTBHS C Pa3IMYHO MPOCTPAHCTBEHHO OPHEHTHPOBAHHBIMHU TPaHCH-
TaMH BHEIIHUX SJIEKTPUYCCKHX TI0JICH, yIOOHO 3a1aTh BEKTOpa IPAJIUCHTOB IEKTPUYECCKHX T10-
neit (VE) 1 (VE),, cuHeHHbIMU IPalMeHTaMH B CHCTEMaxX KoopauHar (r,y, 2) u (2, y', 2')
anajoru4Ho (3) u (5).

B stom ciyuae

. DTO 03HauyaeT, YTo MyTEM M3MEHEHHs COOT-

gAT(Z) - Cmbzm7 (Zm - ]-7 2) )

rae Cy — ITapKOBCKUH KO DUIIMEHT.
W3 Beipaxkenus (6) caemyert, yTo yIiioBasi 3aBUCHMOCTD B JIAHHOM ciiydae OyneT

o0
EN% / /exp (iAt) exp (icmbz, 72 — iCybyy cos B (t —T) 2) g (A) g1 (r) dAdr, (7)
—oo V
rje 3 — yroy MeXx/y HalpaBJICHUSIMH TPAJUEHTOB BHEIIHUX HEOTHOPOIHBIX JIEKTPUUECKUX MO~
nei.
YuciieHHbI pacdyeT BhIpakeHUs (2) HaeT yIOBYIO 3aBUCHMOCTH BPEMEHH MOSIBIICHUS
orkiuka [IITapkOBCKOTO 5Xa, MMOKA3aHHYO Ha PHC. 2.
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N3 puc. 2 cnexyert, 4To BpeMs MOSIBJIEHUS U MHTEHCUBHOCTh OTKJIMKa [lITapkoBckoro sxa
3aBUCUT OT B3aMMHOW OpPUEHTAIMU T'PAIUCHTOB BHEIIHUX IEKTPUUYECKUX IMOJIEH, YTO MO3BOJISIET
YOPaBJIATh JAaHHBIMU XapaKTEPUCTUKAMHU ITyTEM BapbHPOBAHHS yria 3.

BriBonmr:

(1) IIpyn m3MeHeHMM B3aMMHON OpUEHTALMM T'PAJMEHTOB BHEIIHUX NIEKTPUUECKUX MOJIeH
IIPOUCXOAUT U3MEHEHHE UHTEHCUBHOCTH OTKiIMKa IlITapkoBckoro sxa.

(2) MakcumanbHOE 3HaYeHHE UHTEHCUBHOCTH B JJaHHOM ciyyae HabOmronaercs npu yrie 180
IpajlyCcoB.

(3) IIpu pa3nuuHBIX yriax MEXIy TpaJueHTaMH BHEUTHUX HEOJHOPOAHBIX AJIEKTPUYECKHX
noJieii HaOmoaeTcss CABUT BpeMeHHu mosiBieHus LIITapkoBCKOro sxa B HAHOCEKYHIHOM
JianasoHe.

(4) V3smeHeHune B3aMMHOW OpMEHTALMU I'PAJUEHTOB BHELIHUX AJIEKTPUUECKHUX MOJIEH MO3BO-
JSET yHpaBisATh BPEMEHEM IMosiBiIeHUs1 oTkiIMKa lllTapkoBckoro sxa B HAaHOCEKYHHOM
JarasoHe.
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PACS 34.20.Cf

IIpenmaraeTcs HOBBIN MOAXO K OCTPOEHUIO IOTEHIIAIIA B3aUMOAEHCTBU AJIsl METAJUIOB HA OCHOBE METOA BIIOXKEH-
Horo aroma. M3 OCHOBHBIX NPUHLUIIOB KBAHTOBOW MEXaHMKH 3aHaETCs alIPOKCHMAIH PACHpPEAeIeHUs dJIEKTPOH-
HOW MJIOTHOCTH aTOMOB, M3 KOTOPOH CJENyeT He TOIbKO MapHBIM MOTEHIMAN B3aUMOAEHCTBHSA, HO M KOHKPETHBIH
BUJ (pyHKUMH BIIO)KCHHOW SHepruu. sl omucaHus CBOWCTB KOHKPETHOTO MeTaiuia TpeOyercsl mojao0parh TOJIBKO
JIBa MapameTpa pacrpeaeieHus dIeKTPOHHOU IIoTHOCTH. [Togbop 3THX mapaMeTpoB OCYLIECTBISIETCS U3 YCJIOBUS
YCTOMYMBOCTU PAaBHOBECHOM PEIIETKU I SKCIEPUMEHTAJbHBIX 3HAUEHUM NapaMETPOB PELIETKU U C UCIOJIb30-
BaHHEM HKCIIEPHMEHTAJIBHBIX 3HAYEHUM SHEPIUU CBS3U, SHEPrHUHU 00Opa30BaHUs BAKAHCUU U YNPYTHX MOCTOSHHBIX.
IIpuBOAATCS MOTEHIMABI B3AUMOACUCTBHS UL TPEX METAJUIOB C Pa3IMYHBIMH KPUCTAJUIMYECKUMHU CTPYKTypaMu:
AI(T'K), Fe(OLK) u Mg(I'TY). O0muii BUI MOTEHIHATa UMEET MPOCTYI0 aHAIUTHYECKYIO (POPMY M MOXKET HC-
MOJTB30BAThCS AJISI MOJSIMPOBAHUS OOJIBIINX aTOMHBIX CHCTEM B paMKax METOJla MOJIEKYISIPHOM TMHAMUKH.

KiroueBble cj10Ba: IOTCHITHA MEKAaTOMHOTO BSaHMOHeﬁCTBHH, MCTOJ BJIOKCHHOT'O aroMa.

O0o3HaueHus

@, c—TapaMeTpbl paBHOBECHON KPHUCTAJUIMYECKON PEIIETKH,
E., E,; —5KcliepMMEHTAJIbHbIE 3HAYEHUS] SHEPTMU CBA3M M DHEPIUM 00pa30BaHMs BAKaHCHUH,
c11, C12, C44, B —3KcIIepUMEHTaIbHBIC 3HAYCHHS YIPYTUX MOCTOSHHBIX,

Eéa), Eéj‘) — BBIYUCJICHHBIC 3HAYCHUS SHCPIUM CBA3HU U SHCPIUH O6paSOBaHI/IH BaKaHCHH,

c(a) c(a) c(a) B _ gpiupcienHble 3HAYEHHs VIIPYTHX TOCTOSHHBIX
11> €125 C4q4 5 yupy )

( —3apsin snpa,
E — noBepxHOCTHAs 3HEPTHUS.

1. BaeaeHue

B mocneanue ronpl KOMIIBIOTEPHOE MOEIMPOBAaHUE MpHOOpeTaeT BcE Ooiblliee 3Haue-
HUE ]ISl UCCIICZIOBAHUSI CBOWCTB M MOBEEHUS Pa3IMYHBIX MAaTEPUaIOB, B YaCTHOCTH, METAJIOB.
Haubonee Tounbie pe3ynabraThl AaéT MOJEIMPOBAHHME, OCHOBAHHOE Ha MPHHIIMIAX KBAHTOBOU
MexaHuku. OHAKO METOJbl, OCHOBAaHHBIC HA ATUX MPHUHIIUIAX, TPEOYIOT 3HAUUTEIbHBIX BBIYHC-
JUTENBHBIX PECYPCOB JJIs MOACIUPOBAHUS CUCTEM COCTOSIIUX U3 OOJIBIIOro yuciaa aToMoB. s
MOJIETTUPOBAHUS OOJIBIIIUX CHCTEM YaCTO UCTIONB3YIOTCS AMIUPUUECKUE TTOTCHIIMAIBI B3aUMO/ICH-
cTBUsL. MOXKHO BBIICIIUTH CIEAYIOIINE OCHOBHBIE MOIXO/bI: METO/I BlIoskeHHOTO aroma (EAM) [1,
2], MeTo/l, OCHOBaHHBIN Ha aNMpPOKCUMAIIUU MOJIEIN TECHOU CBA3M [3, 4], MOTEHIIMAT MPEIOKECH-
HBII Opronecu [5, 6]. C MaTeMaTHueCKOM TOYKHU 3pEHUSI BCE ITH METOABI MOKHO IPEJCTaBUTh B
enuHoi opme u ganee OyleT UCMOIB30BaTbCA TEPMUHOJIOTHS, IPUHSTASI B METO/IE BIIOKEHHOTO
aroma.

B MeTozie BIOXKEHHOTO aToMa dHeprus Habopa aTOMOB €CTh CyMMa SHEPTUHU MapHBIX B3au-
MOJICUCTBHI 1 YPHEPTUH HEOOXOAMMOMN I BHEAPECHUS KaXKIOTO aTOMa B AJIEKTPOHHYIO INIOTHOCTD,
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KOTOpasi co31aéTcsi BCeMHU JIPYTUMH aTroMaMu. Takoe mpubimkeHne MaTeMaTHuecku hopMysupy-
eTCsl CIEeAYIOINUM 00pazom

N N N
1
Etot - ZETL P En = F(,On) + 5 Z Qp(rnm) y Pn = Z p(rnm)7 (1)
n=1 m=1 m=1

rae Ei., —3Heprus cucreMsl U3 [N aTOMOB, p, — 3JIEKTPOHHAs IUIOTHOCTb B TOYKE IOJIOKEHHS
aTroMa n B KOTOPYIO BHOCSIT BKJIA]] BCE OKPYKAOIIUE aTOMBI, p(T,,, ) — BRI SIEKTPOHHOM ILIOT-
HOCTH OT aToMa m B TOYKE MOJIOKEeHHs atoMa n, F'(p,,) — sHeprus HeoOXoauMast Tt TOTO YTOOBI
IIOMECTHTh aTOM B 3JIEKTPOHHYIO IUIOTHOCTD Py, (T ) — MAPHBIN HOTEHIMAN B3aUMOICHCTBHS
MEXJly aTOMaMM 7 U M , HAXOASIIIUMUCS HA PACCTOSTHUM 7y, -

B HacTosiiee BpeMsi UMeeTCs psiJi NOTEHIUAIOB B3aUMOAEHUCTBUSA, B KOTOPBIX 3aJal0TCs
pasnuuHble QYHKIHOHAIBHBIC 3aBUCUMOCTU (1) U p(7) U AT 3aBHCUMOCTH HEMOCPEICTBEHHO
HE CBSI3aHbl APYT ¢ ApyroM. Takoi moaxon He ABJseTcs pU3nUecK 000CHOBaHHbBIM, TaK KaK B3au-
MOJIEIICTBHE B METaJlJIaX 00yCJIaBIMBAETCS PaCIPEEIIEHUEM AIEKTPOHHOM IJIOTHOCTH aToMOB. B
JTAaHHOM paboTe mpeyiaraeTcsi HeKoTopasi alipoKCUMAIHsl paclpeieeHus SIeKTPOHHON MII0THO-
CTH aTOMOB p(7), U3 KOTOPOI CJIe/lyeT He TOJNBKO MapHbIil MMOTCHIIHAT B3aUMOICUCTBHS (1) HO U,
B OCHOBHOM, BUJl PyHKIUH BIOKeHHOM sHepruu F(p). [IpuBenéHHbIe B IUTEpAType MOTECHIIUATBI
HE SIBJISIIOTCSI YHUBEPCAJIbHBIMU: KaX/Iblii KOHKPETHBIM MOTEHIMA UCHONb3YyeTCs I ONUCAHUS
CBOMCTB METAJUIOB TOJILKO C OIPENEIEHHON KPUCTAJUIMYECKON CTPYKTYpoil (Hanpumep, [7,8] ans
metaiioB ¢ ['IIK pemérkoit, [9-11] nnsa meramnos ¢ 'K u OLK pemérkamu, [12] nmst meTamios
¢ 'K u I'TTY pemérkamu, [13] mist meramioB ¢ ['TIY pemérkoii). B Hacrosmelr padore npen-
JlaraeTcsl MoJXoJ, KOTOPbI BO3MOXKHO IO3BOJIMUT OIMCHIBATH OCHOBHBIE CBOMCTBAa OOJIBIIMHCTBA
METaJJIOB.

2. IlocTpoeHme moTeHIIHAIA

Kak m3BectHO [14], B HEpPEISATUBUCTCKOM IMPHUOIMKCHUHM BOJIHOBas QyHKIUs ¥ MHOTO-

AIIEKTPOHHOTO aToMa YIOBIETBOpseT ypaBHeHuto [penunrepa:
h2
Am2m

rje noTeHuuanbHas 3Heprus U ecTh cyMMa NOTEHIMAIbHBIX SHEPTUil B3aMMOIEHCTBUS KaXK10T0
AIIEKTPOHA C SAPOM U MX MOMIAPHOTO B3aUMOICHCTBHS APYT C IPyToM, a oreparop Jlaruraca A neii-
CTBYET B MHOTOMEPHOM IPOCTPAHCTBE KOOPAMHAT 3JIEKTPOHOB. TOUHOE pelleHre TakoW 3aj1auu
BEChbMa 3aTPYIHUTENBHO, TO3TOMY MPUOEraloT K pa3iHuyHbIM MPHOIKEeHHBIM MeTofaMm [15,16].
s paccMOTpEHHUsI AIIEKTPOCTAaTUYECKOTO B3aMMOAEHCTBUS aTOMOB HCIIONB3YIOT KBA3WKIACCH-
YECKYI0 MOJIETb, IJI€ 3aps/l dJIEKTPOHOB CUMTAETCS «pa3MazaHHBIM» BOKPYT spa, U MOAOHPAIOT
napaMeTpsl IJIOTHOCTH PACIpeNeNieHus 3apsia U3 CpaBHEHUS C SKCIIEPUMEHTAIbHBIMU J1aHHBI-
mu. YTo ke KacaeTcsl BpIOOpa BHIA (QYHKIIMK pacrpeNeeHus 3apsaaa, TO 34eCh 0ObBIYHO aBTOPEI
PYKOBOJCTBYIOTCSI CKOpEee COOOpaKEHUSIMH YJ0OCTBAa aHAJIMTHUECKONH MHTETPUPYEMOCTH, HEXe-
1 GU3NYECKUMHU cooOpakeHusiMH (Hanpumep, [17]). Tem He MeHee, Gu3nuecKkue coOOOpakeHUS
camoro oOmIero xapakTepa MO3BOJIIIOT CIeNarTh JTOCTaTOYHO XOPOIIME MPENIOJI0KEHUS O BUJEC
HUCKOMOM (PYHKITHH.

PaccmoTpum atoMm, B KOTOPOM B CBSI3aHHOM COCTOSIHMM HaxomuTtcst [N 31nekTpoHoB. O60-
3HA4YMM MX MONHBIHN 3apsaa (). Toraa GyHKIMS MIIOTHOCTH 3aps0B dJIEKTPOHHOTO OOJaKa:

AV — UV = BV,

p(r) =Q </ W2 (T 1y ey Ti 1, Ty Tt 1y ons TN)dvl--dVi—1dVi+1--dVN> :
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I7Ie YIVIOBBIE CKOOKHM O3HAYalOT yCPEJHEHHE MO BCEM BO3MOYKHBIM MEPECTaHOBKAM I U I'; U HMH-
terpupoBanue mnposoautcs o 3(N — 1) koopaunaram. B cuily MONHOTHI OZHOYACTHYHBIX pe-
meHnid ypasHenus Lllpenunrepa, Uit CBSI3aHHBIX COCTOSHMN MHOTOYaCTUYHOE PEIICHUE MOXKHO
NPEICTaBUTh KaK CyMMY IPOW3BEIECHHH Pa3IMYHBIX OPTOTOHAJIBHBIX OJHOYACTUYHBIX PELICHUH
C COOTBETCTBYIOLIMMHU CTaTUCTHKE KOd(uimenramu:

U = Z%HZGW%(W) ;
i ik
2
/ Zaijk¢k(rj) dv; =1.

k
Torpma nyst MIOTHOCTH 3apsAa0B 2JICKTPOHHOI'O o0J1aka IMOJIY4aCTCA BBIPAKCHUEC BHIA

p(r) =Q Z ai i (r). ()

Camplii ipocToit BUJ GYHKIMU paclpeneieHus 3apsaaoB — chepudecKd CUMMETPUIHBIN.
Kak u3BectHo [14], pemenue ypaBuenue llpenunrepa ans Bonopononogo0Horo aroma B chepu-
YECKUX KOOpJIUHATAaX UMEET BUJ

Yugom (1,0, 0) = D () Yy m(6, 0)e ", 3)

!
rne Y., (0, p) — chepuueckue rapMoHHUKH, Dg)(r)—HOJII/IHOMBI, KOTOpBIC BBIPAXKAIOTCS Yepe3

0000ménHbIe TOTMHOMEI Jlarrepa, n, [, m — KBaHTOBBIE YMCIIa U TIOCTOSIHHBIC Y,, HAXOAATCS U3
YCIJIOBUS CYILIECTBOBAHMS HETPUBUAJIbHBIX PELICHUN NP 33JaHHBIX TPaHUYHBIX ycioBusx. [loa-
cTaBsisi BoJHOBBIE (pyHKIMU (3) B (2) U ycpenHss MOIYYEHHOE BBIPAKEHHE IO yIViaM, B CHILY
OPTOHOPMUPOBAHHOCTH CPEPUUECKUX TAPMOHHUK HOTYUHM:

p(r) = QY PRy

!
31ech yUTEHO, YTO CyMMa KBaIpaToB MOJWHOMOB Dﬁl)(r) C MOJIOKUTENBHBIMU KOA(DDUIIMEHTaAMI

Oy/leT HeOTPHIIATENBHBIM TTOJTMHOMOM, KOTOPBIN NpUOIIMKaeM B BHJIE KBapara HEKOETO MOJIHHO-
ma P;(r).

[Ipu pacyeTe SHEPruy B3aMMOICHCTBHUSI JABYX aTOMOB (pU3HYCCKH MHTEPECHBI JOCTATOYHO
GOJIbIIME PACCTOSIHKSL MKy HHMH, IIe OCHOBHOM BKJIAJ JAIOT WICHBI C MAIBIMH (v;, TO €CTh
BHELIHKE 000JI0YKH aroMa. [T0CKOJIbKY B JajbHEHIIeM Mbl HAMEPEHBI HaXOAUTh KO HIHEeH-
Thl M3 CPaBHEHHMSI PACYCTHBIX JTAaHHBIX M PE3YJIBTaTOB HKCIICPUMEHTA, MOIMHOM CJEAyeT Oparh
J0CTAaTOYHO HEOOJBINON CTEIEHH, YTOOBI OTPAHUYHMTHCSI PA3yMHBIM KOJHYECTBOM MOITOHOYHBIX
mapameTpoB. Tem Oosee, YTO CTEICHb OJMHOMA OIPEIEIseT YHCIIO ero Hyleil, a Mmocie CIoxke-
HUS KBaJIpaToB MomuHoMOB DY (1) pasiMuHBIX CTENeHeil pesyIFTHPYIOIIMil TOMMHOM He GylieT
MMETh JeHCTBUTENIBHBIX KOpHEH npu 7 > 0. Toraa B MHTEpecyrowIeil Hac BecbMa OrpaHHYCHHOM
00JIACTH TMOJIOXKHUTEIBHBIX [ICHCTBUTEIBHBIX 7, HCKOMBII MOJHHOM MOXET OBITh C JOCTaTOYHON
TOYHOCTBIO MPHUOIKEH TOJMHOMOM MHOTO MEHBLICH CTEIICHH.

Taxum 06pa30M, BBINICU3JIOKCHHOC JAaCT OCHOBAHMS I10JIararb, 4YTO yiKE (byHKI_[I/ISI BHUIA
~ 2 _—ar
p(r) =~ (14 pr)e

MOJKET OBITh HEIJIO0XOMH aHHPOKCHMaHHCﬁ IUIOTHOCTH 3apsaga 3JICKTPOHHOI'O obmaka. C y4ueTOM
HOPMUPOBKH, INIOTHOCTL 3apsA10B SJICKTPOHHOI'O oOaka 6YH6T HUMCETHh BU]J
Qa’

p(r) = 87 (6aB + 1287 + o) (1+ ﬂr)Qe—aT.
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ITocne HHTCTPUPOBAHHA YPABHCHUSA HyaCCOHa IMOJIy4YuM COSI[aBaeMHﬁ Takol IMIOTHOCTBIO MO-
TCHOUAJI:

r

o(r) = 8meg (6af + 1252 + a?) (6af + 125% + a?) e
rIe £9 — JUIEKTPUYECKAs IPOHULAEMOCTh BAaKyyMa.

PaccMOTPUM BIIEKTPOCTATHYECKYHO SHEPTHIO B3aUMOJIECHCTBUSI IByX aTOMOB. OHA COCTOUT
M3 SHEPTHHU B3aUMOIEHCTBUS ABYX siuep W, SHEPTHU B3aUMOJIEHCTBUS UX JIEKTPOHHBIX 000-

nouek W, 1 SHEeprum B3auMOJEHCTBUS AP C 3IEKTPOHHBIMU 000JI0uKaMu Jpyroro aroma W, :
4 (T) = Whn + Wy + Wn57 (4)

Q1@ ;o Whs(r) = Q192 (1) + Q2P (1),

dreor

Wis (r) =2 /0 ) ( /0 ' <<I>1 (') p2 (\/ r2 4 (r')* = 2r (r') cos(9)>) sin<9)d9> (') dr'+
2m /0 ) < /O ' <<I>z (r') 1 (\/7“2 + (r1)? = 2r () cos(e))> sin(e)de) ()2 dr'.

31ech r — paccTOSIHUE MEXKIY IIEHTpaMH SJIEKTPOHHBIX 00O0JI0YEK aTOMOB, TJI€ HAXOMATCS sapa
¢ 3apsmamMu Q1 u (2. OTMeTuM, 4TO B 0OOIIEM cllydae pa3HbIX aTOMOB MBI MMEEM JBE IMaphbl
MOATOHOYHBIX MAPAMETPOB (v1, 51 U (v2, 2. C TIOMOIIBIO HHTETPUPOBAHKS MOXKHO MOJTYYHUTh aHa-
JUTHYECKOE BhIpaskeHue ajs W, HO OHO MOJTy4aeTcs O4eHb TPOMO3JIKUM JIaXkKe IS OIMHAKOBBIX
aTOMOB U TIO9TOMY 371€Ch HE TIPUBOIUTCSI.

O4eBHIHO, YTO MPH MEPEKPHITUH DJIEKTPOHHBIX OOJIAKOB KBAaHTOBO-MEXaHHUYECKHE d(-
(dexThl 0OMEHHOTO B3aMMOACHCTBUS UIPAIOT CYLIECTBEHHYIO poib. Kak ObUIO yXe yKa3aHO BBI-
11e, TOYHOE AHAJUTHUYECKOE WM MOJNyaHAJUTHUECKOE pPEelIeHHe TaKOi KBAaHTOBO-MEXaHUYECKON
3aauu 7S O0IIero ciyyasi He MpeJCTaBiseTcs BO3MOXKHBIM. [loaTomy Oyaem yuuThIBaTh 3TU
3¢ (dEKTHI ¢ MOMOMIBIO TOATOHOYHOTO MapaMeTpa ~y ¥ TOTAa MOTSHIIUAJ ITAPHOTO B3aMMOICHCTBUS
MIPUMET BUJI

Q <2 (aﬁZ(ﬂa? +2ra+2) 2af(a+28)(ra+1) N g) e“”")

Win (T)

o (r) =~ (Wpn + Wss + W) .
[ToncraBnsst ananuTuyeckoe BoipaxkeHue st W, B (4) U mpeoOpasysl mosydaronieecs BbIpaxe-
HUE, MOTEHIMAJ MapHOTO B3aMMOACHCTBUS IJIsi OAMHAKOBBIX aTOMOB MOXHO 3aIlMCaTh B BHUJIE
6

@ (r) =¢-exp(—ar) Z a, (ar)",

n=-—1

2

L) 7

471'80

I7I€ TTapaMeTphl @, 3aBUCAT OT o U [3:
a_q1 = 17
a, (o, B) = Pnt1 (@, ) n=0,..,6.

Po (0475)

@OyHKIUU p,,, BOBHUKAIOIIUE MOCIE MpeoOpa3oBaHus BeIpaXeHUs (4), UMEIOT CIEAYIOLUINi BUI:
po (e, B) = (o + 603 + 126%)%,

p1 (o, B) = 0.3125a* + 5.125a38 + 31.5a23% + 88.875a3° + 98.15623%,
P2 (a, B) = —0.1875a* — 0.875a33 + 1.502 5% + 16.845a3% + 7234,

p3 (o, B) = —0.02a* — 0.5a38 — 2.44a2 % — 3.875a3% + 2.125/34,

ps (o, ) = —0.04a38 — 0.4375a26% — 1.5a3% — 1.875*,

ps (o, B) = —0.15a3% — 0.029023% — 0.2254*,
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ps (o, B) = —0.008a,3% — 0.0187534,
pr (o, B) = —0.000893%.

U3 kBaHTOBO-MeXaHWUYeCKUX pacuéros [7] cnemyert, uro ¢yukims F'(p), onmuceiBaromas
HHEPTHUIO BIOKEHHOTO aToMa, JOJIKHA YOBJIETBOPATH CIEAYIOIIUM CBONCTBAM:

(1) cTpeMHTBCS K HYJIO, KOTJIA SJIEKTPOHHAS TUIOTHOCTh CTPEMUTCS K HYIIO:

F(0) =0, ()
(2) umeTh OTpHIIATEILHOE 3HAYCHUE, TaK KaK OHA OMHUCHIBACT MPUTSHKEHHE aTOMOB:
F(p) <0, (6)
(3) umeTh OTpUIIATEIBHBIN HAKIIOH:
oF
A <0 7
p (p) <0, (7)
(4) UMETh MOJIOKUTEIIbHYIO KPUBU3HY:
OPF
——(p)>0 8
07 (p) >0, (8)

JUIsL XapaKTePHBIX JIEKTPOHHBIX [UIOTHOCTEH p, Habmromaembix B Metauiax. Oyukuus F(p) 3a-
JlaBaJiach B CIEIYIOIIEM BHE

4 n
F(mzzcn(pﬁ— ) , ©)
n=0 €

7€ p. — PABHOBECHAS AJICKTPOHHAS IUIOTHOCTH, & Ciocob onpenencHus Ko3QPUIHEeHTOB ¢,, Oyner
MIPECTABIICH HUXKE.

3. Ilapamerpuzauus

TakuM 00pa3oM HEOOXOAMMO IMOA0OPATh TOJBKO JIBAa MapaMeTpa & U (3 JUIsl TOTO YTOOBI
OMpeICTUTh MOTCHIIMA B3aUMOJICHCTBHS MEXIY aTOMaMH MeTajljla OJHOro copra. PaccMoTpum
U7ICaJIbHBIN, OTHOPOIHBIN KPUCTALT MPH HYJICBOW TEMIIepaType, TOrJa BCe aTOMbI OyIyT SKBHBa-
JeHTHBI. [103TOMY MBI MOKEM CBsI3aTh Hauajo KOOPIMHAT ¢ OJHMM M3 aTOMOB M mepenucarh (1)
B BHIIE

1
En=F(pe) +53 ¢ (rm), (10)

pe=> p(rm),

I7ie CYMMHPOBaHHUE MTPOU3BOJUTCS MO BCEM OKPY)KAIOLIMM aroMaM, KOTOpbIe HaXOJSATCsl Ha pac-
CTOSIHUSIX 7, OT Hauyaja KOOpJAUHAT. DTH PACCTOSHUS OIPENEISIIOTCS TUIIOM M IapaMeTpaMu
PEIIETKU Ul KaKA0ro KOHKpeTHOro metaiia. OCHOBHBIE CBOMCTBA TBEPAOIO Tejaa MOTYT ObITH
BbIUKCIIeHbI U3 ypaBHeHus (10). YcnoBue paBHOBECUS peIIETKH UMEET BUJL

1 dy oF dp

a m 5 Um = Pe m—5_ \Im) = 07 11

2%} dr“)*ap(p);?" o (rm) (1)
3HeerH CBA3U Ha aTOM OIIPCACIIACTCS BBIPAKCHUEM

1
_Ega) = 2 Z ¥ (Tm) + F (pe) :
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DHeprus O6paBOBaHI/I}I BaKaHCUU MPHUOIIKEHHO MOXKET ObITh BBIYUCIICHA CIEAYIONIMM 00pa3oM:

ZSO m _Z [F (pe — p (1)) — F (pe)] =~
52@(%) — (pe Zp %%(pe)zpz (rm) -

Taxke MOXKHO BBIUMCIIMTD YIPYTHE TOCTOSSHHBIE TBEPAOTO Tena. [IpnbnmxEéHnble 3HaueHUs TPEX
HE3aBUCHMBIX YIPYTHX IMOCTOSHHBIX BBIYMCIISIOTCS CIEAYIONIMM 00pa3oM:

1 1 .174 dZQD 1 dg@
(a) _ E m
= ia {2 7’7271 (dTQ (rm) T'm d?" (rm)>

) (G - ) + G 0 (Z o 2P <rm>> ,

dp — T dr
(a) 1 1 a:fnygl d2§0 1 dgo
C12 _Va{ig r2 W(Tm)—aﬂ(ﬂn) +

2
oF 22 y? (dPp 1 dp 0’F TonYm dp
5 0 22 (G )~ 0w + G (0 )

rae V, —aroMHblil 00bEM. Torna npubnmxEHHOE 3HaUCHUE MOJYJIsl BCECTOPOHHETO CKaTHs paBHO

1 ]1 d? d°p de
B — -
oV, {2 Zm ( mgpz (Fm) = Tm g, (W) *

3 2 (r2 5 ) = ) + 5 (0 (; r? <rm>>

[Tporneaypa mapaMeTpu3anuyd COCTOMT M3 TPEX YaCTEH:
(1) mmst pa3nuyHbIX Tap 3HA4YCHUH (v, ) BBIYUCISIOTCS 3HAYCHHS 7, P, F(pe), F'(pe), F" (pe)
IIPU KOTOPBIX BhIMOsHsAETCA yciosue (11)

(B~ E9) + (B~ E9)' + (- B9)* =

(2) ompenensercss MHOKECTBO Map 3HadeHHU (v, J) MPU KOTOPBIX BBIMOIHACTCS YCIOBHE

v > 0 u ycnoBus (6)-(8) s p = pe,
(3) U3 MONYyYEHHOr0 MHOXKECTBA BBIOMpACTCS Mapa ONTUMAIbHBIX 3Ha4YeHUH (v, §) mpH KOTO-

pBIX BCIIMYMHA
2 2 2
(cll — cgi)) + (012 — c%?) + (044 — cfﬁ?)

MNPpUHUMACT MUHUMAJIbHOC 3HAYCHUC.
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Koaddunmentsl ¢, GyHKIUU BIOKEHHOW sHeprum (9) onpeaensrorcs u3 ycioBus (5),
BBIYKMCIICHHBIX 3HAYCHUH p., F'(pe), F'(pe), F"(pe) n yenosus F”(2p.) = §. Benuuuna § moadu-
paercs Tak, 4TOObI 3aBUCUMOCTh DHEPTUU KpHCTalula [ OT mapaMeTrpa peméTkd a* HauIy4IlIuM
oOpa3oM npubnumxana ypaBHeHue coctosiHusi Rose ef a/ [18] mpu 0.8a < a* < 1.6a.

[Tpu mapameTpu3aluy YYUTHIBAIOCH BIUSHUE TOJIBKO OMIKANIINX aTOMOB, IIPH 3TOM pa-
quyc ycedeHus 3agasaiics paBHbIM 2a uist 'TIK u OLK meramnos, u 2¢ nns I'TIY meraninos.
Jlanee npuBOASTCS pe3yNbTaThl MapaMeTPU3ALUHU I TPEX METAJUIOB C PAa3IMYHBIMU KpUCTA-
JMYECKUMH CTPYKTypaMH. 3HaueHHs (U3UUECKUX BEIWYHMH, HCHOIB3YEMBIX JJISI HAXOXKICHHS
napameTpoB « ¥ 3 sl THX METaJuIoB, puBeneHsl B Tabmume 1.

TABHUIIA 1
Benuuuna AI(TTIK) Fe(OLK) Mg(TT1Y)
a, A 4,05 [19] 2,87 [19] 3,176 [19]
¢, A - - 5,145 [19]
E., »B 3,34 [19] 4,28 [19] 1,519 [19]
E,; oB 0,64 [20] 1,6 [21] 0,58 [22]
B, 5B/A? 0,451 [23] 1,052 [23] 0,2306 [23]
c11, DB/A3 0.6688 [23] 1.4766 [23] 0.3969 [23]
C19, DB/A3 0.3813 [23] 0.8486 [23] 0.1644 [23]
Cas, DB/A3 0.1813 [23] 0.7545 [23] 0.1150 [23]
Q, e 13 26 12

BrruncieHHble mapaMeTphbl MapHOTO MOTEHIMaNa B3aUMOACUCTBUS NIpuBeaeHbI B Tabnu-
e 2. Pacnpenenenue 31eKTpOHHON MJIOTHOCTH ISl PACCMOTPEHHBIX aTOMOB IOKa3aHO Ha pHC.
1. 3aBUCHMOCTh SHEPrUU MapHOTO B3aUMOICHCTBHS JBYX aTOMOB OT PAacCTOSIHHS IMOKa3aHa Ha
puc. 2. Beruauciennsie kodddunuentsr Gyukimii F'(p) npusenensl B Tabmuie 3. 3aBUCUMOCTD
sHepruu F' ot Oe3pa3mMepHOi IIOTHOCTH p* = p/p. TMOKa3aHa Ha puc. 3.

TABJHIA 2. TTapameTpsl MapHOTO MOTEHIMAIA B3aUMOACHCTBHSI
[Tapametp AI(T'IK) Fe(OLIK) Mg(T'T1Y)
a, 1/A 1.8206 2.1025 1.4798
B, 1/A -2.452 -2.7959 -3.1749
g, 3B 4.59254 13.21523 4.77938
a_, 1 1 1
agp 0.725 0.72551 0.71066
ay 0.9248 0.93268 0.72737
as 0.05880 0.05959 0.03888
as -0.01504 -0.01506 -0.01427
ay, -1.977305E-03 | -1.982755E-03 | -1.818449E-03
as -1.954224E-04 | -1.963332E-04 | -1.692550E-04
ag -1.357733E-05 | -1.372200E-05 | -1.002825E-05

1

Es = < (B (N) — Ey (N)),

S

HOBerHOCTHaH OHCPIruAg sABJIACTCA OAHHUM HM3 OCHOBHBIX CBOMCTB HOBerHOCTeﬁ METaJ-
j0B. OHAa MOXKET OBITh BBIYMCIIEHA ceayromum 06pa30M:
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P,
efA

aB

Puc. 2. 3aBucumocThb OHCPIruU MnmapHoro B3aUMOJICHCTBHUS OT pacCTOAHUA

&3
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3B

Puc. 3. 3aBucumocts 3Heprun F oT O6e3pa3mMepHON 371€KTPOHHON MJIOTHOCTH

TABIMUA 3. Tlapamerpsr GyHkuuu F'(p)

[TapameTtp AI(T'TIK) Fe(OLK) Mg(TT1Y)

De» €/A3 0.67022 1.81908 0.40755

o, 3B -3.337719 -4.27535 -1.51658

c1, 9B -0.53775 -1.59524 -0.57753

co, OB 1.01860 1.075809E-03 | 5.626435E-04
cs, OB -0.73678 -0.44412 1.115650E-01
¢y, OB 1.04460 2.23491 1.05005

rne Ey(IN)—oHeprus N aroMoB B HeorpaHudeHHoM Ttene, Fj(N)—osueprus N aromoB B Gec-
KOHEYHOM CJIoe ¥ S — IUIOMIaab MMOBEPXHOCTH CJIOs cozepskamiero N aromoB. TOJIIUHA CIIOS
3amaBanach paBHou 7a mis Al u Fe, u 7c nna Mg.

B Tabnuiie 4 npuBeIeHO CpaBHEHHE SKCIIEPUMEHTAIBHBIX M BHIYMCICHHBIX 3HAYCHHUIN OC-
HOBHBIX ITApaMeTPOB MeTaJUIoB. [lepBasi CTpOKa COOTBETCTBYET IKCIIEPUMEHTAIBHBIM 3HAYCHHSIM,
BTOpPast — BBIYMCIICHHBIM 3HaUYeHHUsIM. YHCII0 B KPYIIBIX CKOOKaX O3HadaeT MHAEKC Muuiepa mo-
BEPXHOCTH, @ CHMBOII «*» O3HAYaeT MOJMKPUCTAIUIMYECKYIO TIOBEPXHOCTD.

4. 3axiaouyeHue

B pabote nmpeasioxkeH MOTEHIMAI MEXaTOMHOTO B3aMMOJICHCTBUS ISl YUCTHIX METAJIJIOB.
g omnpenenenus napameTpoB B3aMMOJAEHCTBUS B KOHKPETHOM MeTajulie Tpedyercs 1monooparb
BCEro J[Ba IapaMeTpa pacHpelesIeHusl 3JIEKTPOHHOM IUIOTHOCTU. DTO 3HAYUTENBbHO OOJerdaer
0000111eH1E MTPEIOAKEHHOTO MTOTEHIIMala Ha CIIy4ail B3aMMOJAEUCTBUS MEXy aTOMaMH pa3iind-
HBIX METaJuIoB. B kauecTBe npumepa NpUBOIATCS MapaMeTphl MOTEHIMAIA B3aUMOACHCTBUS AJIs
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TABJINIIA 4. BoerunciieHHble 3HaUeHUs (U3MUECKUX MMapaMeTpOB

Bemuunna | AI(T'LIK) Fe(OLK) Mg(TT1Y)

E., 5B 3,34 4,28 1,519
3,34 4,28 1,519

EJ, B 0,64 1,6 0,58
0,64 1,6 0,58

B, 5B/A3 0,451 1,052 0,2306
0,451 1,052 0,2306

c11, oB/A% ] 0.6688 1.4766 0.3969
0.6688 1.5542 0.4000

12, 5B/A® 1 0.3421 0.8486 0.1644
0.3421 0.8009 0.1624

cay 2B/A3 10.1813 0.7545 0.1150
0.1816 0.6036 0.0940

E,, Ox/m? | 1.28(100)[24], 1.16(*)[20] | 2.48(*) [20] 0.785(0001) [25]
1.24(100) 3.05(100) 0.929(0001)

Al, Fe u Mg, kortopble NpencTaBiIsiOT TPU OCHOBHBIE KPUCTAJUIMYECKUE CTPYKTYpbI, HaOIt0-
naeMble B Merauiax. HaOmromaercst Xopoliee COOTBETCTBHE MEXKIy BBIYUCICHHBIMH U JKCIle-
PUMEHTAJIbHBIMU 3HAUEHMSIMU Pa3IM4YHbIX (U3MUECKUX IapamMeTpoB MeTaioB. M3 mpoueaypsl
napamMeTpHu3alMy CIEeIyeT, YTO BBIUMCIICHHbIE 3HAUCHUs SHEPruM CBSI3U, SHEPruM 00pa30BaHMs
BaKaHCHUU U MOAYJsl 00bEMHOIO CXKATHsI PABHBI SKCIIEPUMEHTAIBHBIM 3HAYEHUSAM ITHX MapaMeT-
POB. BBIUKCIIEHHBIE 3HAYEHUS YIPYTUX IIOCTOSIHHBIX €11 U €12 HE3HAYUTEIIBHO OTIIMYAKOTCS OT UX
AKCIIEPUMEHTAJIbHBIX 3HAYCHHI. MEeHee TOUHO BBIYUCIISIOTCS 3HAUCHHS YIIPYTOMl TOCTOSIHHOM Cyy
quist Fe u Mg. 17151 BBIOpaHHBIX METaJIOB NPEIJIOAKEHHBIN MOTEHLIMA B3aUMOIEHCTBUS TIO3BOJISET
JIOBOJIBHO TOYHO OLIEHUTH IIOBEPXHOCTHYIO DHEPTUIO.

To4HOCTB ONMCaHUs CBOMCTB METAJIOB € IIOMOILBIO ITPEIJIOKEHHOTO TOTEHIMANIA OTPaHu-
YUBAECTCS MOIPEUIHOCTSIMHU CaMOr'0 METOAA BJIOKEHHOT'O aTOMAa M TAKXKE 3aBUCUT OT TOT'O HACKOJIb-
KO TOYHO INPENJIOKECHHOE PACIPENCIICHUE IEKTPOHHOM IJIOTHOCTH OINKCBHIBAECT PACIPENEICHUE
3JIEKTPOHHOM IUIOTHOCTU PEAIbHOIO aToMa.

[TpuBenénnas mpouenypa napaMETPU3ALKN MO3BOJISET ONPENEIUTh NMapaMeTpsl MOTEH-
1[Maja, KOTOPbIE NAlOT JOCTATOYHO TOUYHBIE PE3YyJbTaThl NPU MOACIUPOBAHUU SIBICHHUM, KOIZa
CpefHsAs SJIEKTPOHHAs IUIOTHOCTh CUCTEMBbI aTOMOB OjM3Ka K paBHOBecHOH. IIpumeHenue mo-
TEHIIHANa ¢ ITUMH TapaMeTpaMu ISl MOJICIUPOBAHUS SBICHHI, KOoraa p/p. Mano (Hampumep,
MaJible KJacTephbl, IPOLECCHl HANbLICHMs) JaET MEHee TOYHbIE pe3ysbTartbl. B 3ToM ciyuae ans
OIpENEIICHUS ITapaMeTPOB MOTEHIMAIA CIEAYEeT IPUMEHATh NPOLEAYPY NapaMeTpU3aliu, OCHO-
BAaHHYIO Ha JIPYT'HX YCIOBHSX (HampuMep, UMEIOTCS OOIIMpPHBIC JaHHBIE 10 JUIMHE W SHEPTHH
CBSI3M AMMEPOB METAIJIOB).
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PaccmoTpena nuHaMuKa BO BpeMEHH T0JIEBOM MaTpPHUIIB! INIOTHOCTH B 6a31ce COCTOSIHUI BaKyyMa U IByX OPTOTOHANb-
HBIX nosisipu3anuii GoToHOB. B KauecTBe aHayM3aTOpa MCHONB30BaH MPHOOP C MACCUBHONM MOAYISIMEH COCTOSHHUN
pacnpezensieMbiXx (POTOHOB M C HEBO30Y)KAEHHBIMU BCIOMOTIaTelbHBIME MoJaMu. OMHMOKK B MPOCESIHHOM KIIIOYe
MOTYT BO3HHKATh H3-3a IOIOIICHWSA M JACHONIApU3anuy (POTOHOB M pa3dpoca MapaMeTpoB ONTHYECKOTO BOJIOKHA
(OB). Haiinena cpemnsist o pa3zopocy napamerpoB OB otHocutensHas ommbka (QBER) B mpocessHHOM KBaHTOBOM
KJIIOY€, pacrpenereHHOM 1o mpotokoiny BB84 ¢ momspusanmonnsiM koxuposanueM uHpopmanuu. [lokazaHo, uto
QBER MOXHO CyIIeCTBEHHO YMEHBIINTH, Ja)XXe TPU OOJBIINX NUCIIEPCHAX CIydaiHbIX mapamerpoB OB. Haiinenst
ycIoBHusA pabOTHI MPOTOKOJIA HAa OOJIBIINX PACCTOSHUSX, IUIA STOTO UCHONB3YyeTCs 3PQPEKT MOIIPU3AIUOHHOTO Ome-
HUS, KOTOPBIH SIBHO BBIpaXKEeH, KOTa cpenHee 3HaueHue napamerpoB OB mpeBocxomst ux pasbpoc. Crenan BbIBOJ
0 TOM, YTO TPaBHWIBbHBIN BBIOOP TexHOoJOTH n3rorosieHus OB mo3sonut cHnznts QBER 10 kxpuTHUeckoro ypoBHs,

pasHoro 0.11, HIKE KOTOPOTO pacipe/ieeHHbIA KIII04 MOXKHO MCIOJIB30BaTh JUIsl Lielieid KpUnTorpadum.

KiroueBble cjioBa: KBaHTOBasl Kpunrorpadus, IryMsl B kBaHToBoM KaHaie, QBER, ontudeckoe BoiIokHO, POTOHEL,
omuOKa B KBAHTOBOM KITIOU€E, TTOSIPU3ANMOHHOE KOJMPOBaHNE HH(POPMAIIHH.

1. BseneHue

HoBbIM HampaBieHHEM COBpEMEHHOW MH(OpPMATHKU (HAyKH O METOJax IMepeiavd, Xpa-
HEHUs U 00pabOoTKU MHPOPMAIMH) SBISIOTCS ONTHYECKUE KBAHTOBbIE MH()OPMAIIMOHHBIE TEXHO-
noruu. KBanToBas HHpOpMaTHKa CTAaBUT Mepe]] Teopuell neperadyn MHGOpMaIuy 1Mo KBaHTOBOMY
KaHaJly HOBbIe 3ajauu. Ontuyeckoe BojokHO (OB) nucnonb3yercs kak MHGOpMaIMOHHBIN KaHal
JUIs TIepefiayy KJIAaCCMYEeCKOM MH(pOpMaIiK, 3aKOJUPOBAHHON € MOMOIIBI0 MOIYJISALUN (QHU3HUe-
CKUX XapaKTEPUCTHK 3JIEKTPOMArHUTHOM BOJHBI, TAKUX KaK aMIUIMTYyAa, 4acToTa, ¢asza, MmoJs-
pm3anus. Teopust pacmpeneneHus KBaHToBoW nHpopmanuu no OB momxHa OBITH OCHOBaHa Ha
3aKOHAX KBAHTOBOW MEXaHUKM M KBAaHTOBOM ONTHKHU. B HIpeaMHrepoBCKOM NpEACTaBIECHUU AJIs
OIMCAHUS PA3BUTHSI BO BPEMEHH MATPHIIBI IIOTHOCTH (OTOHOB p (1) HEOOXOMMM IaMIIBTOHHAH
ontuyeckux Moj (poToHOB) B oqHOMOMOBOM OB, B KOTOPOM MOTYT pactipOoCTpaHSThCS JIBE, TIEp-
HEHJIUKYIISIPHO TOJIIPU30BaHHbIE BOJHBI, (a30BbIil (PPOHT KOTOPHIX OJIM30K K IUIOCKOMY (MoAa
HFE). qna snexrpoMarauTHoil BoHbl OB mpencrasisier co60i HEOTHOPOIHYIO CTOXacTHYe-
CKyI0 aHM30TPOINHYI0 cpeny. CTOXaCTMYHOCTh Cpelbl M KBAHTOBBIE IIIYMBl B KaHAJI€ IPUBOIAT
K JIEKOTepeHIMH (enossipu3alii) KBaHTOBBIX COCTOSIHUN ()OTOHOB M HOIVIOIIEHUIO (POTOHOB.
[TpocesHHBIN KBaHTOBBIN KiIto4, epeaanHbiil no OB, conepxut ommbku. B nureparype crenens
CEKPETHOCTU XapaKTEPU3YIOT CUHTETUYECKHM IapaMeTPOM — CKOPOCTbIO IMOSIBIIEHUS OIIMOOK B
KBAaHTOBBIX OWTax (aHrmmiickas abopesuarypa QBER) [1], [2], [3]. QBER 3aBucut ot paznud-
HBIX (PM3UYECKUX CBOMCTB KBAaHTOBOTO KaHaJla, IepelaTurKa, IpUEMHHUKA, CTpaTeruy nepexnara
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U Apyrux xapakrepuctuk. B vactHoctr, QBER 3aBHCHT OT OTHOCHTETBHOM OMIMOKHA B KBAHTO-
BOM KJIIOY€, OCTaBILIEHCs Mocye dTana npocenBanus. OmUOKA B KBAHTOBOM KIIFOYE€ MOTYT OBITH
oOHapy>KeHbI B IpoIlecce MPOLEeyphl UCIIPABICHUS OIIMOOK U YCUIICHUSI CEKPETHOCTU. ITH MPO-
LEeAypbl 3aHUMAIOT BpeMsi, U IPUBOAST K MIOTEPE YaCTH MepeanHoro kitoda. [IpaBusibHbIi BEIOOD
TEXHOJIOTY U3TOTOBJICHUSI ONTOBOJIOKOHHOTO KBAHTOBOTO KaHasa MO3BOJIUT CHU3UTh OMIMOKH TIPH
pacrpeneneHun KBaHTOBOTO KIIKOUA.

2. IlIpeoOpa3zoBaHue MATPHUIIbI IVIOTHOCTH (OTOHOB B AHNU30TPOITHOM HEOIHOPOIHOM
oxnomoxosom OB

['aMubTOHMAH B3aUMOJCHCTBHS MOJ (0OOOIIEHHE KIACCHYSCKOrO METO/a CBSI3aHHBIX
BOJIH) HMEET BH/I

~ 1 ~
V: E 5(&,0‘)#7#/ 'bk,lt bk'u/. (1)
k, p,u'=H,V

31ech £ — BEIIECTBEHHBIM BEKTOP, XapaKTePHU3YIOIINi B3aMMOJICHCTBHE OPTOTOHAIBLHO
HOJIAPU30BAHHBIX MOJI C BOJHOBBIM BEKTOPOM k. M3yunM mpeoOpa3oBaHUe COCTOSIHUS TIOJIS TIPH
pacmpoctpanenun Gorona B OB. B kauecTBe 0a3uCHBIX COCTOSIHUIA BbIOepeM Tpu BekTopa |0),|1),
|2) (3mech |0) — BakyyMHOE COCTOSIHHE MOJbI, KOTOPOE HEOOXOIMMO BKIIFOYATh B PACCMOTPEHHUE

JUISL y4eTa MOTIIOICHUS )

— _ 7t — _ 7t
1) = [H) = b,—y0),  [2) = V) = by, [0).
C TeueHneM BpEMEHU T0JIEBOE COCTOSTHUE U3MEHSETCS COINIACHO KBAHTOBOMY YPaBHEHMIO
JInyBusuist A1 WIPEIUHIEPOBCKOM MaTpHIbl IJIOTHOCTH (POTOHOB

dp (1) 5 =

Lt =i [Vp®] + Do), p0) = p 2)
3pecs [ — cymeponeparop pelakcaly, a p (t) — mMarpuIa mWIOTHOCTH (OTOHA B MOMCHT

BpeMeHH t. MarpuIia IIOTHOCTH ONPENEIISETCA YETHIPbMS BEMECTBEHHBIMU U JBYMsI KOMIUIEKC-

st pysicman P (), po (1), poz (1), P (1):

p(t) = (1= P @) 10){0] + (por () - [0)(L] + poa (2) - [0)(2] + {H.C}) +

1
+5 (PO (DA +12)2]) + (p (), )
[Tpeamonaraercs, 9To XapakTep pejJaKcaluy H30TPOIHBINA, YIUTHIBACTCS MoronieHue ¢o-
TOHOB, MOXKET CTPEMHUTCSI K HYJIIO CTEIeHb Moyspu3anuu nonst (jumHa Bekropa p (t)). Cucrema

ypasHeHuit st pyukiwmit P (1), po1 (1), po2 (t), p (t) umeet Bua

Pty =5 P1),
Lpor (1) = — (5& + 701) por (£) +
ooz (t) = — (L& + Y02) poz () +
ap () =[Exp ) —7p(t).
31echk BBeNEHBI (PEHOMHOIOTUYECKUE CKOPOCTH IIOIIONIEHHS M Jenonspusanuu. Ecre-
CTBEHHO IIPEANONOKUTH M30TPOIMHBIA MEXAHU3M JIETOSAPU3ALUN

Yag = (0 +7)0ap, 0+72020,
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0 + Y — CKOPOCTB JICTIONIIPH3AIIUH, 0 — CKOPOCTb MOIIONICHUST (POTOHOB, Y1, Yo2 — CKOPOCTH pa3-
pYLICHHs KOPPEJISAIHiA ¢ BaKyyMoM. PellieHue cucteMbl ypaBHEHUH UMEET BHL

P (t) = exp (=6t) P (0),

2y +/i (€ - &~ & 20 — /i (& - &~ &
p01(t):clexp _701 \/Z(§ § §>t 4 eyexp _701 \/@(5 § f)t

2 2 ’

B § —iz’{ (Zfz,om (t) + 270101 (t) + 2pn (t)) ,
x y

p(t) =exp (= (6+7) )W (£,1)p(0).

3necs W (&, t) —marpuia mpeoOpa3oBaHusi BEKTOPA MPU MOBOPOTE CHCTEMbI KOOPIMHAT
Ha yron w = &t BOKpYr ocH n, rae { =&n. B kadecTBe aHanmm3aTropa HCIONB3yeM MNpUbop ¢
MACCUBHON MOAYJISIIIMEH C BaKyyMHBIMH BCTIOMOTaTeIbHBIMH MOJIaMHU, U300paKeHHBIN Ha puc. 1.
Pacuet mokaswiBaet, uto BepostHoctu P , P, , P3 , P, cpabarbiBanus neTektopoB Dy, Dsy, Ds,
D, 3anuchIBaOTCS Yepe3 HalJCHHBIC PEIICHUS

P(t)+p- (1) _P#) +p.(t) _P#)—-p:(1) _ P —p: (1)
) Py = ) P = ) Py = :
4 4 4 4
Bynem cumrarh, 4T0 AJKca ¢ paBHOM BEPOSTHOCTBIO 1/4 reHepupyer OIHO U3 YEThIpeX

COCTOSTHUI U nocbutaeT ux boOy Ha aHanu3arop yepe3 NIyMsIIHi KaHat (yYUThIBAEM BO3MOXKHBIN
BKJIaJ] BAKYYMHOT'O COCTOSIHHSI):

poz2 (t)

P1:

W) = alo) + B1),  [TP) = al0) + = (12) + 1)),

2

[TP) = al0) + 812),  |[¥W) =al0) + = (I2) — 1))

el

2

I[J'ISI 9THUX COCTOSHWH HadaJIbHBIE JaHHBIC UMCKOT BU

P)=18?, pY(0)=|8e.. p“W(0)=-p?(0),
p? (0) = 8% e,, PP (0)=—pW(0).

Pacder moka3biBaeT, 4TO IMOJIHAS BEPOSTHOCTH OMIMOKH MPU Tiepeaade OAHOTO (JIF000ro)
KyOuTa paBHa

ngl@mw—@w”+¢”@>:
4 2

= exp (—5t) % (1 _ Wx,x (570 _2|— Wz,z (57” exp (_,Yt)> )

CpenHsist IMHA NPOCESTHHOTO Kitoda Ng;r, BBIpaKEHHAs depe3 [V — IOJHOE YUCIIO0 IOo-
CBUIOK.

N N
Nsift - E-Pdet - 5 |B|2€Xp (_5t) .
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1 1 YR
] SR )

1

Puc. 1. CxemMa ycCTaHOBKHM paclpee/iCcHHsi KBAaHTOBOTO KJIFOYa IO IMPOTOKOIY

BB84. A - mepemarunk Anwmcel, b — ananuzarop bo6a, CJI — cBeromenurens,

IICJ]1 — monspu3alMOHHBINA CBETOACIUTEND (TporycKaeTcsi coctosiuue |H), ot-

paxaercst cocrosiue |V')), TIC/I2 — momspu3auOHHBIA CBETOACTUTENb (TIPOITyC-
H)+|V H)—|V

KaeTcs COCTOSHHE %, OTpaXXaeTcs COCTOSHUE %), A1, 02, 13, 14 -

¢doronerexropsl. [{udpamu mpoHyMepOBaHbBI BXOIBI M BBIXObI CBETOICITHTEIICH

3. VYuder croxacruuHocTH napamerpos OB

By,IleM moJiararb, 4TO IIJIOTHOCTHb BEPOATHOCTH KOMIIOHCHT CJ'Iy‘I&I’IHOl"O BCKTOpA I1apaMcCT-
POB OIITOBOJIOKHA § HUMCCT BU]J

Q&) = ¥e><p _le=¢

0_3 (27'(_)3/2 20-2

Cpennnii Bektop brnoxa-Crokca nmeer Buj

B (1) == exp (— (5 +7) )W (£,0)p (0). W<s,t>:///ﬂ<5>w<5,t>dvg-

VrpoieHHOe BhIpaxeHue it Marpuiibl W (¢) momyuum B AByX ciydasix. [lepBbiit ciry-
qail — & > 0 — CHJIbHOE B3auUMOJICHCTBUE MOJI, Maiblid pazopoc napamerpoB OB. Torna, B cTap-
IIeM HOPSIIKE [0 HapameTpy o /&

_ _ (ot)? _
W(t),, ~ cos (&t)exp | — i , W(t),.=1 3)

Bropoii cioyuaii — £ < 0 —maiioe B3auMOJECTBIE MO 10 OTHOIICHUIO K paz0dpocy ma-
pamerpoB OB. Torna, B crapiiem mopsiake o napamerpy &/o

W (t),,~W(t) %% 1+2(1—(at)’)exp | —

) 2%

(at)*
2

(4)

OneHnM 3aBHCUMOCTh CcpefHel mo aHcamOmo oTrpe3koB OB BepoSTHOCTH OMIMOKU B
nepenaye kyoura undopmanuu no nporokony BB84 ot mapamerpos.
4. OOcyxaeHne pe3yJbTaTOB U 3aKJII0YEHUE

Hcnonb3dyeM mpaBmiio mojacyeTa BEPOSTHOCTH bBepHyiu, molyduM COOTHOIICHHE MJIS
cpennerr otHocutenbHOU ommbOku (QBER) B mepenanHOM KBaHTOBOM Kiroue (CpelHEe YHUCIIO
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OIINOOK B MMPOCCAHHOM KIIHOYC ,I[J'IPIHOﬁ N/2 10 OTHOHICHHUIO K IJIMHE IIPOCCAHHOIO KJ'IIO‘la)Z

— N‘Pe'r'r
QBER = Jfee,
0,5
] 4
0,4
i 2
0,3
o
Lu -
[an]
T 02- 3
0,14
] 1
0,0 : . . . . : , . . .
0 2 4 6 8 10

(0]

Puc. 2. 3aBucumocTh CpefHel OTHOCHTEIHHOW OMIMOKH B MPOCESHHOM KBAaHTO-
BoM kitode QBER mpu ycoBun o /€ < 1 B 3aBUCHMOCTH OT yIia w = &t, 371ech
0 — CpeiHee KBaJpaTUYHOE OTKJIOHEHUE NTapaMeTPOB ONTOBOJIOKHA, { — BpeMs 3a-
JIepKKU CUTHANA B KBAaHTOBOM KaHalle, £ — CpeJlHee 3HaueHHe MOyl BEKTOPHOTO
mapamMeTpa OINTOBOJIOKHA, Y — CKOPOCTh Jemnoispu3anuu u3nydenus. Kpusas 1 —
o/€=0.01,7/€ =0.01; kpuBas 2 — o /€ = 0.2,v/€ = 0.2; kpuBas 3 — o /& = 0.3,
v/€ = 0.01; xpuBast 4 — o /¢ = 0.01, v/ = 0.3

Ha puc.2 3aBucuMOCTh cpeiHeil OTHOCUTENBHOM OIMOKY OT yIJia pacCYrTaHa o Gpopmyiie

1 1 10\’ v
QBER = 5 1 5 1+ cos (w) - exp 5 <gw) exp ( gw) . (5)
Kak u3BectHo, QBER He nomxen npesbimars 0.11, B IpOTUBHOM cilydae CEKPETHOCTh
KBAaHTOBOTO KJII04a HE rapaHTHpyerca. Kak crmemyeT w3 puc. 2, mpu ycioBuHm o < & Takoe
snauenne QBER mocTuraercs IpH ManbIX 3HA4eHMAX w = £t < 1 M Mpu GONBIINX 3HAYEHUSX
w = £t ~ 27, mpu yenosuu 7y /€ < 0.04.
Ha puc. 3 3aBHCHMOCTh CpeHEeW OTHOCHUTEIIHHOW OIMOKM OT yIiia paccuuTaHa 1o (op-

QBER = % (1 - % <1 + 2 (1—w2) exp (—%)) exp (—gw>> . (6)

MyJIe

5. BsIBoabI

B pabote paccMoTpeHa TWHAMUKA BO BPEMEHH OJHO(DOTOHHOW MAaTpPHUIBI TUIOTHOCTU B
0a3uce COCTOSIHUN C OPTOrOHAJIBHBIMU IOJISIPU3ALUAMU.

Haiinena cpenusis o pa3dpocy nmapamerpoB OB otHocutenbHas ommbka (QBER) B mpo-
CESTHHOM KBAaHTOBOM KJIIOYE, PacIpeleNIeHHOM 10 mpoTokory BB84 ¢ mossipu3anioHHBIM KOIH-
poBaHHEM HH(pOpMaLuu.
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0,5

04

0,3 4

QBER

0,2

0,1+

0,0 . r

©

Puc. 3. 3aBucumocTth cpefHell OTHOCUTEIbHOW OMIMOKHU B MPOCESHHOM KBAaHTO-
BoM kimroue QBER npu ycnoBuun 3 /o < 1 B 3aBUCHMOCTH OT yIJia w = ot, 31eCh
0 — CpeiHee KBaJpaTUYHOE OTKJIOHEHHE NTapaMeTPOB ONTOBOJIOKHA, { — BpeMs 3a-
JIepKKH CHTHAJIA B KBAHTOBOM KaHale, £ — CpelHee 3HAYEHHe MOyl BEKTOPHOTO
rapameTpa ONTOBOJIOKHA, Y — CKOPOCTh Jenoigpu3anuu u3nyuenus. Kpusas 1 —
v/o = 0.001; kpuBast 2 — /o = 0.3; kpusas 3 —v/o = 2. QBER He npeBbimiaer
0.11 npu ycnoBun w = ot <K 0.5

B pabore cienaH BBIBOA O TOM, YTO NMPABWIBHBIN BBIOOp TeXHOIOTH m3rotoBicHus OB
KBaHTOBOTO KaHania mo3BosiuT cHU3UTh QBER 1o kputnueckoro yposus, pasHoro 0.11, Hipke
KOTOPOTO PaCHpEeeICHHBIN KITF0Y MOKHO HCIIONB30BaTh JIJIS el KpunTorpaduu.

PaGora nmonnepkana ABLIII «Pa3Butrne HayuyHOro morteHiuania Beiciied mkoibl (2009-
2011 rogsr)» (mpoekt Ne 2.1.1/9425), ®LII «Hay4dnble 1 HaydHO-TIEIarOTHYECKHE KaIphl MTHHOBA-
nnoHHoM Poccumn Ha 2009-2013 ronb» (koHTpakThl NK-526P, 14.740.11.0879, 16.740.11.0030),
rpanToMm 11-08-00267 PODU.
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HCCHGZ[OB&H Ipouecc JUCKPETHOTO (I)OTOZ[CTCKTI/IPOBEIHI/ISI B MPEATIOIO0KEHNU O HEUACAIIBHOCTH ACTEKTOpPAa aTOMOB-
30HIO0B. Hpeaﬂomeﬂa HCOPTOTOHAJIbHAsA CUCTEMaA OINCPATOPO3HAYHBIX MCP, OMUCLIBAIOIIAsA MPOUECC U3MEPCHUSA U

MOCTPOCHBI TPaHC(HOPMEPBI aTOMHBIX U TOJIEBBIX COCTOSHHUI.

KiroueBrbie cioBa: (OTONCTEKTUPOBAHNE, HOHU3AIMOHHAS KaMepa, PE30HATOPHOE B3aUMOJICHCTBUE, PEIYKIIHS CO-
cTosiHus, pasznoxenue Kpayca.

1. BseneHue

[Tpobnema u3mepenus [1,2] sBusercs QpyHAaMEeHTaIbHONW B KBAaHTOBOM (M3MKe U Urpa-
€T Ba)XHYIO pOJIb B pPa3/IMYHBIX €€ NPWIOKEHUsIX. B Hacrosiiee BpeMs LIHMPOKO HCCIETYHOTCS
BO3MOXXHOCTH TOMOTrpaduu KBaHTOBBIX mpolieccoB [3,4] u coctosuuii [5,6] a Takke BapHaHTHI
PEKOHCTPYKLIMU ONEPAaTOPHBIX Mep aerekropa [7]. 3meputenbHoe ycTpoMCTBO sABIseTCs 00s3a-
TEJIbHBIM aTpUOYTOM KBAaHTOBOI'O KOMIIBIOTEPA M CHCTEM KBAaHTOBBIX KOMMYHHUKalui [8,9].

s nepenaun KBaHTOBOWM MH(pOpMaluu Haubosee MepCreKTUBHBIMU BBINIAJIAT ONTHYE-
ckue nHpopmannonneie TexHomoruu [10]. B Hux ms momydeHus: nHGOPMAIUU O COCTOSTHUU Ka-
HaJla repejadu ucrnoib3yercs poronerekrupoBanue. @yHIaMEHT TEOPUU U3MEPEHNUST KBAHTOBOTO
AJIEKTPOMArHUTHOTO TIOJIsI COCTaBIAOT padoTel [11-13]. JlanbHelimee pa3BuTHe JaHHOW TEOPUH
MOYKHO HalTH B paborax [14-16]. U3ydyensl Mogenu BHyTpeHHero [17] u BHenHero [18] (1o pac-
MOJIOKCHHIO JIeTeKTopa) (hoToaeTeKTupoBaHus sl AUCKPEeTHBIX [19,20] n HenpepbIBHBIX [21-24]
nporeccoB. B pabotax [23] u [24] ucciieayroTcsi onepaTopbl KBAHTOBBIX CKAYKOB, CBSI3aHHBIX C
noroneHueM (GOoToHa B Pe3yJIbTaTe U3MEPEHUS U YUUTHIBACTCS BIMSHUE HEUAECAIBHOCTH JETEK-
THUPYIOIIETO yCTpoicTBa [25] («TeMHOBBIE» CpabaThIBaHMsI) HA CTAaTUCTUKY (POTOOTCUETOB.

B nuckpetHoit Mozenu (cM. Takyke pabOThI MOCBSIIIEHHBIE OJJHOATOMHOMY Mazepy [26,27])
pa3BUTHI METOIbI UCCIIEI0OBAHUS CTAaTUCTUYECKUX XapakTepucTUk OM mons [28], a Takxke ux mnpu-
JIOKEHMSI K HEKOTOPBIM NPOTOKOJIaM KBAHTOBBIX KOMMYHMKauui [29]. B naHHOM MeTone usme-
PEHMSI COCTOSTHUE MOJIbl PE30HATOpa TECTUPYETCS MPU MOMOILM JBYXYPOBHEBBIX aTOMOB-30H/I0B.
JlaHHBIE aTOMBI, IPUTOTOBJICHHBIE B HEKOTOPOM COCTOSIHUM, MPOJIETAIOT Yepe3 Pe30HaTop, «Co-
Oupas» nHdopmalurio o KBaHTOBOK Mojie. Ha BbIxoJie MpONCXOAUT UX U3MEPEHUE B CEIEKTUBHOM
JIeTeKTope (MOHM3AIMOHHONW Kamepe). B 3aBHCHMOCTH OT COCTOSIHHUS, BJIETAIOIIETO B pe30Ha-
TOp aromMa (OCHOBHOE WJIM BO30YKIEHHOE) Pa3IUyaroT ABa peXuMa pabOThl WU3MEPUTEIHLHOTO
yCTporcTBa — (DOTOHHBIN U KBAaHTOBBIA CUETUMK. DOTOHHBIN CUETUMK pEaTU3yeTCs, KOrja aroM
IIPUTOTABIMBAETCS B OCHOBHOM COCTOSIHUM, KBAHTOBBIM CUETUHMK — B CIIy4ae N3HAYaJIbHO BO30YX-
JIEHHOTO cocTosiHuA aroma. MHpopmaTtuBHOCTB, KauecTBO (fidelity) u oOpaTuMoCTh TaHHBIX JABYX
PEXKUMOB JIETEKTUPOBaHUS M3y4deHbl B padbote [30].
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31ech MBI HCCIIeyeM HEHIeadbHOCTh JIETEKTUPYIOUIEr0 YCTPONCTBA B AUCKPETHOM MO-
neny, peanusyomeid GoTOHHBINA cueTurk. HecoBepIeHCTBO U3MEpEHHUs MpeanoiaraeT BO3MOX-
HOCTH TIPOIYCTHTh aTOM, a TaKXe MOJTY4YHTh HEBEPHYI0 MH(OPMALMIO O ero coctosHuu. Bepo-
ATHOCTH TaKOTO POja OLIMOOK JIETKO MONYyYUTh M3 dKcrepuMmeHTa. Hampumep, mpuroraBiubas
aToM B OCHOBHOM COCTOSIHHMHU, BBIYUCIIUTb YaCTOTY Cpa6aTBIBaHI/II7I KaMCpbI, ACTCKTUPYIOIIUX BO3-
Oy’>KIeHHOE COCTOsTHUE U HaoOoporT. [Ipupona Takux ommOOK MOXET ObITh cienyromei. [locme
nomnagaHuvst aroMma B MOHU3ALMOHHYIO KaMEpy, NPOUCXOAUT (1)OTOI/IOHI/133LII/I$I €ro ypOBHeﬁ B pc-
3yJIBTAaTC UX BSaHMOHGfICTBHSI C KIIACCUYCCKHUMHU IOJAMU ACTCKTOPOB. BO3HI/IKaIOHlI/Iﬁ q)OTOTOK
MIPOBOIMPYET IIETYOK COOTBETCTBYIOIIETO AETEKTOPa, KOTOPBIM TOBOPUT O TOM, B KAKOM COCTOSI-
HUM HaiigeH aroM. Hanmuume NByX mosei, B3aMMOIEHCTBYIOLIUX C aTOMOM, MOXKET MPUBOIUTH K
TOMY, YTO IOJI JCHCTBUEM OJTHOTO U3 HUX MPOU30IIeT U3MEHEHHE 3aCEICHHOCTH YPOBHEH aToma,
KOTOpOE MPUBEIET K OUITMOOUYHOM CTATUCTHKE OTCUETOB.

CtpykTypa paboThl OpraHM30BaHa CIEAYIONIMM 00pa3oM. B pazoene 2 cTpOSITCS BEPOST-
HOCTHBIE MEpBI JJI YCTPOICTBA IETEKTUPOBAHUS COCTOsIHUS aroMa. [lomydeHbl cOOTBETCTBYIO-
[IMe 3TUM MepaM cymeporneparopsl U ux pasioxenus Kpayca. [Ipeanosxkensl TpaHchopmepsl co-
CTOSIHUM, COOTBETCTBYIOIIINE HEUI€AJIbHOMY YCTPONCTBY AETEKTUPOBAHUS. B pazodene 3 BBOIUTCSA
BEPOATHOCTHAS MEPA B MIPOCTPAHCTBE COCTOSTHUH TOJISI pE30HATOPA U MPOU3BOIUTCS TIOCTPOCHUE
COOTBETCTBYIOIIUX OINEpParopoB. Pazoden 4 COAEPKUT OMHMCAHHUE JIETEKTUPOBAHUS OJHOPOTOHHOMN
Mozbl pe3oHaropa. Ha ocHoBe Teopembl baiieca Mpou3BOAUTCS MEPEOLIEHKA BEPOSTHOCTEU TH-
M0TE3 OTHOCHUTEIHHO MCXOJHOTO COCTOSHUS NOJS. B pasdene 5 B 3aKIIIOYEHUU OOCYKIAIOTCS
MOJTyYEHHbBIE PE3yJIbTaThl.

2. HapaMeTpnsaunﬂ HEUACAJTBbHOI0 AE€ETEKTOPa

Paccmotpum npouecc u3MepeHusi Ha IpUMepe I€TEKTUPOBAaHUS JIByXYpPOBHEBOI'O aToMa,
MOTAJAIONIeT0 B MOHU3AIMOHHYI0 kKamepy. Habntogaemoil BeTMunHONM B 9KCIIEPUMEHTE SIBIISETCS
ero COCTOsIHKE: OCHOBHOE |g) Wian Bo30yxaeHHOe |¢). Omeparopy COOTBETCTBYIONIECH HabM01ae-
MO COIOCTaBIISIETCS TOJIHBIA HAOOP CHEKTPAIBHBIX MPOEKTOPOB Pf, j€{e g}

Pl 4+ Pl =1y, (1)

rae [ 4 — omneparop TOXAECTBEHHOTO NPeo0pa3oBaHus, a MPOEKTOPHI PJA, j € {e, g} onpenenstor-
Csl CTICMYIONIMM 00pa3oM:

Py =19) (9. P! = le) (el . )
Pesynbrar nu3MepeHust JaHHON HaOlt0AaeMO MOXKHO OINHUCHIBATH MPHU MOMOIIH CIIy4ailHOUW BEJH-
YHHBI £ TPUHUMAIOIIEH TPH BO3MOXKHBIX 3HaYEHHS: £ = 1 COOTBETCTBYET TOMY, UTO aTOM OOHapy-
KEH TIEPBBIM JICTEKTOPOM, HACTPOCHHBIM Ha U3MEPEHHE COCTOSIHUA |g); & = 2 — aToM 0OHapyKeH
BTOPBIM JIETEKTOPOM, HACTPOCHHBIM Ha M3MEPEHUE BO30YXKICHHOTO COCTOSHMS |e); & = 0 — aTtom
MPOMYILIEH HU3-32 HECOBEPILICHCTBA U3MEPUTEIIBHOIO YCTPOMCTBA. JJaHHOM Cly4ailHOM BEJIMYHHE,
XapakTepU3yIOUIel MPoIece N3MEPEHHsI, COIOCTABUM MOJIHBIN Ha0Op HEOPTOTOHAIBHBIX OIepa-
TopHbIX Mep 1l¢, & = 0,1, 2, Takux dTo:

Iy + 11 + 11 = 14. A3)

IIpu sToM:
IL + 1y =€, |g) (9] + & |e) (el, (4)
Iy = (1-¢,)lg) (gl + (1 —e.) le) (e . )

BenmunHer €g U €, ONPCACIIAIOT KBAHTOBBIC 3(1)(1)€KTI/IBHOCTI/I ACTCKTOPOB U ABJIAIOTCA BECPOSATHO-
CTAMU 06Hap}/)KI/ITB aTOM IICPBBIM HJIM BTOPBIM ACTCKTOPOM COOTBETCTBCHHO. HpI/IHI/II_HCM aromMy
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B MOMEHT M3MEPEHUSI COCTOSIHHE p4. TOT/Ia BEpOSTHOCTh UCXO/a SKCIIEPUMEHTA, OIHCHIBAEMOTO
CIIy4yalHOUM BeMWYMHOM & OyJeT paBHa:

P (&) =Tralpalle]. (6)

3neck 1'r 4 0003HaYAET ONEpalIo B3STUS CiIe/la B IPOCTPAHCTBE aTOMHBIX cocTossHUi. KBaHTOBas
onepaius /¢, COOTBETCTBYIOLIAs U3MEPEHUIO C UCXOIOM & BBOAUTCS CIIETYIOIIUM 00Pa3oM:

Tral[Aepal =Tralpalle], (7)
Aepa =Y MeypaMy,, (8)
k
rne My, —HabOp OrpaHMYEHHBIX ONEPATOPOB (TPAHCPOPMEPOB COCTOSHUI):

DM My = AT =T, )
k

3necy A — cyneporneparop, conpsikeHHbli A¢. Tenepsb y4reM BO3MOKHOCTB TOIO, YTO YTO aTOM,
IPUTOTOBIICHHBIN B COCTOSHHH |€) TONaB B KaMepy, BBI3bIBACT COOBITHE, OMUCHIBAEMOE CIIydaii-
Hoii BenmunHOM £ = 1. I Ha06OpOT, KOr/ia aroM, NPUTOTOBICHHBIA B COCTOSHUH |g) BBI3BIBACT
COOBITHE OMHUCHIBAEMOE CIIy4alHOW BenuyuHOM £ = 2. Jlyist 5TOro BBEIEM COOTBETCTBYIOIIHE
yesosubie BepostHOcTH P (€ = 1]e) = |1, P (£ =2]g) = |ag,|’, xoTOpEIE ONpenensioTcs
U3 KcrepuMenTa. Jlanee 3anumem (GopMyily MOJHOW BEPOSTHOCTH JUIsl CIIy4alHONW BETMUYUHBI &:

P§)=P(Elg)P(g)+P(le) Ple), (10)

tne P(g) =Tra [pAPg‘] ,P(e) =Tra [pAPf]. [Mons3ysck (4), (6) u (10) BeIOepeM B KayecTBe
BBIP@KEHUH JIJIs ONIEPATOPHBIX MEP CIIETYOIIHE:

I = ||’ [g) (9] + |arel |e) (el , (11)

Iy = |as.|* [e) (e| + laz,|* |9) {9l (12)

2 2 2 2 y
e |ag gl + [ang|” =, |are]” + |ase]” = €. Jlna ciydas £ = 0 B anpHeiimem yno6Ho omnpe-

2 2
nemuth |agg|” =1 —¢, 1 |age|” = 1 — ¢,. lanee, ucnons3ys oneparopsl Kpayca, oneparopubie
mepsl 11 MOKHO 3ammcars B BHJE:

Me= Y M, M. (13)

mre{g.e}

Kaxnpiit u3 oneparopos M ,,, B pasnoxenuu (13) onuceIBaeT onpeenaeHHbli MPoLece BHYTPH
MOHM3AIMOHHON Kamepbl: Me oo = a . |g) (g| COOTBETCTBYET NETEKTUPOBAHUIO aTOMA, HAXOMS-
WErocs B COCTOSHUM |g) NeTeKTopoM ¢ HoMmepoM & (§ = 1,2); ananorudno M .. = ;. |e) (e|
COOTBETCTBYET JCTCKTUPOBAHHIO aTOMA, HAXOMASIIETOCS B COCTOSHHH |€) IETEKTOPOM C HOMEPOM
& Mg ge = ¢ . |€) (9| onmcniBaeT ckadox |g) — |e) Mo NEHCTBUEM KIACCHYECKOTO OIS AETEK-
Topa &, a Mgy = ., |g) (| —ckadok |e) — |g) mox NeHcTBHEM KIACCHYECKOTO MO IETEKTOPa
§. @usnueckuii cMpicn oneparopos M, B caydae { = 0 3axmouaerca B ciepyromem: Mo 4o
aToM B OCHOBHOM COCTOSIHUM HpoIryIieH, My .. —aToM B BO30y»JCHHOM COCTOSIHHU IIPOITYILCH,
My ey u My 4o —aTOM HE NETEKTUPYETCS HO IOJ ACHCTBHEM KIIACCHMYECKUX IOJEil JeTeKTOpOB
HPOKMCXOIMT CKA4YOK |g) — |e) umu |e) — |g). U3 (11) u (12) moayuum:

2 2 2 2
Qe ggl” + |aegel” = laeyl”,  |aecel” + ’af,egyz = ’O‘E,eyz' (14)
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Boipaxenue st P (§) B popme (6) MOXKHO 3armicarh TOTa CIAEAYIOMUM 00pa3oM:

P(&)=Tralpalld =Tra | > MeupaMf,, (15)

M7V6{g7e}

3ameruM, 4TO B BhIpaxkeHuH (13) MoryT OBITH yuTeHBI M Ipoleccsl Buna |e) |g) (e| (g| HO ux
BEPOSITHOCTH MaJIbl 10 CPAaBHCHHIO C BEPOSTHOCTSAMHU OIHCAHHBIX BBIIIE IIPOLIECCOB.

3. Ilpouecc ¢poToneTeKTHPOBAHUSA

Termeps paccMOTpUM Tporiece GPOTONSTCKTHPOBAHUS ICKTPOMATHUTHOTO TOJISL B PE30HA-
TOpe C UCMOJIb30BAaHUEM JBYXYPOBHEBOTO aroMa-30Ha. IlycTe cocTosiHHE aTOMHO-TIOJIEBOI CH-
CTEMBbl B MOMEHT, KOTJ]a aTOM IIOMalaeT B PE30HATOP U MOJIBEPraeTcs U3MEPEHHUIO0, OMUCHIBACTCS
COBMECTHOI MaTpHlIel TUNIOTHOCTU pap. B pe3ynbrare u3MepeHus aroma, COrIacCHO MPOEKIIMOH-
HOMY mocTynaty ¢on HelimaHa, IpOMCXOAMUT KOJIJIAIIC €r0 COCTOSIHUS M CHUCTEMa OIMCHIBAETCS
CIEAYOUIEH MaTpUIIEH TUIOTHOCTH:
2 2
PAF = Z (Ae ® Ip) par = Z Z Mg,WPAFMg,W (16)
£=0 £=0 p,ve{g,e}
Hrnopupys nokazaHusi 1€TEKTOpPa, MOXKHO MOJMYYUTh PEIyIIMPOBAHHYIO MaTPUIly TUIOTHOCTH MO-
JIbI TIOJTHOTO aHCaMOJIsi, B3sIB CJie]l B IPOCTPAHCTBE aTOMHBIX COCTOSIHUM:

pr =Trapar]. (17)
I[OHO.HHI/ITG.HBHaH I/IH(l)OpMaL[I/ISI O COCTOSAHHUH BBIICTCBIIICIO M3 pGBOHaTOpa aToMa MOXET 6BITB

UCTIOJIB30BAaHA ISl PACIICIUICHUS IMOJHOTO aHCcaMOJs Ha MOAAaHCAMONM, KaXIbli M3 KOTOPBIX
COOTBETCTBYET OJJHOMY U3 pe3yJbTaTOB U3MEpeHus &:

P =Tra Z MewparMi | . (18)

M7V6{g7e}

CoOTBeTCTBYIOIIAs] BEPOATHOCTh MOJMYyUYEHUS JAHHOTO MofaHcamOIIs paBHa:

P (€)= Trr [,5;@} — Trg [ﬁﬁé%} . (19)

Ucnonb3ys paznokeHue, aHAIOTHYHOE MPUBEACHHOMY B (3), MOXKHO IIPOU3BECTH Pa30UEHUE €I1-
HUIBI B IPOCTPAHCTBE TOJEBBIX COCTOSHUM, TEM CaMbIM OIpPENEIUB BEPOSTHOCTHYIO ONEPaTo-
PO3HAYHYIO MEPY U CyNEeponeparopsl =¢. s ONMpeaeneHHOCTH MOJI0XKHM, YTO aTOM JI0 B3aHMO-
JIEHCTBHS C 2JIEKTPOMAarHUTHBIM II0JIEM PE30HATOpa ObLI MPHUTOTOBIIEH B OCHOBHOM COCTOSTHUU
pa = |g) (¢g|. HauambHOE COCTOSIHHE PE30HATOPHOW MOJBI MYCTh OMUCHIBAETCS MPOU3BOIBHBIM
OTIepaTopoM IUIOTHOCTH pp. [IpeHeOperkeM pellakcallmOHHBIMH TpolleccaMu, U OyJeM paccMmar-
pHUBaTh YHUTAPHYIO SBOJIIOLMIO CUCTEMBI. Torna coCTOsSHUE p 4 cpa3y Mocie B3aMMOACHCTBUS U
HETMOCPEICTBEHHO Mepe]] M3MEPEHUEM MOKHO 3alKcaTh B CIEAYIOLIEM BUIE:

par = Urpa ® prU]. (20)

rae U, omeparop BONIOINH CUCTEMBI «aTOM—IIONE», a T — BpeMsl B3auMmoeiicTsus. Pazduenue
€IMHUIBI B IIPOCTPAHCTBE IMOJIEBBIX COCTOSIHHM MPOU3BENEM CIEAYIOIUM 00pa3om. Beenem cy-
1IEPONEPATOPhI Z¢:

Trr[Eepr) = Tre |50 1e| = Trar | Y. MeyuparMl,,| . (1)

mve{g.e}
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Hanee, ucnonssys (20) onpenenum TpanchopMepsl MOJIEBbIX COCTOSHUN K :

Kepw = Z (n| Me . Ur |g)- (22)

nc{g.e}

C yueroM BbIpakeHUi pUBeeHHBIX 111 M ,,, onepatopsl K¢, MOXKHO 3alicaTh CIEMYIOIIIM
obpazom:

Kepw = Z aguw (| V) (pUxlg) = Z O,y Oy Upg - (23)
nefg.e} nefg.e}
3nech 6, — nensra Kponekepa, Uy, = (9| U |g) u Ue, = (€| U, |g). 3 (23) nerko momydarorcs
BBIP)KCHUS [T CYHEPOIIEPaTOPOB Z:

—_ 2 2
‘:E = Z Kfv#’/Kg,pu - |a§79’ UggUJg + |Oé§7€| UegU;rg' (24)
m.v€{g.e}

OTtcrona MOXKHO CHeNaTh 3aKIOYEHHE O TOM, YTO CKA4YKH, MPOUCXOJSIINE B MOHHU3AIMOHHON
Kamepe BO BpEeMsi M3MEPEHHUsSl arOMa HE CKa3bIBAIOTCS Ha COCTOSIHUM TIOJI Pe30Haropa Iocie
u3MepeHust (3TO OTMEYAIOCh B pabote [27] B CBSI3U C M3yYE€HUEM OJTHOATOMHOTO Ma3zepa). [loato-
My, TIPY pacyeTe MOMPABOK Ha HEHJICATbHOCTh MX MOXXKHO OIYyCKarbh. J[aHHBIC BEIIMYMHBI MOTYT
OBITh IMOJIC3HBI TP BBIYMCICHUU KOYPHUIIMEHTOB (¢ (BBEICHHBIX 3/1€Ch (DEHOMEHOJIIOTHYECKH) U3
MIEPBBIX TIPHUHIIUTIOB.

4. Teopema Baiieca u nepeoneHka runores

B kauecTBe mprMepa MCIOJIB30BaHUs JaHHOW MOJIENU NP OMKMCAHUK Tporiecca GoTose-
TCKTUPOBAHHWA, BBIYUCIIUM AllOCTECPHUOPHBIC BEPOATHOCTU T'HIIOTE3 OTHOCUTCIIBHO COCTOSHUA TTOJIA
B pe3onarope. IIpearmnoaokum, 4To HadaabHOE OTHOPOTOHHOE COCTOSHHE OIS ABJISETCS YHCTHIM
pr = |¥) (¥| n mapamerpusyeM ero cieayromumM oopasom:

99 = 9 (6)) = cos 2 [0} +sin 1,0 € [0,7]. @s)

Bocnons3yemcs Beipakenusimu (19), (21) u 3anummem GopMyily MOTHOW BEPOSITHOCTH CITy9aiiHON
BenuuuHbl ¢ = 1,2. JlaHHas BEPOSTHOCTH SIBISETCS YCIOBHOM M 3aBHCUT OT COCTOSIHMS OIS

BHYTpHU pe3oHaropa pr = pr (0):

P(&0) = Trr [Scpp] = P (Elg) P(g10) + P (Ele) P (e]0) (26)
rne P (¢|g) u P (& |e) onpenensinck Boime, a
P(gl0)=Trp [prP)], P(e|0)=Trp [prPL]. (27)

3nech Pg u P! — oneparoposnaunbie Mephl B IPOCTPAHCTBE MOJEBBIX COCTOSHHIA, COOTBETCTRY-
IOIIUEe MepaM Pg‘ u P/ B mpocTpancTBe aroMHBIX cocTostHumiA. [locne u3MepeHus U TOMydeHHs
HEKOTOPOTO 3HAYCHUsI CITy4allHOW BENUUYMHBI {, BeposTHOCTH runore3 P (f) OTHOCHTEIbHO Ha-
YaJIbHOTO PACIPEICIICHUs TIOJsI PE30HATOPAa MOTYT OBITh IEPECUUTAHBI 110 CIEeIyIOIIel Gopmyrie
(Treopema baiieca):

_ _PEW)PW)
PO =P ror 9

JIitst onpeIeTICHHOCTH TPEAIIONOKUM, YTO ¢ — paBHOMEPHO pacIpeseneHa Ha npomexyTke [0, 7,
U B pe3yJibTare U3MepeHHsl Oblia Mody4yeHa cilydaiiHas BeJIM4MHa £. BbluncianM anocrepruopHyo
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BEepOATHOCTH rumnote3sl P (6 [€):
e’ Trr [UsgprUjy] + logel” Trr [UegprUL] } P (6)

Z {\ag g’ Trp [UggpFUgg] + ’age’ Trp [ egpFUeg]} ) (29)

pPg) =

Hcnons3ys siBHBIE BbIpakeHHs Ui onepaTopoB Uy, u Ue,:
Uyg = COS (QT\/ aTa> , U= —

rae {2 — omHodoToHHAs yactora Pabu, momyuum:

\/L_T sin (m@) a, (30)
aa

1 e, ]2 — | 76\2 sin? (Q7) cos (6)
P(9le) ==~ ( T 2> s (31)
2|agyl” + (lagel” — lagy|”) sin® ()
B wactHOCTH, 11 £ = 0 OyzeM UMETh:
1 - in? (Q 0
po)= L |1y (Eemg)sin (@) cos (6) (32)
T 2(1—¢,) + (¢, — &) sin® (Qr)

Ha puc. la n300paxxeHbl 3aBUCUMOCTH IIOTHOCTEH BepositHocteit P (0 |£) nepecunTaH-
HBIX TUnoTe3 /st ciaydaeB & = 0 u & = 1 pu Q7 = 7/2, ]04179\2 =038,¢, =09, ¢ =08
Just 6 = 0 u Q7 = 7/2 Ha puc. 16 nocrpoena miotHocTh BeposTHocTd P (0 |0) Kak GyHKIus €,
3¢ GEeKTUBHOCTH NEPBOTO AETEKTOpa Mpu (PpuKcupoBaHHOH 3G (HEeKTUBHOCTH BTOporo €, = (.8.

0,84 0,84
0,6 0,6
v S
T 04 Sw e S 041
& N it &
02 =T = 0,2
ono L L] 1 T T T 0.0 T T T T T
00 05 1,0 15 20 25 3,0 0,0 02 0.4 06 08 10
E
6 B
a) 0)

Puc. 1. a) IepecuntanHble OLEHKH sk BeposATHOCTH rumore3 P (0 |1) (mrpu-
xoBast uHus) 1 P (0 |0) (WTpux-myHKTHPHAS JIHHUS), & TAK)KE alpHOPHAsH TUIOT-
HOCTb BeposTHOCTH runotre3 (cruomsas); 6) 3aBucumocts P (0]0) oT BemuInHbI
€ g KBAaHTOBOW 3()()EKTMBHOCTH MEPBOTO JETEKTOPA IPH (PUKCUPOBAHHOM BEINYNHE
=08,0=0
e -0y

5. 3akawuenue

PaccmoTpena Mozenb HEMACAIBHOTO JETEKTOPA, BKIIOUAOIIAsT BO3MOXHOCTH MPOITYCKa
aromMa M OIIMOOK JETEKTUPOBAHUS BO3HUKAIOIIMX 33 CUYET MPOIIECCOB, MPOTEKAIOIIUX B U3MEPH-
TeIbHOM ycTporcTBe. [Ipennoxkena cucrema oneparopo3HaYHbIX MEp JACTEKTOPa, YUUTHIBAIOIIAS
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BCE BBEJICHHBIC TUIIBI HenealbHOCTH. C UX MCIIOJIb30BAaHUEM MOCTPOECHBI aTOMHBIE CyIeporiepa-
TOPBI, OTBEYAIOIINE KaKOMY HCXO/Iy AETEKTHPOBAaHHUS W MOJy4YeHbl WX mpexacrasieHus Kpayca
(TpancdopMepbl aTOMHBIX COCTOSIHUI). 3aTeM TaHHas MOJIeJb JIETEKTOpa Oblia UCTIOIb30BaHA s
TEeCTUPOBaHUS MOJs pe3oHaropa. IIpeamnonaranock, 4To BpeMsi B3aMMOAEHUCTBUSL aTOMa C MOJIOU
MHOTO MEHBIIIE BPEMEHH >KM3HU €ro BO30YKJICHHOTO COCTOSIHHSI, a TAK)KE BPEMEHHU >KU3HU TIOJIS B
pe3onarope. To ecTh paccMarpuBaiach 3BOJIIOLMS AaTOMHO-II0JIEBOM CUCTEMBI, B PE3YyJIbTaTe KOTO-
POl YUCTBIE COCTOSIHUS COXpaHAtOTCs. [Ipy JaHHBIX TOMYIIEHUSIX MOJYYEHBI COOTBETCTBYIOIIUE
TpaHcPOpMeEphl COCTOSTHUHN TOJs. [laHHBIE BBIPAXKEHUS 3aTEM HCIIOJIb30BAIKCH ISl IEPEOIICHKU
THIIOTE3 O COCTOSHUU MoJis (Teopema baiieca) 11si M3BECTHOrO UCXoAa AETEKTUPOBAHUS.

[TomumMO paccMOTPEHHOTO MPUIIOKEHHUS JTAHHOW MOJEINH, UHTEPEC MPEJCTABISET TAKXKE
BIIUSIHUE HEUJCAJTbHOCTH HAa OIEHKY CTAaTHCTHUYECKUX XapaKTEPUCTHUK KBAHTOBOW MOABI U 00-
paTUMOCTh M3MEPUTENLHOTO mporecca. Cratuctuka (HOTOIIEKTPOHHOIO CUeTa I Pa3IUIHBIX
PEKUMOB JIETEKTUPOBAHUS B CIydyae HEUICAIbHOCTH, CBA3aHHOW C MPOIMYCKOM aToMa MpH HaJu-
YUK PeNlaKCAIMOHHBIX TporeccoB Obuta n3ydeHa B [28]. B [30] Obu1o moka3aHo, 4TO U3MEpEHUE
MIPOBEACHHOE MPH MOMOIIU (POTOHHOTO CUETUYHKA B CITyyae UealIbHOTO JETEKTOPA SIBISIETCS HE0O-
paruMbiM. Hanmudue ommOOYHBIX OTCUETOB MOXKET MOBIHUATH Ha BO3MOXKHOCTH BOCCTAHOBIICHUS
COCTOSTHMI KBaHTOBOTO IOJISI 10 U3MEPEHUSI.

Pabora monaepxkaHa B pamkax AHaJIUTUYECKON BEIOMCTBEHHOM LIE€JIEBOW NPOTpaMMbl
«Pa3BuTHE HAyYHOTO MOTEHITMANA BBICIICH MIKOIBD No0.2.1.1/9425, OenepaiibHO# 11e1eBOH Tpo-
rpammol «HayuHble U HaydyHO-TIearoruyeckue kaapbl tHHOBaMoHHou Poccum» 2009-2013 ro-
nel. TocynapctBeHHbIii KoHTpakT No.I1689. TIpoekr HK-52611/24 1 HUOKP PK10186.
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HccnenoBana koppensanusi HEOMHOPOAHOTO YIIMPEHUS Ha Pa3iIMUYHBIX YACTOTHBIX IEPEX0/axX B CUCTEME TPEXypOB-
HEBBIX HAHO-TEHTOB U € BIMSHHE Ha MHTEHCUBHOCTH OTKJIMKAa CTHMYJIMpOBaHHOTO (oroHHOTO 3Xa. [lokasaHo, uto
KOA(QUIMEHT KOPPEISIMK HEOAHOPOIHOIO YIUIMPEHHS Ha JBYX Pa3IMYHBIX MEepexojax U MHTEHCUBHOCTh OTKIIMKA
CTHMYJIMPOBAHHOTO (DOTOHHOTO 3Xa 3aBHCAT OT HapaMeTpa CIy4alHOTO B3aMMOACHCTBUSI ONTHIECKOTO 3JIEKTPOHA C
JIOKJIBHBIM TIOJIEM M OT MIMPUHBI PACTIPEACTICHHS JOMOIHUTEIbHBIX YaCTOTHBIX CIBUTOB U3-32 YACTHYHOW B3aWM-
HOHM (pUKcaly SHEpTuil mepexonoB. IIpuueM He3HaYNTETbHOE U3MEHEHHE K03(h(UIMEHTa KOPPEISIIUK IPHUBOIUT K
3HAYUTEIIBHOMY CIIajly MHTCHCHUBHOCTH OTKJIMKA.

KoaroueBble ciioBa: cTuMynipoBaHHOE (OTOHHOE HX0, HAHO-TEUTHI, Kod(UIMEHT KOppeNsMy, ONTUYECKUI HaHO-
LEHTP.

1. BseneHue

Pe3zoHaHCHOE B3aMMOJEHCTBUE J1a3epHOr0 U3JIy4YEHUs C BEIIECTBOM SIBISCTCS OIHOW W3
(byHIaMeHTaIBHBIX MPOOIEeM COBpeMeHHOU (u3uKu. KorepeHTHbIe MoJsi MOTYT BBI3BAaTh MHTEP-
(depeHLuIo IBYX U 00jee KBAaHTOBBIX COCTOSIHUNA. JTa MHTEp(EpPEHLIUs MOKET MPOSBIATHCS Kak
B KOT€PEHTHOM OTKJIMKE CUCTEMBI YAacTHULl, TaK U Ha YPOBHE OTJEJIBbHOMN YacCTHIIbI, SBIISIFOIIEHCS
KBAHTOBBIM 00bEKTOM. M3yueHue Takux MpoleccOB NPEACTaBIAET UHTEPEC HE TOIBKO JUIs (PyH-
JTaMEHTAJIbHOW HayKH, HO UMEET U MPUKIaJHOoe 3HaueHue. HanpumMep, KorepeHTHbIE MepexoHbIe
IpoLecChl MOT'YT OBITh MCIIOJIB30BAHBI AJIs XpaHeHus: U 06pabotku nHdopmanuu [1-4]. OcoOsbrit
UHTEpEC MPEICTaBIIsAET UCCIeJOBaHNE B3aUMOICHCTBHS HECKOJIBKIX PE30HAHCHBIX IOJIEH ¢ MHO-
rOypOBHEBBIMHM KBAaHTOBBIMU CHCTEMaMHM (aTOMaMH, MOJIEKYJIaMH, IPUMECHBIMH MOHAMHU B KpH-
CTaJUIax M Jp.). DTOT HHTepec 00yCIOBIEH BO3MOKHBIMU IPUMEHEHUSMH Pa3INuHbIX 3()(eKToB,
HaOIIOAaeMBIX TIPH MHOTOYACTOTHOM BO3OY)KJICHHM KBAaHTOBBIX 00BEKTOB. Cpeau HUX MOXKHO
OTMETHTH IIBETHYIO 3XO-rojorpaduro [5], ckarrne MHPOpPMAIMH B TPEXypPOBHEBHIX cpermax [6],
KOITUPOBAaHNE KBAaHTOBOW MH(popManuu [4] 1 MHOTOYypOBHEBBIE HAHO-TE€HTHI, BBITIOIHSIONINE JIO-
IrMYECKHUe omepanuu. 3anuch U BOCIPOU3BEACHUE HX0-TOJIOTPAMM B MHOTOYPOBHEBBIX CHUCTEMAax
IPUBOJUT K BO3MOXKHOCTH HapsiAy C JOTMYECKUMM ONEepalUsMU BBIIOIHATh U3MEHEHHE LIKaJIbI
peasbHOrO BPEMEHH U MOCIIEI0BATEIbHOCTU COOBITHIH, MH(pOpMALKs O KOTOPBIX OblIa 3aJI0’KEHA B
IPOCTPAHCTBEHHO-BPEMEHHYIO CTPYKTYpY OOBEKTHOro ummyisca [7,8]. B nepedncieHHbIx mpo-
reccax uHpopmanus U3 00bEKTHOIO UMITYJIbCa ITpeodpasyeTcs B CTPYKTYPHYIO (IIOTEHIUAIBHYO)
MH(pOPMAINIO, HOCUTEJIEM KOTOPOU SIBJISIOTCS MEPEXOAHbIE JUHAMUUECKHUE PELIETKH HaceJleHHO-
CTEeH U MOJSAPU3aLUI PE30HAaHCHOHN CPeAbl, TO €CTh IPOCTPAHCTBEHHO-YaCTOTHOE PACIPECICHHUE
g-OMTOB B Ipejiesiax HEOAHOPOAHO YIIUPEHHBIX JINHUN PE30HAHCHBIX nepexonos. [loatomy ¢op-
MHUPOBAaHUE ONTUYECKUX IMEPEXOAHBIX MPOLIECCOB B MHOTOYPOBHEBBIX CHUCTEMAax CYLIECTBEHHO
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3aBHCUT OT CTEIICHU KOPPEJSIMA HEOAHOPOIHOIO YIIMPEHHS HA Pa3sHBIX YaCTOTHBIX Iepexojax,
B CBSI3U C BO3MOXKHBIM pa3pylleHHeM oO0paTMoi (a30Boil maMsTH CUCTEMBI.

TUNMUYHBIMA MEXaHU3MaMHU HEOAHOPOJHOTO YIIMPEHHUS B TBEPABIX TeaX SBISIOTCS: Jie-
(bopMaIMOHHOE YIIIUPEHHE (IUCIOKAIIMKM U TOYCUHBIC Te(PEKThI B PEIICTKE); YIIUPEHHE, 00YCI0B-
JICHHOC Cﬂyqaf/'lHBIMI/I QJICKTPUUCCKHUMU MOJIIMHU U I'paduCHTaMU noiei 3apSAKCHHBIX I[e(l)eKTOB;
HapylIeHUE TOPAJIKA B CTPYKType pemeTku. TakuMm o0pa3oM, Kak dHEPrHH COCTOSHUM, Tak U
SHEPTUH (YacTOTHI) PE30HAHCHBIX IEPEXOI0B MOKHO PACCMaTPUBATh KaK (PyHKIIMA MHOTHX Tapa-
METPOB T;, YACIO KOTOPHIX Oouibiiie 1. i3MeHeHust 3TUX mapaMeTpoB MPUBOAUT K PacCHpeieTICHUIO
ONTHYECKUX HAHO-IIEHTPOB 10 YaCTOTaM, OIMCHIBAIOIIETOCsS MHOTOIApaMeTPHUECKOM (BYHKIIMEH
g(A(xy...x,)). llpu 3TOM gaxe MOHOXPOMATHYECKOE BO30Y)KICHHE CHCTEMbI Ha YPOBEHb C
sHeprueit E; (21 ...x,) MOXET HE IPUBECTH K BBIICICHUIO ONMTUYECKUX HAHO-IIEHTPOB OJMHAKO-
BOTO THIIA, TaK KaK (pUKcaIysl 3HaueHUS QYHKIIMH MHOTHX HIEPEMEHHBIX HE (PUKCHPYET 3HAYCHUH
apryMeHTOB (MOXKET OBITh HECKOJIBKO JIOKAJIBbHBIX SKCTPEeMyMOB). Takum o0Opa3oM, MOXKeET ObITh
HAJIOXKEHO JIIIb yciioBue [9]:

AEZ](IllL'n):EZ(ZL'll’n)—E](ZL'll’n) :hwij,

U3 KOTOPOTO CJIEyeT, UTO MPH CPABHEHUH JIBYX PA3HBIX PE30HAHCHBIX MEPEX0/I0B, UMEIOIIUX OJUH
o0Imuil ypoBEHb, OCTAaBIINECS HE(UKCUPOBAHHBIMU MApaMETPhl HA OHOM IepeXojie, BIMSIIOT Ha
SHEPrulo (4acToTy) Apyroro nepexosna. OT cTeNneHH Takoi (pUKCallMU 3aBUCUT CTENEHb COXpaHe-
HUsI KOTEPEHTHOCTH B MHOTOYPOBHEBOM cHCTeMe IpHU €€ BO30YKJAEHUHM Ha Pa3HbIX PE30HAHCHBIX
nepexoaax.

B nanHoil paGore uccinenyercss (GpopMUpPOBaHHE CTUMYIMPOBAHHOIO (POTOHHOIO 3Xa B
CUCTEME TPEXYPOBHEBBIX HAHO-T€HUTOB B 3aBUCUMOCTH OT BEJIMUMHBI KOPPEISALUU HEOIHOPOIHOTO
YIIUPEHUS HA Pa3HbIX PE30HAHCHBIX Mepexoax.

2. OcHOBHbIC ypaBHEHHS

VYpaBHeHUE 711 OHOYACTUYHOM MaTpHUUbl IJIOTHOCTU B CHCTEME KOOPJMHAT, CBSI3aHHOU
C YacTHIIEH, 3aUIIeM B BHUJIC

op
Zha = [H7 p] ) (1)

tne H = Hy+ Ho+ U +V, Hy u Ho —raMuIBTOHMAHBI KBAHTOBOM CHCTEMBI M OKPY>KaIOIIEH
cpenbl, U — oneparop UxX B3auUMOJAEUCTBUS, | — oneparop B3auMOJEHCTBUS KBAHTOBOW CHCTEMBbI
¢ uanydeHneM. Cunras pejakcallMOHHBIE TIPOIECChl MApKOBCKUMH, U3 (1) MOXkHO TosyunTh [11]:

9pij
ot

e Kjj, — penakcanoHHble KO3(QQUIMEHTSI.

[Tpu onrcanuy B3aUMOACHCTBHS KBAHTOBOW CUCTEMBI C U3JTyY€HUEM OTPaHUYHUMCS ClTyda-
€M KOPOTKHX JIa3€PHBIX HMITYJIbCOB, [UIUTEIILHOCTHI0 At < BPEMEHU HEOOPATUMBIX PEJIaKCaIlH.
Takum 00pa3om, BO BpeMs ACHCTBHS 7)-TO UMITyJIbCa YpaBHEHUE AJIS MATPHIIBI TUIOTHOCTH BO
BpalllalolIeiicss cucTeMe KOOpJMHAT MOXKHO 3aIlucarh B BHJIE

= —£ [V, pl;; Z Kijripri, (2)

op i

o =7 Bl )

rIe

B, = Hy + ‘};7 —hA, Hy = At Hye A, ‘;;7 _ eiAt‘/ne—iAt7
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A —wmarpuna nepexozia BO BpAIAONIYIOCS CHCTEMY KoopauHar. PemieHue ypaBHeHus (3) 3amm-
IeM B BHJIE

p(t —t,) = exp {—ih ' B,(t — t,) } p(t,) exp {ih "' B,(t — t,)}, 4)
rzie t,, — MOMEHT BPEMEHU Havajla BO3AECHCTBUS 7)-TO I/IMHyJIbca. OKalMIIAIOIIHNE SKCTIOHEHTHI B (4)
MOJKHO BBIYHCIIUTH METOJaMU (QYHKIUK OT Marpull. B xadecTBe mpumepa HaiijeMm (QyHKIUIO OT
MaTpuIel f (aan), rae B, —KBaaparHas MaTpuLa IOPSIKA 1M1, Oty = ih_lAtn. Kopau marpurbt
o, B, HalizieM U3 CEKyJIIPHOIO ypaBHEHUS

N — a,B,| =
rae [ —enuHuyHasg marpuua nopsiaka m. Ilycte kopHu 6y)1yT AL

sy s E ms = m. Torma
S

s

f (O‘an) = Z [f O"m) ZIZI + f/ (/\kn) ZIZZ +.o..t f(mk_l) O‘kn) Zlgmk] ’ (5)

k=1

sn» TA€ M — KPaTHOCTb KOPHsI

e Z;) — KOMIOHEHTH! MaTpuisl f (o, B,;;), KOTOpbIe HaXOMSTCS U3 CHCTEMBI YPaBHEHUI

S

9i (o By) = Z [9: Nen) Zih + 9i (Mwn) Zily + - ], (6)

k=1
rIe

G A) =X =1,9N)=A...9m(\)=\""",
g1 (o Bn) =1, g2 (anBy) = By ... g (0 By) = ' ' B 1.
Y00HO TaKKe 3aIHCcaTh MAaTPUIly INIOTHOCTH B (4) B BUzE
p (t) = Z Pap (t) Pog, (7

ap
rae P, 3 —npoektuBHble Marpuusl. [loacrasmnss (7) B (4) nomydum

t + At Zpa@ a"ﬁnpagea"ﬁ" = Z ,0 p,ﬂ;alg 8- (8)
aByd
3nech
szwﬁp'yé = e P Pygetn P, ©)

Takum oOpa3oM, A TOro YTOOBI HAWTH MaTpHIly IUIOTHOCTH IOCIIE BO3AEHCTBHSA 7)-TO
UMITYJIbCa, HEOOXOAMMO BBIYUCIUTH KOA(PPHUIIUEHTHI pz S

Ha BpeMeHHBIX MHTEpBajlax MeXAy BO30YKIArOIIMMU UMITYJIbCAMU 3BOJIOLUS MaTpPUILIbI
IUIOTHOCTH BO BPAIAIOMICHCS] CUCTEME KOOPIUHAT OyJeT OMUCHIBATHCS KMHETHYECKUMH ypaBHE-
HUSIMH BHJIA

dﬁnn ~ ~
- Z (Kn’npn’n’ — Knn’pnn) 5 (10)

dt
dﬁnn’ o . 1
dt = < ZAnn é-nn/ > ) (1 1)
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rae K,y —kodppUIKMeHTsl penakcaliy IUaroHaJbHOW YacTH MaTpPULbl IUIOTHOCTH, a &y —
HeuaroHanbHOU yactu. Pemenue cucrems! (10) umeet Bug

p=c?po, (12)

TaAc po — HA4YaJIbHOC 3HAYCHUC MAaTpHUIbl INIOTHOCTH. B cjydac TpGXypOBHGBOfI CUCTEMBI

Q = —K 1P+ K3 Prg — Ko Poo,

rne K7 = Ky, Ky = K33+ K31. Pacuer marpunst F' = exp (Qt) MeTogamu GyHKIHI OT MaTPHIL
naeT

K.
Fll - _K1t7 F12 - _%KzKl (G_Klt - 6_K2t> s

Fypy=Fy =F3=0, Fp=c ™ [Fyp=1,
v =K Kj + K)K}.

COOTBGTCTBeHHO, JIUISL HeAUaroHaJIbHON 4acTh MaTpHuiibl IIJIOTHOCTH 6yz[eM HUMCTb

1
Pnn' = €XP <_iAnn’ - ¢ /> p?m’a (13)

e
Ap =B AE 0 (71 ... 20) — Wot -

Takum 00pazoM, pa3pylieHHEe KOTEPEHTHOCTH B PE30HAHCHON CHUCTEME MOXKET MPOUCXO-
JUTh HE TOJBKO 33 CYET HEOOPATUMBIX peaKcaluid, HO TaKXKe 3a CYST YaCTHYHOW (pukcamuu
SHEPIrUU OJHOTO PE30HAHCHOTO MEPEX0Ja OTHOCUTEIBHO SHEPIUU IPYTOro Nepexoa.

3. BiusiHne HeKOPPEJIHMPOBAHHOCTH HEOAHOPOIHOI0 YUIUPEeHHs HA (pOpMHUPOBaHHE
CTHUMYJIMPOBAHHOTO ()OTOHHOIO 3Xa B TPEXyPOBHEBOIi cucTemMe

I'amunsTOHUAH TPEXYPOBHECBOI'O OIITUYCCKOTO HAHO-ICHTPA B KpHCTaHHquCKOﬁ Marpuie
BO Bpamalomeﬁcsi CUCTCMC KOOPAHWHAT 3allMIICM B BUIC:

Hy = hAPy + Pyshl (A + A'm (D, 2y ... 2,)) (14)

e A = htEp (2 .. .Tp) — w, P,; —IPOEKTUBHBIC MATPULIBI (MMEIOT JIEMEHT j paBHbIH
€IMHMIIC, a OCTaJbHBIC PaBHBIC HYNIO), ' — mapamMeTp HEAKBUIMCTAHTHOCTH CUCTEMBI, TTapaMeTp
m (I, xy...2,) ONpemensier HEOTUHAKOBOCTh B3aWMOJICHCTBHS ONTHYECKOTO SJICKTPOHA C JIO-

KaJIbHBIM KPUCTAINIMYCCKHUM II0JIEM B PA3HBIX COCTOSHHUAX (lim m (F, T1... l’n) = 0) , A’ — 0~
I'—1

MOJTHUTEJIbHBIA YaCTOTHBIM CJIBHT, CBSI3aHHBIM C YaCTUYHOW (puKcalmen sHepruu nepexoga 1 — 3
OTHOCHUTEIIHO HEpruu nepexonga 1 — 2.

KoaddurmeHT Koppesiiuu HeOJHOPOIHOTO YITUPEHUS Ha Pa3HBIX YaCTOTHBIX IMEePEXoaax
BBeaeM aHajoruyHo [10]:

R = [ [ =2 e 25 (5 6, (o) anasy (15)

—00 —00
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(.999 —
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(0.998 —

Puc. 1. 3aBucumocts k03pPUIHEHTa KOPPEISAIUU 215 13 HEOMHOPOTHOTO YIIIH-
peHHMs Ha ABYX pa3iM4HbIX mepexonxax ot mapamerpa m (L', xq ... x,) ciaydaitHoro
B3aUMOJICHCTBHSI ONTUYECKOTO AJICKTPOHA C JIOKAIBHBIM IOJIEM M OT HIMPHUHBI 0
pacnpenesnenus g, (A’) TOMONTHATEIBHBIX YaCTOTHBIX CABUTOB A’ M3-32 YaCTHIHON
(dbuxcaru sHeprun nepexona | — 3 oTHOCHTENBLHO dHEpruu nepexoxa 1 —2

fiz=4, fuis=TA+Am{,21...2,)), faz=f13— A,

Zip = 7 7 fixg (A) g1 (A') dAdA,

—00 —00

O = / / (fir — zix)” g (A) g1 (A) dAdA,

—00 —00

a pacrpesieNieHus ONTHYECKUX HAaHO-IIEHTPOB 1o yactotaM ¢ (A) u gy (A’) Gymem cuurars rayc-
COBBIMH C JIUCTIEPCUAMH 02 M ¢'? COOTBETCTBEHHO. TakuMm 06pa3oM, KaxIoi H30XpoMare HeoJl-
HOPOJIHO YIIMPEHHOW JIMHUU Ha OTHOM IIepeX0/ie COOTBETCTBYET HAOOP N30XpOMAT HEOJHOPOIHO
YIIUPEHHON JMHUM Ha APYroM IEpeXoje, YTO MOXKET NMPHUBOAMUTH K morepe (pa30BOM MamsTH
paccMarpuBaeMoil cuctemsl. B cBoro ouepenn norepst (pa3oBoi maMsITH MOXKET OKa3bIBaTh Cylle-
CTBEHHOE BJIMSHHE HAa (OPMHUPOBAHHE ONTUYECKUX MEPEXOAHBIX MPOLECCOB B MHOTOYPOBHEBBIX
CUCTEMAX.

Ha puc. 1 npencraBneHsl pe3yabTaTbl UUCIEHHOTO pacyeTa Ko3((UIMEHTa KOppesuu
HEOJIHOPOJIHOTO YIIUPEHHS Ha pa3HBIX YaCTOTHHIX mepexomax (1 —2 u 1 —3).

U3 puc. 1 caenyert, yTo k03(pPUIHMEHT KOPPEIALUU 11513 HEOIHOPOIHOTO YIIMPEHUS Ha
pa3HbBIX YACTOTHBIX MEPEXOaax yMEHbIIAeTcs ¢ yBennuenueMm mnapamerpoB m (I, zy ... xz,) u o,
YTO HNPUBOAMT K noTepe (Ha30BOM MaMATH CUCTEMBI.

Paccmorpum dopmMupoBaHue cTUMYITHPOBAHHOTO POoTOHHOTO 3Xa (CDD) B cucreme Tpex-
YPOBHEBBIX ONTHYECKUX HAHO-LICHTPOB C HEIKBHIMCTAHTHBIMH YPOBHsMHE | 1), |2), |3) ¢ sHep-
rasimu ), h€)y, Ay cooTBeTCTBEHHO, pUC. 2.
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& o y hely
2 > - O,
(3)

(1) - (2) W13

“wi2 i)
11> e,

T19 723 e

(n)

Puc. 2. Cnexrp Bo30yxnenns CPD B TpeXypOBHEBON CUCTEME. W, ~HECYIIas Ya-
CTOTA 7)-T0 JIA3€PHOr0 UMITyJIbCa Ha MEPEXOIE ¢], t. — BpEMsI MOABJICHUS OTKIIMKA
C®D. JlmurenbHOCTH BO30YKIAIOMUX Ja3€pHBIX MMIYIbCOB At, OyaeM cuuTaTh
JIOCTAaTOYHO MAJIBIMM, YTOOBI UX YaCTOTHBIM CIEKTP MOJTHOCTBIO IIEPEKPBIBAII HEOI-
HOPOJHO YUIMPEHHBIE JIMHUN PE30HAHCHOU CpPEelbl

________________

0.8}
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|
’//////////I/////J//fff%/ffl’

0.6-4

0.4

i : 0.05 006 0.07

Puc. 3. 3aBUCMMOCTb MHTEHCHUBHOCTH OTKJIMKAa CTUMYJIHUPOBAHHOIO (DOTOHHOIO
sxa ot mapamerpa m (I',xq...x,) CIy4ailHOro B3aUMOAEHCTBUS ONTHYECKOTO
3JIEKTPOHA C JIOKAJIBHBIM IOJIEM W OT HIMPHHBI 0 pacmpenenenus g; (A’) momon-
HHUTEIBHBIX YaCTOTHBIX CABUIOB A'M3-3a 4aCTUYHOM (DUKCAIMH SHEPTHH TIEpexoia
1 — 3 oTHOCUTENBHO 3HEpruu nepexoaa 1 —2

Marpuiry mioTHOCTH TOCIe BO3ACUCTBUS 7)-TO Ja3epHOTO MMITyJabca Hainem u3 (3), roe
MaTrpHiia IMepexo/ia BO BPAIIAIOIIYIOCs CUCTEMY KOOpAUHAT OylieT UMeTh BUI A = Paowio+ Paswis,
a MaTpUILy oleparopa B3aUMOACHCTBUSA C 7)-M JIa3epHBIM UMITYJIbCOM 3alUILIEM B BUJE

‘7(77) — P12V1(277)6—io.212t + P21V2(177)6imzt + P13V1(:;7)€—M13t + Pglvé(?)eimst’
‘/;kn) — _%dzké—gz) eiwijt—iE(n)F’

T I — PaauyCc-BEKTOP MECTOIOJIOKEHHUS ONTUYECKOTO HAHO-IIEHTPA, d;; — IATIOIbHBIA MOMEHT

nepexoza ik, 587) — HAIPSDKEHHOCTD AJIEKTPUUYECKOTO 10Js1 Pypbe-KOMIIOHEHTHI 7)-T0 JIA3€pPHOTO
HMITYJIbCA.
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HaHp}I)I(eHHOCTB QJICKTPHUYCCKOI'O ITIOJIAI OTKJIMKa B BOJIHOBOM 30HC, B TOYKC Ha6J'IIOI[eHI/IH
C paanycC-BEKTOpOM R 3anumiem B BUJC

B=Y ;‘ [<J; (t)) x| x 7 (16)

CQ‘R—F]'

I7ie 7; — pajuyCc-BEKTOP MECTOINOJIOKEHHUS j-TO ONTHYECKOIO HAHO-LIEHTPa,

i} (d(t)) =sp (dp().

c

a peleHne UIsl MaTPHLbI INIOTHOCTH p (t) mosyuaetcs u3 (4), (7), (9), (12) u (13). B ciayuae ecnu
Ky < mu Ky < 75, MOXKHO IpeHEOpeUb BIUSHUEM MPOJOJIBbHOM pelakcalui Ha MHTEHCUBHOCTh
OTKJIUKA CTHUMYJIMPOBaHHOTO ()OTOHHOTO 3Xa M u3 (16) ciemyer 3aBUCUMOCTh HANPSHKEHHOCTH
AIIEKTPUUECKOTO TOJISI OTKJIMKA OT HEKOPPEIMPOBAHHOCTH HEOHOPOIHOTO YIIMPEHHUS Ha Pa3HbIX
YACTOTHBIX MepexXoax U BEJIMYMHBI MONEPEUHON HeoOpaTUMOM peraKcalliu:

E(t) ~ //@(t,A,A’)g(A)gl(A’)dAdA’ exp{—%—t_?T_m}, (17)

—00 —O0

rae

r

Ha puc. 3 npexcraBiieHbl pe3ylIbTaThl YNCICHHOTO pacyeTa OTHOCHTENbHOM HHTCHCHBHO-
2 2
crtu otkimka COD Joy = |E (1)|”/ [Emax ()|

O (t, A, A) = exp {mr {(t T — T3) (1 - %/m (T, 21...20) — 2)} } .

0.9 §
0.8 X
0.7

B
0.3
0.2 E\S\&
‘S“TEE:;% =
0O 5 10 15 20 2?%0 35 40 4?—%%

Puc. 4. 3aBucMMOCTh MHTEHCHUBHOCTH OTKJIHMKA CTHUMYJIHUPOBAHHOTO (DOTOHHOTO
9Xa OT BPEMEHU MEXKIy | M 2 Ja3epHbIMH UMIYJIbCAMH Tio IIPH Pa3IMYHBIX Bpe-
MEHaX TOMEPEYHON pelaKCallii U Pa3IuYHBIX MapamMeTpax CIy4aliHOTO B3auMO-
JNEHCTBHSI ONITUYECKOTO JIEKTPOHA C JIOKATBHBIM ITOJIEM 17

0 — 3aBHCUMOCTh MHTEHCUBHOCTH OTKIHMKAa CDPD 0T Ty npu §;; > Ti2, m = 0.04;
[ — 3aBHCUMOCTBh MHTEHCUBHOCTHU OTKIMKAa CDD 0T Ty 1pH &;; ~ Ti2, m = 0;

() —3aBHCUMOCTb UHTEHCHUBHOCTH OTKIHMKAa CDD 0T 715 1pu &;; ~ T12, m = 0.04.
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CpaBHenue puc. 3 u puc. | mokasplBaeT, 4TO HEOOJbLIME M3MEHEHMs Kod(duuueHTa
KOppensiuuu 1513 HEOAHOPOAHOIO YIIMPEHHS HA PAa3HBIX YACTOTHBIX NEPEXOAAX NMPUBOAMUT K
3HAYMTEIBHOMY YMEHbIICHHUO nHTeHCHBHOCTH CDD ¢ yBenuuenuem napamerpoB m (I, z1 . .. zy,)
U o', 9TO SIBJISETCS CIIEACTBUEM NOTEpU (Ha30BOil MaMATH CHCTEMBL.

BappupoBaHue BpeMEHHOIO UHTEpBAIA Tio IPUBOIUT K U3MEHEHHUIO HUHTEHCUBHOCTH OT-
kiuka CO3, o0yclnoBIEHHYIO IABYMs NPUYMHAMU: BO-IEPBBIX, PEIAKCAIIMOHHBIM 3aTyXaHHEM
(€12, &13) M, BO-BTOPBIX, K 3aTYXaHHUIO 33 CYET HEKOPPEIUPOBAHHOCTH HEOJHOPOIHOTO YIIUPCHUS

(puc. 4).

4. 3axjaouyeHue

[TokazaHo, 9TO B pPaCCMOTPEHHOU cXeMe BO30ykIeHUsT KOA(P(DUITUSHT KOPPEISIIUN HEOI-
HOPOJHOTO YIIUPEHHSI Ha JIByX Pa3IMYHBIX Nepexonax Ris 13 U MHTEHCUBHOCTH OTKJIMKA CTUMY-
JIMPOBAHHOTO (DOTOHHOTO 3Xa 3aBHCAT OT MapamMeTpa CIIy4allHOrO B3aMMOJCHCTBHUSI ONTHYECKOTO
3JICKTPOHA C JIOKAJBHBIM IOJIEM 1M M OT YaCTOTHBIX CABUTOB ¢’. [IpryeM He3HAYUTEIHHOE U3Me-
HeHHe K03((UIMEeHTa KOPPEISALUY IPUBOAUT K 3HAYUTEIILHOMY CIIaJly HHTCHCUBHOCTH OTKITHKA.
[Tpu u3menenun BpeMeHH T2 (1° >> T15) MKy JTa3epHBIMU UMITYJIbCAMH MOTY4YaeTCs TOMOTHHU-
TEJIFHOE 3aTyXaHHe aHAJIOTUYHOE pelaKcaluy 3a c4eT d(p¢deKTa HEKOPPETUPOBAHHOCTH.
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PaccMoTrpeHo koaupoBaHue MHGOPMAnuM B HAHOBPEMEHHBIX HWHTEPBANaX MEXIy BO30YXKIAIOIIUMHU JIa3epHBIMU
UMITyJIbCAMH B ONTHYECKOM dXO-IIpoleccope. BBeneHsl MHGOPMAIMOHHBIE MEPBI ISl ONUCAaHUs NpeoOpa3oBaHus
KJjaccudeckod MH(opMaluy B KBaHTOBYI0. IIpu npeoOpazoBaHuM KilacCHYecKoil MH(pOpMalMH, 3aJ0)KCHHOW B Ha-
HOBPEMEHHBIC MHTEPBAJIbI DILEJIOHA JIA3ePHBIX UMITYJIECOB B KBAHTOBYIO, HauOosee MOAXOJSIIEH MepOo SBISIETCS
KBaHTOBasi WH(OpMaLMOHHAS Mepa, OCHOBaHHAs Ha aJrOPUTMHYECKOH TeopuH MH(POpPMAIMU, TaK KaKk OHA UMEET

HauOOJIBIYI0 KOPPEISILHUIO C KJIACCHUECKOH HHPOPMALMOHHOM MEpOii.

KaroueBble ciioBa: poTOHHOE 3X0, HXO-IIPOLECCOP.

1. Baeaenue

HccnenoBaHus o ONTHYECKOM 00paboTKe M XpaHEHHIO MH(POPMAIMK TOKa3bIBAIOT OOJIb-
IIM€ TEePCIEKTUBBI MO CO3JaHHI0 OBICTPOIEHCTBYIOIMX HPOLIECCOPOB, B YACTHOCTH — ONTHYE-
CKUX 3XO-TpoleccopoB [1], OCHOBaHHBIX Ha UCIIOJIb30BAHUU CUTHAJIOB (POTOHHOTO 3Xa. B 3TOM
cilydae MH(pOpMAIUs MOXKET ObITh 3aJ0)K€Ha B aMIUIUTYIHO-BPEMEHHYIO (hopMy BO3OYXJaroIInX
Jla3epHBIX, B BOJHOBbIE (DPOHTHI U MOJIAPU3ALNIO UMITYIbCOB, B SIIEIOHBI UMITYJIbCOB.

JleMoHCTpanysi 4aCTOTHO-CEJIEKTUBHOM ONTHUYECKOM HamsTH, IZe 3almuch U o0paboTka
JAaHHBIX NPOUCXOIUT KaK B HAaHOBPEMEHHBIX, TaK M B YaCTOTHBIX MHTEpBajax OIMCBHIBAECTCS B
pabote [2]. Dxo-nporueccop B pexXUMeE JTOJIT0KUBYIIEr0 (POTOHHOIO 3Xa, B KOTOPOM coYeTaroTCs
JIOCTOMHCTBA OJIHOBPEMEHHOMN 3aIlUCH TUHAMUYECKOW HHTep(heporpaMMsbl ¢ JUINTENIbHBIM €€ Xpa-
HeHHueM Obu1 mpeyiokeH B pabote [3]. KoHCTpykuus JaHHOrO Imporeccopa jJajia BO3MOXXHOCTb
IPOJIEMOHCTPUPOBATh B [4] IUIOTHOCTH 3alMCU M 00pabOTKU MH(POPMALIUH MOPsIKa HECKOIBKUX
TUrabuT/cM>, MCIIONB3ys CHKATHE M PACTSHKEHHE MH(POPMALMOHHBIX CUTHAJIOB IyTEM OBICTPOTO
MU3MEHEHUs UX HEeCyIlel 4acTOThlI.

C ToukM 3peHus TeopuH MH(POPMAIMM MOXKHO MPEACTaBUTh 3XO-MpoLeccop Kak HH(pOp-
MAallMOHHBIM KaHaJl C NaMAThIO M IIyMaMH, Ha BXOJE€ M BBIXOJE KOTOPOro MH(pOpMAIUs HMEET
KJIaCCUYEeCKUH BUJ, a BHYTPU KaHaia — KBaHTOBbIM. Takoill kaHan oOecrieuuBaeT mepenady |
npeoOpa3oBaHue MH(MOPMALUU MEXIY pa3IMYHBIMM MOMEHTaMH BPEMEHHU U HallpaBJICHUSMU B
IIPOCTPAHCTBE.

Paccmorpum cucremy (cooOmieHue), ONMMChIBAEMYIO TIepeMeHHBIMA A (KJIaCCUYeCKUMHU
WIN KBaHTOBBIMHU) M MOCTPOMM €€ KJIaCCUUeCKOe W KBaHTOBOE omMcaHue. B xiaccuueckoil mH-
dopmanmonHo# Teopuu onpeaenuM lLIeHHOHOBCKYIO SHTpoIHO st A:

Je = _Zp(a) 10g2p(a)7 (1)
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rie epeMeHHasi A IpUHUMAET 3HAYCHHE @ C BEPOSITHOCTHIO p(a). KBaHTOBBIM aHAJIOTOM SIBIISIETCSI
surponus ¢pon Heiimana Jy, (pa):

Jpn = —Tra[palogy pal, (2)

rae Tr4 o3Hauaer cien 1Mo CTENEHsIM CBOOOIBI MOACHCTEMBI A.

B nanno# pabote MBI HCCIeAyeM MPOIECChl TPEOOPaA30BaAHUS KIIACCUYECKON JUCKPETHOM
uHPOpPMAINH, 3aJ0KCHHYI0 B HAHOBPEMEHHBIC MHTEPBAJIBI JIICIIOHA JIA3CPHBIX HMITYJIbCOB B
KBaHTOBYIO.

2. Durponus ¢pon HeiiMaHa NpH ONUCAHUM CHCTEM C KOT€PEHTHOH Cynepno3uuuei
0a3UCHBIX COCTOSIHUM

Haiinem Bbipaxkenue Juist suTpornuu Gon Heiimana Jp, = — Try [palog, pa] ans nByx-
YPOBHEBOW CHUCTEMBI, OMMCHIBAEMON MAaTPUILEH TUIOTHOCTH

p= P11 P12
P21 P22
s pacuera log, p IpUMEHUM METO/IbI BEIYUCIICHUH (QYHKIUN OT MaTpHll. DHTpOMus GoH
HetiMana OyneT onuChIBaThbCS CIICAYIONIUM BBIPAKCHUEM:

1

\/,011—,022) ‘|‘4|,012|2

Jpn = —Tralpalogy pal =

A
[2 |p12|” log, /\—j+

1

+ 5,011 <,022 — P11 — \/(,011 - ,022)2 +4 |,012|2) logy A1 —
1 2 ) log, A

— 5,011 P22 — p11 — A/ (P11 — p22)” + 4 |p12] 089 A2 —
1 >+ 4|pl? ) log, A

- §P22 P22 — P11 — (Pll - 022) + |012| 089 A1 —

- 5022 <P22 — P11 — \/(011 - P22)2 +4 ’p12’2) log, >\2:| . 3)

[Tpu oTcyTCcTBUM B CUCTEME KOrepeHTHOCTH u3 (3) ciemyer

lim Jp,(p) = —pu1logy poa. 4)
lp12|—0

B nienom nporiecc 3anucu u Bocnpou3BeaeHus ”HGOpMaluu B pe30HaHCHOM cpene [7, 8]
MOXHO IIPEICTaBUTh B BUJE pUC. |.

[Tonydennas cTpykrypa sHTponuu (GoH HeliMaHa OKa3bIBAaET, YTO OHA HE MOXKET OBIThH XO-
pouiei Mepoil KBaHTOBOW MHGOPMALIMK B Cilydae HAJIM4Ms KOTepEeHTHOCTH B cucrteme. OHa MaJlo
qyBCTBUTEJIbHA K U3MEHEHHUIO HEAMArOHAJIbHON YaCTH MaTPHILIbl IUIOTHOCTH, B KOTOPOH 3aJ10KEHa
uH(OpMaIys 0 KBaHTOBBIX (azax. [Togxoxsmieir Mepoil KBaHTOBOM MH(DOPMAIMH MPH HATHYHH
KOTEPEHTHOCTH B CHCTEME MOXKET CIYKUThb K — CIIO)KHOCTb U NPUIOKEHUS aJITOPUTMHUUYECKON
TEOpHH MH(OPMAIINU K OMMCAHHUIO KBAHTOBBIX MH(POPMAIIMOHHBIX MpoLeccoB [7, 8].
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Puc. 1. IlpeoGpa3oBanue HH(OPMALIUU B ONTHYECKOM 3XO0 IPOILIECCOPE. (v:C — BXO-
JSIIAE B KBAHTOBYIO CHCTEMY KJIACCHYECKHE ¢ — OUTHI, [3-e+ [ - ¢ — nrdopmarus,
XpaHsIIascs B KBAHTOBOW CHCTEME B BHJIE BUPTYaJbHBIX U KBAHTOBBIX OMTOB, € —
BUPTYyaJIbHbIE KBAHTOBBIC aHTHOUTHI, BOSHUKAIOIINE U3-32 MEPEyThHIBAHUS COCTO-
SIHUI KBAHTOBOW CHUCTEMBI C COCTOSIHUSIMH pe3epByapa, - ¢ — BOCIPOU3BOIUMAS
KJIacCUuecKas HHpopMarus

3. KsanrToBasi crpykrypHasi uHpopManus B cpeae ¢ (pa3oBoH NaMATbIO

[TockonbKy HOCHTENEM CTPYKTypHOU MH(pOpMAIMK B PE30HAHCHOW Cpefe SIBISIOTCS Iie-
pexXoAHble TUHAMUYECKHUE PELIETKH, ONUChIBAEMbIE MATpPULEH MJIOTHOCTH, TO CTPYKTypHasl UH-
(dopmarus OKa3bIBaeTCs 3aJ0KEHHON B aMIUTUTYIHO-(a30BOM CTPYKTYpe MaTpHIbl INIOTHOCTH p.
ComnocTaBuM Takoi MaTpulle B3BELICHHBIN rpad.

B kadectBe 00bekTa paccMoTpuM rpad (G, COOTBETCTBYIOIIMI MaTpHIe IUIOTHOCTH CH-
cTembl aneMeHTsl Kotoporo € V(G), rae V — KoHeYHOe MHOKECTBO, cocTosiiee u3 N BepIIUH
(IOMeUYeHHBIX), COOTBETCTBYIOLIUX TUArOHAJbHBIM 3JIEMEHTAaM MaTpUllbl INIOTHOCTH U ¢ pedep,
COOTBETCTBYIOIMX HEIMAroHaJbHbIM 3reMeHTaM. Takum obpasom V = I'JQ, roe I' — mHOXe-
CTBO, COZIeprKalllee IeMEHThI BepUIMH rpada, a () — MHOXKECTBO, COZIEprKalllee JIEMEHThI pedep.

OTHOCHTENBHOU CIOXKHOCTBIO K 00bekTa (G OymeM CUMTarh MHHUMAIbHYIO JUTHHY [(p)
nporpaMMsl p nonyueHus u3z G oobexra G. Onpeaenum KoJIMUecTBO CTPYKTypHOU HH(popMau
B (G otHocurenbHO (G Kak

J =K (G,Go) — K (Gy). (5)
ANTOpUTMHYECKHUil Mpoliece ToydeHus u3 obbekta G oObekTa () paculeHuM Ha OT-

JICJIbHBIC IIard OTPaHMYEHHOW CIIOKHOCTH. Kask/plii 1mar COCTOUT B Iepepad0TKe BO3HUKIIETO K
ATOMY Iary coctossHus oobekra (G B coctosiHue Gyq:

G* =Dy (GY). (6)
Omneparop D sBisieTcss HAOOPOM TPaBUII 1O TEepepadOTKe aKTUBHOM 4yacTtu oObekra G.
Takum oOpazom

Go=D(G). (7)

[TockonbKy MOTEHIIMAIbHAs KBAHTOBasi MH(OpMaIKs 3aJI0’)KeHa B KOTEPEHTHOM 4acTH Mar-

pHILIBI IUIOTHOCTH, aKTUBHON 4acTbio oObekTa GG Oyzmem cuutarh neMeHTsl € (). Oneparop D

OIpeIEIIUM KaK ONepaTop yAajaeHUs (YHUUTOXKEHUS) JH0OBIMU BO3MOXHBIMU CIIOCOOAMHM 3JI€MEH-
TOB M3 COOTBETCTBYIOIICH aKTUBHOM YacTu o0bekra G

D(Q) = 0. (8)

BrinosHeHne mporeaypsl (8) npusomut k ancam6iio Muoxkects Q(F). Tak kak B3BelIeH-
HOMY Tpady (G COOTBETCTBYET MaTpPHIIA TUIOTHOCTH

N
p= Z pij Lij, )

1,j=1
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rae Pj;- NpoeKTHBHBIE MaTpullbl (MMEIOT 2JIEMEHT i) PaBHBIM 1, a ocTalbHbIE PaBHBI HYIIO),
1O cymma S (t) BEJIMYUH 3JIEMEHTOB aKTHBHOW YacTH OOBEKTAa B HAYAIBHBI MOMEHT BPEMEHH
Oyner:

S (to) = abs | Y py; (to) | - (10)
i#]
Beranciisis cootercTBytomyio cymmy S'(t) = S S®*)(t) B MomenT Bpemenn ¢ mus an-
cam6ns MEOKecTB (QF), OKOHUATENEHO TOTyUNM:

J, = log, <5(—%) . (11)

Takum oOpaszoM, BbipakeHue (11) ¢ yuetom (10) ompenensieT KOIMUECTBO KBAHTOBOMU
MH(OPMAIH CHCTEMBI B (-OHTaX.

4. TIlpouecc npeodpa3oBaHusi JMCKPETHOH KJIacCH4eCKOH HH(OPMALHMHM B CTPYKTYPHYIO
KBAaHTOBYI0 HHGoOpMaNuio

Paccmorpum mpeobpasoBanue kinaccudeckoit nadopmanuu J.(A), 3a10KEHHON B 00BEKT-
HBIN J1a3epHBIA UMITYJIbC, TIPU €r0 BO3/IEHCTBUU Ha CUCTEMY JIByXypPOBHEBBIX aTOMOB B KBAHTOBYIO
uH(popManuio J;, HOCUTENIAMH KOTOPOH SBJISAIOTCS CYNEPIO3HULMOHHBIE COCTOSAHHS aTOMOB.

OOBEKTHBIN UMITYNIbC MTPEICTABUM KaK MOCIEI0BaTEIbHOCTD (DIIEIOH) 1 MPSIMOYTOJIBHBIX
Jla3epHBIX UMITYJIbCOB, Pa3/ieJIeHHBIX MPOU3BOJILHBIMU HAHOBPEMEHHBIMU UHTepBajgamu. O003Ha-
4MM BPEMEHHbIC HHTEpBaNbI Kak 7, (1 = 1...n). Toraa ¢, > 0 GygeT COOTBETCTBOBATH HAIMYHIO
UMIIyIbca, a €, = (0 — BpEMEHHOMY MHTepBaiy. JJIMTEIbHOCTh BCETO SIIEIOHA UMITYJILCOB Oy-
mer 0t = > 1, npu ycnosuu 6t < 11,15, tne Ty u T, —BpeMeHa NPOJOIBHON H IONEPEYHO
HeoOpaTUMON penakcali pacCMaTpUBaeMOM CUCTEMBI.

[l onrcanus nporecca npeodpa3oBaHus KJIacCH4ecKoil MH(QOpMaLuu B KBAHTOBYIO Hau-
OoJiee MOIXOISIINM OTPEICICHUEM KIIACCHYECKOW MH(POPMALIMU MOXKET CIIY>KUTh TU(PepeHIn-
anbHast MHPOpMAIOHHAsA SHTpoH Dyphe-CreKTpa dIeIoHa JTa3ePHBIX UMITYJIbCOB, TOCKOIBKY
B PE30HAHCHOM Cpejie HOCUTESIMU UH(OpMaLIUY SIBIIIOTCS q-OUThI, pacrpeiesIieHHbIE B ITpeienax
HEOJHOPOAHO YIIMPEHHON JIMHUM PE30HAHCHOIO IEepexo/a.

B o0mem ciydae HanpspkeHHOCTb Pypbe-KOMIIOHEHTBI 3JIEKTPUYECKOTO TM0JIs 3IIEIO0Ha
UMIYJIbCOB Oy/ieT UMETh BU/I:

tﬁ
n
—1 /
E@W) = § & / e Pt (12)
n=1 ty—1
rie v/ —4actothl Dypbe-creKkTpa, a8 MOMEHT BPEMEHH t, Hayajua JAEUCTBUSA 7)-FO UMITYJILCa OIpe-

JCJIHNM KaK
n
t77 == to + Z Tk
k=1

u OyZeM cuuTaTh HadallbHbIM MOMeHT Bpemenu ¢, = 0. Torma u3 (12) 11 BeTUYMHBI aMIUTUTYIbI
@Oypbe-KOMIIOHEHTHI AMEKTPUYECKOTO MOJIS SUIEIIOHA UMITYJIBCOB MOIYYHM:

AW) = |E (W) = \/Re (B (W) + Im(E ()", (13)

e w' = 27/,
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n n
Re (E (W) = anTn sin ¢ (w'r,/2) cos | W’ QZTk -7, ]/21, (14)
n=1 k=1
n n
Im (E (")) :Z€nTnsinc(w'Tn/2)Sin W' QZTk—Tn /2] . (15)
7]:1 k=1

Juddepenunansayro HHPOPMAITMOHHYIO SHTpoNHI0 Dypbe-CreKTpa 31IeNT0Ha JTa3ePHBIX
UMITYJIbCOB Ompenenum kak J. = J. — J,,, rae

Jo= [ p() logp (@) s, (16)
A /
p) = 7= Ao“("w),) = a7)

rae Ao (w') onpenensercs u3 BoipaxeHust (13) npu oOMHAKOBBIX BPEMEHHBIX MHTEPBANAX T, Je,
onpesensercs aHanoruyHo (16) nmpu oJMHAKOBBIX aMIUINTYAAX €, M BPEMEHHBIX MHTEPBAJIOB T
B BeIpakeHusx (14) u (15) .

Jlnist HaXxoXK/IeH!s BEIMYMHBI KBAHTOBOW MH(popManuu (anroputmudeckoit wim ¢on Heii-
MaHa) HaJl0 BBIYMCIIUTH MATPHUILy IFIOTHOCTH PE30HAHCHOM CHCTEMBI MOCTIE BO3ICHCTBUS OOBEKT-
HOTO MMITyJIbCa (DIIETIOHA).

Halinem marpuily INIOTHOCTH IIPU B3aUMOJEHCTBUM aTOMa C OTAEIBbHON Dypbe - KOMIIO-
HEHTOM IOJIA 3IIEJIOHA UMITYJIbCOB € MOCIEAYIOIMM yCPEIHEHUEM 10 BceM dacroram. Hanps-
KEHHOCTb IEKTPUYECKOro nojisi Pypbe - KOMIIOHEHTHI 10JI1 UMITYJIbCa 3allULIEM Kak

- 1 . / : /
E(W) =5 |B" (W)™ + B (W) e (18)

YPaBHCHI/Ie JJIsL q)ypBG-KOMHOHeHTBI OI[HO‘I&CTH‘IHOﬁ MaTpullbl INIOTHOCTHU B 3TOM CJIy4ac
3allMIIeM B BUJC

op i
T __"IB 5 19
5 = 5 BAl (19)
rac
B=J,—hA+V, J,=h(Q—-Q) Py, A= (w—uw)Py,

. , , ~ 1
eizAt — Pll + PZZQiZ("J_W )t’ V = _id [E* (w') P12 + FE (w’) PZl] )
B_ 0 —3dE* (W)
"\ -LdEW) mlw-9))

d — IMIIONBHBIA MOMEHT PE30HAHCHOIO IEpexofa, a [F;; — MPOEKTUBHBIE MAaTPHUIBLI (MMEIOT dIIe-
MEHT ¢j paBHBIN 1 , a octanpHble = 0) .
Pemenue ypaBuenus (19) 3anumem B Buze

plt) = e Pp(0)e™ (20)

OkoHYaTeNbHBIN PE3yNbTaT JJI BEIHYUHBI KBAHTOBOW aJTOPUTMHUYECKON HH(MOpMAIIUU
OyIeT UMEeTh BU/I:
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Puc. 2. Uudopmarmonnsie Mephl B Cllydae H3MEHEHUS TOJI0KEHUSI CPEHETO UM-
HyJbca B 3IIENIOHe 00BEKTHOTO UMITynbca. £ = 71 /(1 + 7); 0 = 7/2 — momwans
00BEKTHOTO UMITYJIbCA; N = 0 - 0t = b, Te 0 — IUPHUHA HEOJHOPOIHO YIITUPEHHON
JVHHAH, 0t — JUTATEIIEHOCTH DIIIEJIOHA UMITYJIBCOB.

vV — J. ,ki1accudeckass HH(pOpMaIus;

— - J,, KBaHTOBas HH(OpMaIys;

® — J¢y—Re, ACHCTBUTEINILHAS YACTh KOMILIEKCHOM 3HTponuu (on Helimana;

+ — J¢n—1m, MHAMas 4acTh KOMILUIEKCHOM 3HTponuu (on Helimana

Jy = /p(w') dw’/g(Q’) J, (W', Q) dSY, 21

e g ()') — dyHKuuMs pacnpeneneHus Mo 4acToTaM HEOJHOPOJHO YUIMPEHHOH JIMHUU PE30HAHC-
HOTO nepexofa, a J, (w', ') onpenensercs Beipaxenuem (11) .
Amnanoruuso st suTpornuu Gon Heiimana Gynem numeTsb

In= [ o) [ 9(2) I (0,00, @)

rne Jy, (p (W', €)) onpenensiercst BeipakeHueM (3). ITocne BO3AEHCTBHS HAa PE30HAHCHYIO CPEy
00BEKTHOTO UMITYJIbCA, HECYIIETO KJIACCHYECKYI0 HH(POPMALIMIO, OHA OKA3bIBACTCS pacIpe/iesicH-
HOW MEXIy OTIEIBbHBIMU U30XPOMAaTaMy HEOJHOPOJHO YIIUPEHHOHW JIMHUH, TO €CTh BO3HUKACT
«uH(pOPMAIIMOHHO - (pa3oBas pelieTkay B Mpeenax HEOMHOPOIHO YIIMPSHHOM JIMHUU PE30HAHC-
Horo mnepexona. Kaxkplii OTIeNbHBINA (-OUT MOXET COAEpIKaTh KIIACCHUECKYHO YacTh HMH(popMa-
UM (IMaroHajgbHAasl 4YaCTh MAaTPHIIBI IIOTHOCTH) M aMILTUTYIHYIO KBAHTOBYIO YacTh HH(pOpMAIHu
(HenuaroHajbHAasl 4YacTh MATPHIIbI TUIOTHOCTH).

B ciyudae, xorna uHpopmaius 3aj0keHa B HAHOBPEMEHHbBIC HHTEPBAJIbl MEXTY Ja3epHbI-
MU HMITYJTbCAMHU, MUHUMAIIBHON CTPYKTYpO# Hecymel nH()OpMAIUIO, SBIISIETCS MOCISI0BATEITh-
HOCTh TPEX MUMITYJILCOB C HEOJUHAKOBBIMH BPEMEHHBIMUA UHTEPBAJIAMU T1 U To MEXKIY HUMU. Jl1ist
TaKOM CTPYKTYpHI pesynsrar npeodpasosanusd J. — J, u J. — Jy, NpeacTaBieH Ha puc. 2 U
puc. 3.
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Ha puc. 2 npencrapneHsl 3HaueHUs] HHPOPMALIMOHHBIX MEpP MPHU WU3MEHEHUU MOJI0KEHUS
CpeaHero Bo30yKIAIOIIeTr0 UMITYJIbCa B d1IeTI0He (0OOBbEKTHBIN UMITYJIBC COCTOUT U3 3-X UMIYIb-
coB). B nannom ciyuyae HanOonbnii k03QQHUIMEHT KOppesiuu Nody4YaeTcsl Mexay Kilaccuue-
CKOH n KBaHTOBOM MH(opmatmen R, _;, = 0,92, Mex1y KiaccHueckol nHpOpManue u 3HTpo-
nueil pon Helimana Ry I = —0.39, MeXIy KIacCHYECKOM uH(popmaImet u qeHCTBUTEIHLHOM
YacThIO KOMIUICKCHOTO 3HayeHus sHrponuu ¢ou Heiimana Ry, j,, .. = —0.41, mexny knaccu-
YECKOM M MHUMOIA YacCThO KOMIUIEKCHOTO 3Ha4eHus sHTponuu Gpox Heitmana R, ., ., = 0.53.

Jomr—:.edq

nat
nat
07t
06
nst
04t
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3 L
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Puc. 3. MudopmanroHHbie MEpHI B Cilydae H3MEHEHHS TTOJIOKCHUST KPAHEro MM-
HyJbca B dIIeN0He 00beKTHOrO ummyibca. & = 71/ (11 + 72); 0 = 7/2 — momwans
00BEKTHOTO MMITYJIbCA; . = 0 -0t > 4, rie 0 — IMUPUHA HEOJHOPOIHO YITUPEHHOM
JUHHUH, Ot — JJTMTSIIBHOCTh BCETO SIIIEIOHa UMITYJIbCOB.

vV — J., Kllaccu4yeckas nHpopmarus;

— - J,, KBaHTOBas HH(OpMaIys;

® — J¢n_Re, ACUCTBUTEINIbHAS YAaCTh KOMIUIEKCHOM 3HTponuu ¢on HelimaHa;

+ — Jfn—Im, MHAMAas 4acTh KOMIUIEKCHON sHTponnK (pon Helimana

Ha puc. 3 npexncrapneHsl 3HaueHUs] MHPOPMALIMOHHBIX MEpP MPU WU3MEHEHUU MOJIOKEHUS
KpaitHero Bo30y>KIArOIIero UMITYJIhCa B JMICIIOHE (0OBEKTHBIA UMITYJIBC COCTOUT U3 3-X UMITYITh-
COB). AHAJOrM4YHO, HAUOOIBIINKA KOI(PPUIIMEHT KOPPEISAIUH MMOTyYaeTCs MEKIY KIacCHIeCKOn
¥ KBaHTOBOW MH(opmanmen [, _ 5, = 0.74, Mex1y KIaccuueckod MH(OPMAUUENd U SHTPONUEH
¢ou Heiimana R, 5, = 0.34, Mexay knaccu4eckodl HHGOpMALKEn U NEHCTBUTENLHON YaCThIO
KOMIUIEKCHOTO 3Ha4eHus >HTpornuu ¢oH Heiimana R _ Jpn re = 0.3D, MEXIy KIACCHYECKON M
MHHMMO# 4acThI0 KOMIUICKCHOIO 3HaYeHust oHTponuu ¢pox Heimana R, ., = 0.34.

Taxum oOpa3om, HauboubIIash KOppessaius HaOIoqaeTcsi MeXIy KJIacCUYEeCKOl M KBaH-
ToBOM MH(popManuel, a ¢ sHTponuei GpoH HeliMana BeiauunHa KOppENsSLUU KJIACCUUECKOW MH-
dopmanuy 3HAYMTEIBHO MEHbIIE. DTO TOKasbiBaeT, 4To ¢GoH HeiimMaHoBcKas SHTpomHs Maio
NPUTOIHA JJISl OIIMCAHUS MPOIIECCOB MPeoOpa3oBaHusl KIacCHYeCKo MH(POPMAIMH B KBAHTOBYIO
1 Gosee NoAXosIIeH ABISETCA Mepa, OCHOBaHHAs Ha aJITOPUTMUYECKOH Teopuu uHdopmanuu J,.

5. 3akawuenue

Hawnmyumeit knaccuueckoil ”HPOPMAIIMOHHONH MEpol B Cllydae KOIUPOBaHUsS MH(OpMa-
IIMM B HAHOBPEMEHHBIX MHTEpBaJaX, sABJsAeTCA TuddepeHnraibaas nHGOpMaMoOHHAsT SHTPOIHS
dypbe-crieKkTpa 31IeI0Ha Ja3epHbIX UMITYTbCOB. [Ipu mpeobpazoBaHny Kiaccuyeckoil nHpopma-
IIMM B KBaHTOBYIO, HanOoJee MOAXOAALICH MEpOil SBISIETCS KBAaHTOBasi WH(POPMALMOHHAs Mepa,
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OCHOBaHHasi Ha aJITOPUTMHUYECKONW Teopur MHPOpMAIMK TaK KaK OHa MMEeT HauOOJbIIYI0 KOp-
pEJIALNIO ¢ KJIaccu4eckoil nHpopmanonHoi Mepoil. Koguposanue nupopMaui B HAHOBpEMEH-
HBIX MHTEpBajaX MEXIy BO30YKIAIOUIMMHU JIa3epHbIMUA UMITYJIbCAMH MPUBOIUT K MUHUMATbHBIM
UCKaXXCHUAM MH(POPMAIMU B OTKJIMKE PE30HAHCHON CHCTEMBI.
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PaccmoTtpeHo pacmpocTpaHeHHe U B3aUMOJAEHCTBHE MPEAETIbHO KOPOTKUX UMITYJIbCOB B CETHETORIEKTPUIECKON cpe-
JIe, XapaKTepHU3yeMoil HEIMHEHHOCTSIMHU TPEeThero M MATOro mopsakoB. Omupasch Ha HalJeHHbIE paHee aHaIH-
TUYECKHE PELICHUs, YUCIEHHO MPOJEMOHCTPUPOBaHA YCTOWYMBOCTh CTAI[MOHAPHBIX MMIIYJIBCOB 10 OTHOIIEHHUIO K
aJIUTUBHOW MOIYJISLMU U CTOJIKHOBEHUAM. [10 OTHOIIEHUIO K MYJIBTUIIIMKaTUBHON MOLYIISLIUH UMITYIbChI OKa3bIBa-
IOTCSl YCTOMYHBBI IPH BBICOKOHM YaCTOTE MOAYJSLMU ¥ HEYCTOMYMBEI IO OTHOIIEHHUIO K HU3KOYACTOTHON MOAYISLINN.
IToxa3aHa yCTOMYUBOCTB AIIEKTPOMArHUTHOTO JIOMEHA IPU BO3AEHCTBUU HA HETO CTAL[MIOHAPHOIO UMITYJIbCA.

KaroueBnlie ciioBa: MPEACIIbHO KOPOTKUEC BJICKTPOMAIrHUTHBIC MMITYJIBChI, CCTHETOJICKTPUKHU, MApPadJICKTPUKU, NO-

MEHBI, YCTOMYUBOCTb.

1. BseneHue

JocTtmxenust B 001aCTH KBAHTOBOM 3JIEKTPOHMKH CZENaId BO3MOKHON TeHepaluio Impe-
JIEJIBHO KOPOTKHMX MMITYJIbCOB 3JIEKTPOMATHUTHOIO M3TydeHusl. JUIMTEIbHOCTh TAKUX UMITYJIbCOB
oKasbIBaeTcs nopsijaka ¢pemrocekyHs [1]. B ¢BA3M ¢ 3TUM BO3HUK €CTECTBEHHBIH MHTEpEC K BO-
IIPOCY O B3aMMOJEHUCTBUU TAaKUX UMIIYJIbCOB C BEIIECTBOM. AKTyaJabHbIM, B YACTHOCTH, SIBJISETCS
aHaJIM3 pacHpOCTPAaHEHUs! MPEAEIbHO KOPOTKHUX UMIIYJIbCOB B HEJIMHEHHBIX JUCHEPTUPYIOIIMX
cpedax B paMKax pasIM4HbIX Mozeliel cpeabl. ECTeCTBEHHON OCHOBOW BCEX MOJEIIEH SBIISIOTCS
ypaBHeHus: MakcBeia, J0NOJHEHHbIE MaTepUaJIbHbIMU YPABHEHUSAMH, ONPEACIISIONUMH MOJIs-
PHU3aLUI0 UM TOKH, UM ke ypaBHeHHeM llIpenunrepa uist 31€KTpOHOB, B3aUMOJCHCTBYIOLINX C
BHEIIHUM 3JIEKTPOMAarHUTHBIM ITIOJIEM.

3nech OyAeT pacCMOTPEHO paclpoOCTPaHEHHUE IMPENeNbHO KOPOTKHUX 3JIEKTPOMArHUTHBIX
UMITYJIbCOB B CETHETOJIEKTPHKE, HaXOASIIEMCs B Iapa3iekTpruueckol ¢asze. OnucaHue cerHero-
AIIEKTPUKA BBIIIOJHEHO Ha OCHOBe Monenu I mu30ypra-Jlannay-/leBonmmpa B cixydae 0JHOOCHOTO
CErHeTodJeKTpuKa [2]. OTKIMK Ha yJIbTPaKOPOTKUM UMITYJIbC JIEKTPOMAarHUTHOTO II0JIS C yYETOM
JUCIIEPCUN U HEIMHEWHBIX CBOWCTB TAaKOI'O CETHETOINIEKTPUKA MOXKET ObITh OIMCaH B paMKax
mozaenu [roddunra maroro nopsaka. Mcmonsys npubiarmkeHre OqHOHANIPABICHHBIX BOJIH B [3]
ObLIa [IOJTyyeHa CUCTEMa YPaBHEHUH, ONKCHIBAIOIAsl PAaCIPOCTPAHEHHUE AIEKTPOMAarHUTHBIX BOJIH
B TaKoH cpene.

B npubnmxeHnu oqHOHANPaBIEeHHBIX BOJIH YpaBHEHH MaKcBeIia CBOASTCS K BOTHOBOMY
YPaBHEHUIO

OE 10F 2w OP

% o o (D
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HOJ'ISIpI/I3aI_lI/IS{ CAMHUIIBI o0BeMa BeniecTBa P M3MEHsIETCA COIIacHO YPaBHCHUIO

2
T(?%Tf + AP+ BP*+CP° = E, ()

e 7o, A, B u C' — QpeHOMEHOIIOTHYEeCKHEe TTapaMeTpbl MOZEH, MpudeM mnapamerp A 3aBHCHT
ot temneparypbl Kak A = ag (T — T) ¥ MOXKET OBbITh MOJOXKUTEIBHBIM UK OTPUIATEIIBHBIM,
B 3aBUCUMOCTH OT TeMueparypsl 1. Ciienyer OTMETHTb, YTO B IIPUBEAECHHOM BBIIIE YpPaBHEHUU
OTCYTCTBYET WJIEH, OTBEYAIOLINI 3a yracaHue KojeOaHuil, ero MOJKHO HE yUUTHIBaTh, CUMTAs J1JIH-
TEJIBHOCTH B3aUMOZCHUCTBUS MPENEITbHO KOPOTKOTO UMITYIIBCA CO CPEIO MHOTO MEHBIIIE BPEMEHH
peraKcalyu ee NoIsIpHu3aluy. 31ech OyJeT pacCMOTPEH CIydail, Korja TeMIeparypa MpeBbIIIaeT
temneparypy Kiopu T, TO €CTh CETHETORNIEKTPUK B MapadIeKTPUIeCcKon dasze.

[lepelinem K  Oe3pa3MEpHbIM  IMEPEMEHHBIM  JJII  BPEMEHHM M KOOPIMHAThI
7 = VA(t—z/c) /1, ( = 2/L, a Takke BBeneM Oe3pasMepHbIE NepeMeHHble ¢ = P/Py—
ISl moJisipu3alid U e = F/Ey— i 9JeKTpHYeckoro moss BOiHBL. HOopMUpOBOUHAs mimHA
onpenenena BelpaxenneM L = cryv/A/2m. KosdduuuenT KyOGuuHON HETMHEHHOCTH Ompee-
neH cnemyrommm oopazom 2 = (B/A%) EZ, koo GpUIMEHT HENMHEHHOCTH MSATOTO MOPSIIKA €CTh
e = CE}/3A5. HopMuUpOBOYHBIE KOHCTAHTBI IS MIOJISIPU3AIME M SIEKTPUIECKOTO TIOJIS CBS3aHbI
cnenyromum obpasom: Py = Ey/A.

B 0e3pa3MepHbIx nepeMeHHbIX ypaBHeHus (1) u (2) mpuHUMalOT BUA

De dqg %
aC or’ or?
BriOupast 1OMKHBEIM 00pa3oM HOPMHUPOBOYHYIO aMIUTUTYRy NOIS Ay MOXKHO MOTYYHThH
3Hauenue [ paHoe +1 = sgn B. Torna e = CA/3B2.
Amnanu3 pemenuit 11 moznenu Jroddunra BTOpoil u TpeTbel cTeneHn Obl1 NpecTaBlIeH
B pabotax [4], [5]. UccnenoBaHue pacnpoCTpaHEHUs KOPOTKOTO MMITyJbca B cpelie ¢ KBajpa-
TUYHON HEJIMHEMHOCTHIO B MPUOIMKEHUHU OJHOHAINIPABJIEHHBIX BOJIH IOKA3aJlo, YTO 3/1€Ch Cylle-
CTBYET CEMEMCTBO CTAllMOHAPHBIX YEAMHEHHBIX BOJIH, COOTBETCTBYIOIIMX IPEIEIbHO KOPOTKUM
umnynbcaM. UncIeHHOe MOJAETUPOBaHUE PAaCIpPOCTPAHEHUS MOKA3ajl0, YTO CTOJKHOBEHHE JIByX
CTAl[MOHAPHBIX UMIIYJIbCOB HE MPUBOIUT K UX paspylleHuto. beuio HaliaeHo, uyTo Oosee Moll-
Hbl€ UMITYJIbChI (OTIIMYHBIE OT CTAllMOHAPHBIX) pacrajatoTcs Ha psja OTIACIbHBIX, IBHKYIIHUXCS CO
CBOEH CKOPOCTBIO UMITYJIbCOB, KOTOPBIE COXPAHSIOT CBOM YHHKAJIbHbIE CBOMCTBA B Ipeeax TOro
paccTosiHUs, Ha KOTOPOM ObUIO TPOBEZEHO MozearpoBaHue. CTOIKHOBEHHE JBYX UMITYJIbCOB CO-
IPOBOXJIAIOCH CABUIOM (ha3 KaXkJoro U3 HHUX, a CKOPOCTh XOTs Obl M HE3HAYUTEJIBHO, MEHAJIACh
nociie B3aumozeiicTeus. M3 yero Obul clienaH BbIBOJ, YTO HalWJICHHbIE CTALMOHAPHbBIE HUMITYJIbCHI
HE SIBJIAIOTCS. COJJUTOHAMH B CTPOIOM CMBICIIE, XOTSI U MPOSBIISAIOT JI0BOJBHO BBICOKYIO CTaOWIb-
HOCTb. AHAJIOTUYHbBIE PE3yJIbTaThl ObLIN MOJYyUYEHBI JJIS CPellbl C KyOMUeCKOW HETMHEHHOCTBIO.
B Hamem ciayyae ObUIM Tak k€ NOJIy4YeHb! (POPMBI PELLIEHUI B BUJIE€ CTAL[MOHAPHBIX UM-
nynbcoB [3]. Ecou o = +1, MoxeT cymiecTBoBarh J1Ba Tuna pemenus. s € > 0 umeem

+q+42uq® 4+ 3e¢° = e. (3)

(= 11) = 2a (a + 1)2 %)
; 1+ /1 + 4ae cosh [2a1/2¢]

U 1j1s1 € < 0 COOTBETCTBEHHO

2a (a +1)°

14 /1 — 4a|e| cosh [2a1/2¢]

e (& pu=+1)= )
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[TonoxkuB (1 = —1, MOTYYHM JIHIIB OAHO perreHue Ay € > 0:
2a (a + 1)
V1 + 4ae cosh [2a1/2¢] — 1

B dopmynax (4)—(6) HOBas (xapakTeprcTHUecKas) nepemMeHHas & = 7 —  /« onpenesser
CKOPOCTb paclpoCTPaHEHHsI CTAlMOHAPHOIO MMITY/IbCa B Cpelle M BBEAEH Hapamerp a = o — 1,
CBSI3bIBAIOLINI CKOPOCTh PaclpOCTPAHEHUs CTAllMOHAPHOIO UMITyJbCca C €ro aMIuMTynoi. s
KPaTKOCTH CTAallMOHAPHBIE MMITYJIbCHI (4)—(6) OyayT Ha3bIBaThCS COJMTOHAMH, HECMOTPS Ha TO,
41O cucTema (3) He ABJISIeTCs BIIOJIHE UHTErpupyemMoi u ee pemieHus (4)—(6) MoryT ObITh HEYCTOM-
YHUBBIMH.

OcoOblif MHTEpeC NMPEACTaBISIET PACHPOCTPAHEHUE CTALMOHAPHBIX MMITYJIbCOB BHIA (5)
B ciydae xorma a — a. = 1/4|e|. B [3] 6buto moka3aHo, 4To B Tpejelne, KOrua mapameTp a
OpUOIMIKACTCS K KPUTHUECKOMY 3HAUCHMIO d., COJIMTOH PAcIlyXaeT — ero aMIUIMTYJA JOCTHra-
€T OINpPEJeJICHHOI0 KOHEYHOI'0 3HA4YEHUs, a IIUPUHA MOXKET BOo3pacTarb OecKOHedHO. VIMiynbc
IPUHUMAET MOUYTH MPSIMOYTOJIbHYIO (GOpMY € pe3kuMu ¢poHTaMu. Takue COIUTOHBI ObLIM B [3]
Ha3BaHbI AIEKTPOMArHUTHBIMU JJOMEHAMHU.

¢ (Gp=—1)= ©)

Puc. 1. Pacnag HMITYJIbCa IMPEBLIIIAOMICTO SHEPTIUIO CTAIUMOHAPHOI'0, Ha OTACIIb-
HBIC UMITYJILCBI

2. YmucieHHoe Mo/ieIMpOBaHME
2.1. 3ameyaHusi 0 MeTO/le YHCJIEHHOIO MO/eJIMPOBAHMSA

Jlis ynobcTBa YMCIIEHHOTO MHTETPUPOBAHUs MPEeACTaBUM cucteMy (3) B Buze

g—zz—p, %:p, %=e—q—2uq5—3€q5- (7)

Jns pemenus cuctemsl (7) MOKHO MCHOJIB30BATh JIFOObIE METOABI YUCIEHHOTO WHTETPH-
poBanus. Ho, kak 0ka3anochk, IHUPOKO pACIPOCTPAHEHHBIE PA3HOCTHBIE METO/IbI, TAKUE KAK: METO/L
MPEAUKTOP-KOppeKTop, Metoa PyHre-Kyrra, a Tak ke cxema Ajamca SBISIOTCS HEYCTOWYHMBBIMU
JUIS HEKOTOPBIX YaCTHBIX cllydaeB. Hammyurime pe3ynsraThl mokasana KOMOMHAIMS HESIBHOM cXe-

Mbl Atamca-MoyiTOHa YETBEPTOTrO MOPsiAKa U1l UHTETPUPOBAHUS TPETHETO YPAaBHEHMSI CUCTEMBI,
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HEesIBHOM cxembl HymepoBa [isi HHTErpupOBaHuUsl BTOPOTO YPaBHEHUS] CUCTEMBI M CIeUaIbHON
Pa3HOCTHOM CXEeMBbI IIECTOTO MopsAaKa [6] 1yist HHTErpupoBaHus 1o ocu (. BeIOOp HEIBHOTO MeTO-
Jla IUKTYETCS] TeM, YTO OHHM CUUTAIOTCS O€3yCIOBHO YCTOMUMBBIMHU, YTO MO3BOJIET CYIECTBEHHO
YBEJIMYUTH LIAr Pa3HOCTHOM ceTKU. VIMeno OBl CMBICI MPUMEHSATh HESIBHYIO CXEMy Ui UHTe-
TPUPOBAHUS 1O OCHU (, HO ITO MPHUBEIET K CYIIECTBEHHOMY YBEIWYEHHUIO PacXo/ia MAIIMHHOTO
BpPEMEHHU.

T

100 0

Puc. 2. DBomronus cTaMOHApHOIO UMIYNbCA MPU AAJAUTUBHOM MOAYIALUU aM-
IJIUTY/ABI UMITYJIbCA TAPMOHUYECKOW BOJIHOM

C y4eToM Ha4daJIbHBIX M KPAaeBBIX yCIOBHIA

e((=0,7)=¢ey(7), lim ¢(¢,7)= lim p(¢,7) =0, (8)

|T|—00 |7]—o00

MO>XHO HaMTH ABa MHTCTpaJia IBUKCHUS

Ioz/e(C,T)dT, Ilz/ez(C,T)dT.

B nanHOoM ciyuyae MX 3Hau€HMs ONPEAEIUINCh YUCIEHHO 1o ¢opmyie Tpaneuuit. Coxpa-
HEHHUE MHTETPAJIOB JBUKCHHUS CIIYKUJIO IT0KA3aTENIEM JI0CTOBEPHOCTH IOJIyYEHHBIX PE3YJIbTaTOB.

[Tpu BBIOOpe mapameTpoB cpeabl i = +1 u ¢ = —0.124, u, B Ka4ecTBE HAYAIBHOTO
yCIOBHA JUIS e, cTalMoHapHoe peuieHue (5) ¢ a = 1, ObUIO MPOJEMOHCTPUPOBAHO, YTO TAKOM
UMITYJIBC PacIpoCTpaHseTcs 0e3 MCKaxeHuH 10 3HadeHus koopauHatsl ¢ = 1000. D10 MoXKer
CIIy’KMTh TE€CTOM IIPOTpaMMbl YHCJIECHHOTO pemieHus. OTKIOHEHUs MHTErpajoB IBU)KECHUS IPU
3TOM HaXOZIATCS B IIpelenax MOTPEIIHOCTH NMPUMEHSAEMBIX YHUCIEHHBIX METONOB. Eciu Ha BXox
cpenbl MOCTYNAeT UMIYJIbC C DHEPIHEH, NMPEBBINIAIONIEH YHEPrUI0 CTAMOHAPHOIO HMIIYJIbCA,
TO II0O MEpPE €ro pacIpOCTPAHECHMsI B Cpele MPOUCXOAUT pacmajg Ha ps MMITYJIbCOB, KaKIbIi
U3 KOTOPBIX, OZOOHO CTAIlMOHAPHBIM HMIYJIbCAM JBMXKETCS CO CBOEH ckopocthio. Ha puc. 1
IIOKa3aH PacIaji TaKOro UMITyJbca MPU aJANTUBHON MOAYISALMU rapMoHuKoii Buaa 0.1 sin (57) .



Pacnpocmpanenue yrnempakopomkux umnyiscos 6 cecnemosieKmpure 121

IR ss

Puc. 3. CrabunbHOCTh (pOpMBI OrMOAIOLIEH UMITYJIbCA C MYJIBTUIUIMKATUBHOW MOAYJIALIUEH

Puc. 4. Pacnag ciaboro umimysbca, MOAYJIUPOBAHHOIO FapMOHUUYECKONW BOJIHOU

2.2. HccaenoBanue yCTOﬁ‘lHBOCTH M0 OTHOUICEHHUI0 K MAJIBIM BO3MYIIICHUAM

HuTepec npencrasisieT yCTOWYMBOCTh HEJIMHEWHBIX BOJIH 110 OTHOILIEHUIO K HENPEPHIB-
HBIM BO3MYLICHUAM, HAIIPUMED K PeryIsipHON MoAynsauu orudatomeii. COIUTOHBI ¢ TAKOH EpBO-
HayaJbHON MOIYJISILIMEH MOTYT 110 MEpE PacCIpOCTPAHEHUS NIPEBPATUTHCS B UMITYJIBCHI C TIIAJKON
orubaromield. b0 paccMoTpeHo JBa THIIA MOAYJSALMU aMIUIMTYbl TAPMOHUYECKON BOJIHOM —
aJIMTUBHAs M MYJIbTUIUIMKAaTUBHAs. B mepBoM cilydae ObLIO HalIEHO, YTO CTAllMOHAPHBIA UM-
IyJIbC paclpocTpaHsieTcs Ha (POHE HENPEPHIBHON TapMOHNYECKON BOJIHBI, COXpaHss CBOIO (OpMYy.
Ha puc.2 npescraieH npiuMep 3BOJIOLKMH UMITylbca ¢ a = 1.8 u moxymsinueit Buaa 0.1 sin(57).
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bbulo Takxke HalIEHO, YTO aJAJUTUBHAs BBHICOKOYACTOTHAs MOAYJALMUSA HE IPENATCTBYET
pacnay MCXOQHOIO MOIIHOTO UMITYJIbCA Ha PsAJl CTAMOHAPHBIX UMITYJIbCOB.

Ciyyail MyJIbTUIUIMKAaTUBHOM MOJYISIIMK pacCMaTpUBAJICS AJIl UMITYJIbCa C MapaMeTPOM
a = 0.5 u moxymsiuueit Buna sin (107). Bputo HaiifeHO, 4TO TAaKOW HA4YaJbHBIA MMITYJIBC BEIET
ce0s1 MoI0OHO CTAIMOHAPHOMY, HO HE OCBOOOXAAEeTCS OT MOAYJsALuU (puc. 3).

OpnHako, €CJIM MOHUKATh YaCTOTY MOAYJISILIMH, UMITYJIbC HCIIBITBIBAET AUCIIEPCUOHHOE Pac-
ibiBaHue. M3 Hero BeIIENSIETCS MENJIEHHO PacIpOCTPAHSIOLIASACSA KBAa3UTapMOHMUYECKAs YEIU-
HEHHAs BOJIHA, a OBICTPO PAaCIpOCTPaHsAIOIAsACs 4yacTh Koyutancupyer. Ha puc. 4 npuseneH npu-
Mep pa3pylIeHUs CTAlMOHAPHOTO MMITyJIbCa O] ACUCTBUEM MYJIBTUIUIMKAaTUBHOW HU3KOYAaCTOT-
HOM Monyisauuu. Pacyer nposeneH st umnynbca ¢ a = 0.5 1 MOIYyJIMPOBAaHHOTO CUTHAJIOM BUJA
sin (7). YacToTa MOIYISIMA TyT HOPSAKA OOPATHOM [UTMTEIFHOCTH UMITYIIBCA, H B 3TOM CMBICIIC
MOJIYJISILIMSL CUUTAETCSI HU3KOYaCTOTHOM.

PucC. 5. YcTOMYMBOCTh YEIMHEHHBIX BOJIH IO OTHOLIEHUIO K CTOJIKHOBEHUSM

2.3. HcciaenoBaHue mpoiecca CTOJIKHOBEHHUSI CTAIIMOHAPHBIX UMITYJIbCOB

CTONKHOBEHME /IByX CTAllMOHAPHBIX MMITYJbCOB, UMEIOIIMX Pa3IUYHbIE CKOPOCTH, IOKa-
3JI0 UX 3HAYUTENBHYIO YCTOMYMBOCTh K CTOJKHOBEeHMsAM. Ha puc. 5 mokazaHoO CTOJIKHOBEHHE
JIBYX YEIMHEHHBIX BOJIH XapakKTepusyroluxcs napamerpamu ¢ = 1.8 u a = 0.5. OnHako npu
TaKOM B3aUMOJECHCTBUU MOMHMO HauyajbHBIX CTAllMOHAPHBIX MMITYJIbCOB MOXKET 00pa30BbIBATH-
Cs elle OIMH MaJlbli 10 aMIUIUTYAE UMITYIbC, YTO CBUIETEIBCTBYET O TOM, YTO CTALlMOHAPHBIE
UMITYJIbCBI HE YCTOMYMBBI 110 OTHOLICHUIO K CTOJIKHOBCHUSM.

24. B3aumogaeiicTBue JEKTPOMArHuTHOI0O [oM€Ha ¢ COJIMTOHOM

Oco0blif UHTEpEC TPENICTABISAET MOBEICHUE JOMEHOB MPU MX CTOJIKHOBEHUHU C COJIUTO-
HaMU WM C JIMHEWHBIMU KBA3UTAPMOHUYECKUMM BOJHAMHU. 371€Ch HaWJEHO, YTO ISl CPEIbl C
e > —0.74 ummynecel ¢ a — a. = 1/4 || BemyT cebs HeycroitunBo. W3 puc. 6 BUIHO Kak BeeT
ce0s Takoil HeycToiuuBbIil ummynsc. Haunnast ¢ € = —(0.74 UMIynbChl pacpOCTPaHSINCh KaK
YCTOHYMBBIE YeIUHEHHBIE CTAllMOHAPHBIE BOIHBI 10 3HaueHui ¢ = 1500.

DNIeKTPOMArHUTHHIE JOMEHBI OKa3aJUCh YCTOMYMBHI MO OTHOIICHHUIO K aJITUTUBHON MO-
JIyJSUAA U CTOJKHOBEHHUIO C yEeIMHEHHBIMU UMIyidbcaMu. Ha puc. 7 moka3aHo CTOJIKHOBEHHE
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Puc. 6. HeycroitunBoe noseseHne yeAMHEHHBIX UMITYJIbCOB C aMIUIMTYOU, OIU3-
KOW K KPUTHYECKOMN
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Puc. 7. YcroliunBOCTh TOMEHOB IO OTHOIIEHUIO K CTOJIKHOBEHHIO C COJIMTOHAMH

COJIUTOHA, XapakTepudyemoro napamerpom a = (.14 ¢ qomeHom. XOpoIo BUIHO, YTO COJIUTOH,
CTaJIKUBAsICh C JIOMEHOM, MeHsieT ¢popmy. Kpome Toro, mporiecc conpoBOKIAETCS U3ITYUCHUEM.

3. 3axiaouyeHue

B pamkax nocraBiieHHOM 3a/1aun Oblia CIPOEKTUPOBAHA, HAIMCAaHA U OTJIayKeHa IIPOorpaM-
Ma JJis YMCJIEHHOTO pelieHust ypaBHeHus (3). UucieHnHble pacyeTsl I0Ka3ail, YTO yCTONYUBOCTh
YEIMHEHHBIX UMITYJIbCOB 3aBUCUT OT UX aMIUIUTY/bI U NTapaMeTpa HeJIMHEHHoCTH cpenbl. B pabo-
T€ TaK ke ObUIa MPOJEMOHCTPUPOBAHA YCTOMUNBOCTH COJTUTOHOB IO OTHOLIEHUIO K aJIUTUBHOM
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u MYHBTHHHHKaTHBHOﬁ MOAYJIAIWH. MO,Z[CJIHpOBaHI/Ie IIOKa3aJIo, 4YTO COJIMTOHBI HE BIIOJIHC YCTOﬁ—
YUBBI 110 OTHOHICHHWIO K CTOJIKHOBCHHUIO JpPYyI C APYI'OM. Hx HGYCTOIZHHBOCTB 0COOEHHO SIPKO
MMPOABJISICTCA K CTOJIKHOBCHHUIO C IOMCHAMM. YucneHHble pacuCThI ITOKa3aJik, 4YTO JOMCHBI YCTOﬁ-
YHBBI 110 OTHOIICHHUIO K a,I[,Z[I/ITI/IBHOf/’I MOAYJIAOWH U CTOJIKHOBCHUIO C COJIMTOHAMMU.
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DKCIEepUMEHTAIBHO HCCIIEJOBaH IPOLECC CyOI0IUIEPOBCKOTO OXJIaX/ICHUS aTOMOB TYJIMSI B MArHUTO-OIITHYECKOM JIO-
Bymike (MOJI), paGoraromeit Ha anuHe BonHBI 410,6 HM. be3 mpuMeHeHus crenuaibHOro UKIIA Cy0I0MmIepOBCKOTO
OXJIaXK/IeHHs IOCTUTHyTa Temmeparypa 25(5) MkK npu uuciie atomos 3 x 105, 4To cy1iecTBeHHO HUKE J0MIEPOBCKOIO
npezena s ganHoro nepexozaa (240 mkK). Bricokast addhexTrBHOCTD Cy0I0MIEpOBCKOrO OXJIaXIeHUsT 00yCIIaBiu-
BaeTCsl OMM3KMMH 3HaYCHUAMH g-(pakTopoB JlaHae HMKHETO M BEPXHEro YPOBHEH, 3a[JeHCTBOBAaHHBIX B IpOILECCE
na3epHOro oxjaxaeHus. OCyIIEeCTBIEH 3aXBaT yJIbTPAXOJOAHBIX aTOMOB TYJIHMA B MarHUTHYIO JoBymky (MJI), 06-
pa3oBaHHYIO KBaapymoubHBIM MarHUTHEIM moieM MOJI (rpaauent mons 20 I'c/cm). 3arpyska atomoB B MJI ocy-
1ecTBIeHa U3 obnmaka, cofepikamiero 4 x 10° aromos, npegBapuTensHo oxnaxkaenusix B MOJI o cy6aomieposekoit
temmeparypsl 80 MkK. B MJI 3axBaueno 4 x 10* aromos npu Temmeparype 40 MxK. ITo xapakTepy pachana HaceeH-
HOCTH B JIOBYIIKE ompesaeneHo BpeMs xu3HH (0,5 ¢) U HaJoXKEHO OrpaHUYEHHE HAa KOHCTAaHTY CKOPOCTH HEYNPYTHX

OMHAPHBIX CTOJKHOBEHMH CTIMH-MOJIAPU30BAHHBIX ATOMOB TYJIUsl B OCHOBHOM COCTOSIHUH gy, < 1071 em3c L.

KaroueBrnle ciioBa: JIa3€pHOC OXJIAXKACHUEC, MATHUTO-ONTHYCCKAad JIOBYIIKA, MarHuTHasA KBaJApyIoJibHasA JIOBYIIKa,

MarHuTHOC JUIIOJIb-JHUIIOJIBHOC BSaHMOﬂeﬁCTBHe, aToM TYyJlus, cy6—zlonnep013c1<0e OXJIAXKJICHUC.

1. BseneHue

JlazepHoe OXJaXIEHHE PEAKO3EMEIbHBIX aTOMOB TYJHUS OBLIO BIEPBBIE MPOJEMOHCTPH-
poBano B ®MMAHe B 2010 r.[1]. MHTEepec k aromam Tynaus (€AMHCTBEHHBIM CTAOWIBHBIM M30TOI
19Tm umeer snepusiit cun [ = 1/2) o6ycnosien crenuprKoi 3IEKTPOHHBIX yPOBHEH JIaHTa-
HOMJIOB C HE3aNOJHEHHOW BHYTPEHHEHW 000510uK0il. Tak, MarHUTO-UIIOJIbHBIN TIEPEX0] Ha JJIUHE
BOJIHBI 1,14 MKM MeXTy TOypOBHSMM TOHKOH CTPYKTyphl OCHOBHOTO COCTOsHHUS B 1% Tm umeer
Mayto mupuny nopsiaka 1 ' [2] u cnabo moaBepKeH BIUSHHUIO CTATUYECKOTO H JUHAMHYECKOTO
IITAPKOBCKUX CIIBHUTOB [3], UTO JeNaeT €ro MPUBJIEKATeIbHBIM ISl HCTIOJIb30BAaHUS B ONITUYECKHUX
gacax Ha OCHOBE ONTHUYECKHUX PEIIETOK [4].

AToM Tynust 006J1a4a€T OTHOCUTEIHFHO OOJIBIIUM MAarHUTHBIM MOMEHTOM (443, [t — Mar-
HeTOH bopa) B 0CHOBHOM COCTOSTHUH. DTO TIO3BOJISET HAPSMYO HAOIFOIaTh BIUSHIE MAarHUTHOTO
AHU30TPOITHOTO JAJTbHOAECUCTBYIOLIETO UITOIb-AUIOJBHOTO B3auMoaerncTBus. [loMmumo Toro, 4to
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B3aMMOJICHCTBUE CYLIECTBEHHO OTIMYAETCs OT BaH-/I€P-BaajbCOBCKOTO, OTKPHIBAETCS BO3MOXK-
HOCTb YIIPABJIATH UM C [TOMOIIbIO BHEIIHUX TOJIEH [5] 1 UCIIONBb30BaTh TaKUE CHIIBHOKOPPEIHPO-
BaHHBIE aTOMHBIE CUCTEMBI KaK MOJIENIb TBEPAOTEIbHBIX CBEPXIIPOBOJHUKOB (CM., Haripumep,[6]).
Oco0eHHO SIPKO TUTIOJb-IUIONbHBIE B3aUMOICHCTBHS MPOSIBIAIOTCS B KBAHTOBBIX KOHJEHCATaX
[7]. Tak, B bo3e-koHmeHCcaTe aTOMOB XpoMa [8] HaOIOAANOCh sSBIICHHE KBaHTOBOTO (heppomar-
Hetu3Mma [9,10], a B aromax pyOouans — Qas3oBsiii nepexox merami-uzonsrop[11]. Bousane mar-
HUTHBIX B3aUMOJAEWUCTBUN HaONIOAaeTCsl U B HEKOHJCHCUPOBAHHBIX cpefax, oOycliaBiuBas, Ha-
npuUMep, aHU30TPOIHBIN pas3yieT o0siaka OXJIaXIEHHBIX aTOMOB auctpo3usi[12]. Jlns nposenenus
BCEX yKa3aHHBIX HKCHEPUMEHTOB HEOOXOAMMO, BO-TIEPBBIX, OXJIATUTh aTOMbI 10 OYEHb HU3KHX
TEeMIEpaTyp MOPSAKa HECKOJIBKHUX MHUKPOKEIBBHHOB, a BO-BTOPBIX, YMETh YAEPKUBATh aTOMbI B
HEIMCCUTIATUBHBIX JIOBYIIKaX (HalpUMep, B MArHUTHOW KBaJApyHOJIbHOW WJIM ONTUYECKOW IH-
MOJILHOM JIOBYIIKE).

JJ1s IepBUYHOTO OXJIAXKICHHS M YIePyKaHUS OTHOCUTEIBHO OOJIBIIOTO YKCiIa aTOMOB (OKO-
JI0 MAJUTHOHA) Yallle BCETO UCIONb3yeTCsl MarHuTo-onTuueckas yiopymka (MOJI), cocrosimast u3
KOMOMHAIMY CIIEUaIbHO OATOTOBJIEHHBIX CBETOBBIX MOJIEH U KBaJIPyHOJIbHOTO MarHUTHOTO IO-
71 ¢ 0CeBBIM rpagueHToM nopsiaka 10 I'e/em [13].

Jlns GonpIIMHCTBAa aTOMOB MUHUMAJIbHAs TeMIieparypa, noctmwkumas B MOJI, conana-
€T ¢ JOIUIepOBCKUM TipenenoM [14] u mis momydeHus: 0ojiee HU3KUX TeMIIeparyp HMpPUXOAUTCS
OCYUIIECTBIIATH OTOJIHUTEIbHBIE LUKIbBI Cy0-I0IUIepOBCKOro oxyaxaeHus [15]. Dto cBsa3aHo ¢
HanuureM B MOJI MarHuTHOTO 1TOJIs, KOTOPOE MPEMATCTBYET 3PHEKTUBHOMY CYO0TLIIEPOBCKOMY
oxyaxeHuro [ 16, 17]. OnHaxo, B cirydae aTOMOB TyJHs (M OOJIBIIMHCTBA IPYTHX PEAKO3EMETbHBIX
aTOMOB), HAJIMYME BaKaHCHUU BO BHYyTpeHHEN 4f 3IeKTPOHHOM 000I0YKE aTOMOB TYIHSI, IPUBOIUT
K OJIM3KUM 3HaYeHUsIM g-¢pakTopoB JlaHzne ypoBHEH, 3aeHICTBOBAHHBIX B JIA3€pPHOM OXJIaXKIe-
HUH, Y9TO MO3BOJISIET HAaOmonars apdexruBHoe cyO-norieposckoe oxnaxaenue 8 MOJI [18, 19]
no temneparypbl 25(5) MK, 4yTo Ha mopsAoK HMKe moruiepoBckoro mpenena (240 mxK) mis
UCIOJIB3yeMoro nepexoaa. Kpome 3Toro oCHoBHOE COCTOSIHUE aroMma Tyaus o0iafaeT OOoJIbIIuM
MarHUTHBIM MOMEHTOM (4/t ), 4TO IO3BOJISET YACPKHUBATH XOJIOAHbBIE aTOMBI TYJUS B KBaJPyIOIb-
HOM MarHuTHOW soBymike (MJI), o6pa3oBanHoi MarauTHBIM TojieM MOJI [20]. UccnenoBanue
aroMoB B MJI aeT BO3MOXXKHOCTb OCYIIIECTBUTD IIPEIBAPUTEIbHBINA aHAJIU3 HEYNPYTUX OMHAPHBIX
CTOJIKHOBEHUH CIMH-IIOJSPU30BAHHBIX aTOMOB TYJUS B OCHOBHOM COCTOSIHMM, YTO Ba)KHO MpHU
pelieHny 3a1a4n bo3e-koHieHcauy JaHTaHOUI0B.

2. DJKcnepuMMEHTAJIbHAsl YCTAHOBKA

B skcriepuMeHTax MCHOIb30Bajach yCTaHOBKA, ONMCcaHHas B padore [20]. ATOMBI Tyius
3axBarbiBanuch B MOJI U3 mydka, npeBapuTeNIbHO 3aMEIJICHHOTO B 36€MaHOBCKOM 3aMeIITUTele
[21] Ana oxjaxkIeHUs U yAep>KaHUS aTOMOB HCIOJIb30BallaCh KJIACCHYECKas CXeMa JIOBYILIKH
C TpeMsi OPTOrOHAJILHBIMU HAPaMK BCTPEYHBIX JIA3€PHBIX MYYKOB C 0 M 0 HOIAPU3ALUIMHU.
Oxnax/eHne ocylecTBsuocs Ha mepexoge 4f36s%(J = 7/2, F = 4) — 4f125d;56s*(J =
9/2, F = 5) ¢ muHoit BosHb! 410,6 HM, KOTOPBIH BO30YXKIaICs BTOPOM TrapMOHHUKOM Jia3epa Ha
candupe, aKTHBUPOBAHHOM TUTAaHOM. YacTOTHAas OTCTPOIKA OXJITKIAIOIIETO M3ITyYCeHUS MOTJa
BapbUpOBATHCS B JIMANIA30HE HECKOJIBKUX 7Y OTHOCHUTEIBbHO LEHTpa JuHuH, rae y=10(4) MHz —
€CTECTBEHHAs IIMpPHUHA JIMHUU [2], KOTOpasi COOTBETCTBYET AomiiepoBckoMy mpeneny B 240 MxK.
Jns peructpanuu ucnonb3oBagack CCD-kamepa, Ha KOTOPYIO OTOOpa)kanoch 00JaKo aToMOB
Tynusl ¢ yBenrueHuem 1:1.

3. CyOmomiepoBcKoe OXJIaxKaeHne

Temneparypa aTMOB HM3MepsIach MO OAUTUCTUYECKOMY paslieTy o0jaka MOCie BBIKITIO-
YeHUSI BCEX Ja3epHBIX MydkoB [18] (mpu 3TOM mcue3aeT yAep>KUBAIOIIasi aTOMbI CUJIa U 00JIAKO
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HauMHaeT pacmupsaThes). [Ipu ycinoBuu, 4To HayalnbHBIN MPOCTPAHCTBEHHBIA MPO(UIL KOHICH-
Tpalyy aTOMOB UMEET TayCCOB BH/I, M paclpeiesieHHe 10 CKOPOCTSM sIBIIseTCs MaKCBEIIJIOBCKHUM,
3aBUCHMOCTH pajuyca obnaka r(t) (mo ypoBHio 1/€) OT BpeMeHH pasiiera ¢ UMeeT CIeayOIInii
BUJI:

2hsT

r(t) = \/7"(0)2 - (1)

IJe m- Macca aroma, kp — noctosinHas bonbiimana, T’ — uckomasi TeMreparypa.
Ha puc. 1a npeacrasiens Tunuunbie Gororpadun pacmupsiomerocs od1aka aToMoB.

Puc. 1. Cepun ¢otorpaduii pazneraromnierocss odjiaka XoJIOAHBIX aTOMOB IOCJE
BBIKJIFOYEHHSI CBETOBBIX My4KOB. Lldpbl 0603Ha4a0T Bpems B MC, MPOILEIIIee C
MOMEHTA BBIKJIIOUEHUS cBeTa. (a) PaszneT B ciiydae OTCyTCTBUS MarHUTHOTO TOJIS.
O06nako M30TPOMHO paclIUpseTcs U MafaeT B MoJie CHIIbI TshkecTu. Uepes Bpems
nopsinika 10 Mc curHan ot oGJiaka CTaHOBHUTCS Hepa3iuuuM Ha ¢GoHe mymoB. (b)
Pasner B npucyTCTBUM KBaJpYNOIBHOTO MarHUTHOTO MOJISL. SIpkoe HEeNmOoJABUKHOE
IIATHO B LEHTpPE — aToMbl, 3axBaueHHble B MJI. Takxke BUAHBI aTOMBbI, HE 3aXBa-
yeHHble B MJI u nmagaromue mnoa AEMCTBUEM CHIIBI TSKECTH

s onpeneneHus, UMeeT I MeCTO cyOnomiepoBckoe oxnaxaenue B MOJI nocrarouHo
CPaBHHUTDH 3aBHCHUMOCTh KOHEUHOI TeMIiepaTypbl aTOMOB OT OTCTPONKH YaCTOTHI OXJIaXKJAIOIIIX
IIYYKOB OT pe3oHaHca (-0). B momiepoBckoii Teopun 3Ta 3aBUCHMOCTH OTIPENIENISIETCs BRIpaKEHUEM
[14] (B mpenrnonoKeHu: MajJoi UHTEHCUBHOCTH CBETA):

v 0% +97/4
T(5) = LT /2
2kp 6] -~
e vy — €CTCCTBCHHAA IIUpUHA JIMHHUHW, Ha KOTOpOﬁ MPOUCXOOUT OXJIAXKIACHHUC, a kB — INIOCTOAHHAasA
Bonbimana. JIjis cyOI0MmIepoBCKOTO OXJIaX I€HHUS 3aBUCHMOCTh COBEPIICHHO uHast [15]:

2)

Toc% (3)

Ha puc. 2 npencrapieHbl pe3ysbTaThl U3MEPEHUs 3aBUCUMOCTH Temreparypbl aromoB B MOJI
OT YaCTOTHOM OTCTPOMKM Ja3epHbIX IY4YKOB. BuaHO, YTO Temmeparypa MOHOTOHHO YOBIBaeT ¢
POCTOM MOJAYJISl YaCTOTHOM OTCTPOMKH (pHUC.2), YTO CBUAETEILCTBYET O HAIMYUM CyOO0IIepOB-
ckoro oxjaxnaenus B MOJI. HaumeHnbiias 3apeructpupoBaHHasi Temreparypa cocraBuia 25(5)
MkK [13].
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4. MarnuTtHasi JIOBYIIKA

Ha puc. 1 npeacrasnens! pororpaduu pazieraromerocs o0iaka aroMOB TMOCIE BBIKIIO-
YeHHS BCEX JIa3€PHBIX My4YKOB. BUAHO, UTO MpU BKIIFOYEHHOM KBAJPYMOJIbHOM MAarHUTHOM I10JI€
(puc. 16 ) gacte atromoB U3 MOIJI ynepxuBaeTcsi B T€U€HHWE BPEMEHHU, KOTOPOE CYIIECTBEHHO
IIPEBBIIIAET XapaKTepHoe BpeMs pasznera aromoB u3 MOJI, korga MarHUTHOE I0Ji€ BBIKIFOYEHO
(puc. la). D10 u ectb aroMbl Tynus, 3axBaueHHble B MJI [22].

Bonbioif MarHUTHBIN MOMEHT (4 (1) OCHOBHOTO COCTOSTHHSI TIO3BOJISIET 3aXBaThIBATh XO-
JIOZHBIE aTOMBI TYJIHSI B MAarHUTHY!O JoBYIIKY (MJI), cpopmupoBaHHY O KBaJpyHOIbHBIM MarHUT-
HeIM 1osieM MOJI. I'paguenT mosns B Takoi yoBymke coctasisier 20 I'c/cm. B meHTpe JOByIIKH
CO3/1a€TCs MUHUMYM MarHUTHOTO MOJs, 1o3ToMy B MJI MOryT 3axBaThIBaThCsl TOJIBKO aTOMbI B
TaKOM KBaHTOBOM COCTOSIHUU, MOTEHIMAJIbHAS SHEPIHsl KOTOPOrO YBEJIUYMBAETCSA C POCTOM I1O-
1 [23]. Ilpu xapakrepHom pazmepe MJI nopsinka 1 cM ee rmyOuHa [ aTOMOB TYJIHSI COCTaBIISIET
necatkn MK, 4TO 1Mo3BosisleT 3axBaTbIBaTh aTOMbI, HAXOASIIUECS B ONpPENEICHHBIX (CM. HUXKE)
KBaHTOBBIX COCTOSIHUSX, HenocpeacTBeHHo u3 MOJI. B pa6otaromieit MOJI atoMbl HepepbIBHO
paccenBaroT CBET PA3IMYHOMN MOISPU3ALUH, YTO IPUBOJUT K MEPEMEIIMBAHUIO MATHUTHBIX MOJ-
ypoBHeil. B MJI OyayT ynepuBaTbcs TOJBKO T€ aTOMBI, AJsi KOTOPBIX MarHuTHas cuia OyaeT
OoJblle CHIIBI TSYKECTH, YTO JJIS MapaMeTPOB HAIIETO SKCIEPUMEHTA BBITIOJIHIETCS ISl aTOMOB
C MArHUTHBIMM KBAaHTOBBIMH YHCJIAMH OCHOBHOTO COCTOSIHHMS mp = 2,3,4. YuursiBas, 4To HU3-
HayaJbHO HPUCYTCTBYIOT 9 paBHO3aCEIEHHBIX MarHUTHBIX NOJAYPOBHEW OCHOBHOI'O COCTOSHUS
(F = 4), B8 MJI 3axBarbeiBaetcst He 6omnee Tpetu aroMoB u3 MOJIL.

400
350
300
250

200 A 1

1

150

Temneparypa, MKK

1

100
50 1 . .

0 T T T T T
-3 -2,5 -2 -1,5 -1 -0,5 0

OTtcTpoiika OT pe3oHaHca, ¥

Puc. 2. 3aBucumocTh TeMIEpaTyphl aTOMOB OT OTCTPONKHU OXJIAKIAIOIINUX ITYYKOB
NpH JBYX 3HAYCHUSIX Mapamerpa HachimeHus S = [ /Iy, tnelg, = 18 MBT1/cM? —
MHTEHCUBHOCTh HachkllmieHus. KBaaparuku — S = 2, kpykouku — S = 0.4. Cruiom-
HbI€ JJUHUU COOTBETCTBYIOT TeopeTuyeckor Moaenu (3). CBepxy nzodpaxeHa Tem-
neparypa B JIOTIEPOBCKO TeopuH (2)

Jns uccnenoanus MOJI u MJI ucnons3oBaiics meron Oamiuctudeckoro pasiera. Ilo-
cie nosnHoi 3arpy3ku MOJI cBeToBblEe IIyUKH BBIKIIIOYAJIUCh HAa HEKOTOPBIM MHTEpPBaj BPEMEHU
At. Ilocne 3TOro 00MaKO MOACBEYMBATIOCH KOPOTKHM DPE30HAHCHBIM HMITYJIbCOM CBETa U €ro
JIOMUHECHeHIIUs oToOpaxkanacek ¢ yBenndenueM 1:1 nHa [13C-xamepy. Ha puc.l npencrasiensl
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doTorpaduu pasiera obJlaka aTOMOB C BBIKIIOYCHHBIM (a) ¥ BKIOYCHHBIM (b) KBaIpyIOJIbHBIM
MarHuTHbIM nosieM MOJIL.

B skcnepumentax ¢ MJI ucnonb3oBaics pexxuM padotst MOJI, B KOTOPOM 4MCIIO aTOMOB
coctapso 4 x 10° mpu temneparype 80 MkK.

S. Temmneparypa atomoB B MJI

Temneparypy aromoB B MJI MOXXHO onpesiennTh, U3MEPUB NPOCTPAHCTBEHHBIH TPOYUIIL
KOHLeHTpauuu atromMoB B MIJI [22]. BeneMm cienyromue 0003HaueHus: (1 — d3PPEKTUBHBIA Mar-
HUTHBIH MOMeHT aroma, b, = dB,/dx, b, = dB,/dy, b, = dB,/dz — rpagueHTsl MarHUTHOTO
0JIs, ™M — Macca aToMa ¢ — YCKOpEHUE CBOOOAHOIO MajJeHUsl, HalpaBJIeHHOE BAOJIb OCH 2. To-
I71a MHTETpaJbHbIE PO KOHIICHTPAMU HA BEPTUKAIBHYIO (4) M rOpH30HTaIBHYIO (5) ocH
3aMUIIYTCS KaK:

p=(2) = N;exp (—2% - 2§§> (1 + 2@) 4)

z

pz(x) = Ny exp <—2@ 1-— §2> <1 + 2@\/ 1— §2) (5)
z z
rae N, u N, — HOpMHUPOBOUHBIE MHOXHTEIN U
& = 2T/ (fiby) .5 = 2kpT/ (fiby)

Temneparypa OyIeT BbIpaxarhbCsl CIEAYIOIIHUM 00pa3oM:
= —= 7
2kp g @
BeprukanbHblii TpoQuiIs MarHUTHOM JIOBYIIKH, W3MepeHHbIH uepe3 At = 100 mc mo-
CJie BBIKJIFOUEHUS CBETOBBIX IIyYKOB, IpeJCTaBiieH Ha puc.3 (ciesa). Temmneparyp aromoB B MJI

cocraBuia 40(10) MxK, uto sxBuBasieHTHO ckopoctd 10 cm/c. IlomHas mupuHa npoduas Ha
nosryBbicoTe coctaBiseT 430(40) MKM.

6. JlunaMuka 4YmMcJIa ATOMOB M BJIMsIHHE CTOJKHOBeHUid B MJI

3aBUCUMOCTH uncia atToMoB B MJI OoT BpeMeHH, MPOIIEAIIETO MOCIe BHIKIIOYCHUS! CBETO-
BBIX TOJIEH OIHKCHIBAETCS BhIpakeHueM [22]:

N(0)exp(—t/7)
1+ %2 (1;22 N(0)1(1 — exp(—t/7)

™

N(t) =

(8)

e ¢;, = (0v) — KOHCTaHTa CKOPOCTH HEYIPYTHX OMHAPHBIX CTOJKHOBEHHH (0 — CEYeHHe
CTOJIKHOBEHUM, ¥ — CKOPOCTbh aTOMOB) aTOMOB TYJIMSI B OCHOBHOM COCTOSIHUU JPYT C IpyroM. Mal
10JIara€M, YTO OHU CBSI3aHbI C MArHUTHBIM JIUIIOJIb-JUIIOJIBHBIM B3auUMOZEHCTBUEM [24], TpUBO-
JSIIMM K [IEPEX0y aTOMOB TYJIUS B COCTOSIHUSA C MEHBLIMMHU Mp, KOTOPbIE HE YAEPKUBAIOTCS
B MJL. Ilapamerp 7 B popmyiie (5) onuchiBaeT JUHEHHbIE OTEPH, HE UMEIOLINE OTHOLIEHUS K
OMHApHBIM CTOJIKHOBEHUSIM.

Ha puc.3 (cnpaBa) npeacrasieHa 3aBUCUMOCTb MOJHOTO yucia atroMoB B MJI ot Bpemenu
At, IpOIIEIIero Mociie BRIKIFYeHUs cBeTOBbIX My4ukoB MOJI. HanGosnpiee 4nciio 3axXBayeHHbIX
aroMoB cocTaBuio 4 x 10%, T.e. mpumepHo 10% ot uucna aromos B MOJIL. I[I10THOCTL aTOMOB B
LIEHTPE MarHUTHOI JIOBYIKH cocTasisia nopsaka 10° cv 2. K coxkaneHuro, Manas MIIOTHOCTh
aTOMOB HE TTO3BOJIMJIA B HAIIEM CIIydae HampsMyIO HAOIIOIaTh BIMSHUE HEYNPYTHMX OMHAPHBIX
CTOJIKHOBEHMH. OJHaKo, anmnpoKCUMHUPYS 3aBHCHUMOCTbH YHCJa aTOMOB OT BpPEMEHHU (popmysioif
(8), xak moka3aHo Ha puc.3 (cmpaBa), Mbl NOJYUYMJIM OIPAaHUYEHUE CBEPXY HAa KOHCTAHTY §ip <
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KoopauHara 1o BepTukaiu, MM
1
Yucmo aromo X 10*
(3]
1
1

0 1 r . T T 1 0 T T d T d T d T d T
0 50 100 150 200 250 0 200 400 600 800 1000
MHTEHCHBHOCTB, OTH. €1I. Bpems, Mc
Puc. 3. Cresa. BepTukanbHbIii HHTErpaTbHBIN TPO(HUIb MArHUTHOM JIOBYIIIKH U
ero amnmpokcumanus Gopmynoit (4); Cnpasa. 3aBUCUMOCTD unciaa aToMoB B MJI
OT BpEMEHH, MPOULIEANIEr0 MOCe BBHIKIIOUEHHUS JIa3epHBIX MydKoB. TOYKM — dKC-
IepUMEHTaJIbHbIE JaHHBIE, CIUIOIIHAS KpUBasi — annpokcumanus Gopmyioit (8), B
xotopoii 7=0.5 ¢, g;, < 10711 em®c

10~ cm3¢c™?, koTopoe comiacyercs ¢ IpeabLIYIIMMH HCCIEIOBAHUAMH, BBINOIHEHHBIMH IIPU
temmneparype 1 MK [25]. CTOUT OTMETHUTS, YTO 3HAYEHHSI KOHCTAHTBI CKOPOCTH Ha ypoBHe 10712 —
10~ em®c™! ObuIM moOMyYeHs! Ist Apyrux cunbHOMarHuTHLIX atroMoB (Er [9], Dy [26,8], Cr [26]).

7. 3akiaueHue

Takum o0Opa3oM, HaMU SKCIEPUMEHTAJIbHO HCCIENI0BAaH IPOLECC Ja3epPHOI0 OXJIAXKIe-
HUSl aTOMOB TYJIMsI B MarHUTO-ONTHYecKoM joBymike. [lokazaHo, uTo Onaromapst yHUKaIbHOU
CTPYKTYpe ypOBHEH CyO10IUIEpOBCKOE OXJIaxaeHne Habmonaercs HenocpeactseHHo B MOJI 6e3
MIPUMEHEHUS JTOMOJHUTEIHFHOTO UK CyOA0IIEpOBCKOTO OXJIaxaeHus. HauMeHnplnas temmepa-
typa B MOJI cocrasuna 25(5) MxK npu uucie aromo 3x10° u paguyce o6naka 80 MKM, 4TO
CooTBETCTBYET (a30Boii moTHocTH 107°.

bruta oOHapysxeHa u uccienosana MJI, obpazoBaHHasi KBaJpyIOJIbHBIM MarHUTHBIM I10O-
nem MOJI. MJI conepskana 4 x 10* aromos npu Temneparype 40 MkK 1 uMena guameTp nopsjaka
0.4 mMm. Ilo xapakrepy pacnaga HacereHHOCTH MJI moiy4eHo orpaHuyYeHUEe Ha KOHCTAHTY CKO-
POCTH HEYIPYTOro PaccesHHsl aTOMOB TyJIHs B OCHOBHOM COCTOSHHM ¢;, < 107!' em3c™!, uro,
MO-BUIMMOMY, JI€1aeT HEBO3MOXKHBIM JIOCTUKEHUE bo3e-KOoHIeHcaluu aTOMOB B MAarHUTHOM J10-
Bymke. Jlyis 3TON 1enu MOXKeT OBbITh UCIOIB30BaHa ONTHYECKas AUIMOJbHAS JIOBYIIKA, B KOTOPYIO
yaaeTcsl 3arpy3uTh CHUH-NOJSPU30BAHHBIE aTOMbl Ha CAMOM HM)KHEM MAarHUTHOM IIOJYypOBHE
OCHOBHOTO COCTOSTHUSA [8].

PaGota BeimonHeHa nipu ¢uHaHCOBOM mozaepxkke ['panta Ilpesunenta Poccuiickoit de-
Jiepaluy JUIsl TOCYIapCTBEHHOM MOAIEP>KKH HayUHBIX UCCIIEIOBAaHUNM MOJIOABIX POCCHUMCKHUX yde-
HBIX — JTOKTOpoB HayK (M1-669.2011.8), PODU (rpant 12-02-01266-a) u [Iporpammsr dyHma-
MeHTaJbHbIX uccnenoBanuii [Ipesnauyma PAH «OxcTpemManbHble CBETOBBIE MO U UX IPUIIOXKE-
HUSD».
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«Hanocucrembl: Gpu3NKa, XUMHUSA, MATEMATHKA»
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SUMMARIES

FLOWS IN NANOSTRUCTURES: HYBRID CLASSICAL-QUANTUM MODELS
S.A. Chivilikhin, I.Yu. Popov, V.V. Gusarov

Flow through nanotube has many interesting peculiarities.To describe these unusual
properties we suggest a model of the flow based on crystallite liquid theory. Slip boundary
condition is used instead of conventional no-slip condition. The condition is derived by
consideration of interaction of flow particles with the nanotube wall potential in the
framework of quantum mechanics. For nanotube with elastic walls another mechanism of
flow plays an important role. Namely, a model of flow caused by elastic soliton wave in its
wall is suggested. As for general consideration, a modification of the Navier-Stokes equations
for the nanotube flow is derived from many-particle Hamiltonian in the framework of
quantum statistical physics. Particularly, for a model confinement the effective viscosity of
the nanotube flow is got. The obtained dependence of the viscosity on the nanotube diameter
is in good correlation with the corresponding experimental results.

Keywords: nanotube, flow, crystallite, soliton, quantum statistics.

S.A. Chivilikhin — Saint Petersburg National Research University of Information
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V.V. Gusarov — Saint Petersburg State Institute of Technology (Technical University), Saint
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INVESTIGATIONS OF HEAT CONDUCTIVITY OF NANOFLUIDS
BASED ON ALUMINUM OXIDE NANOPARTICLES

S.P. Bardakhanov, S.A. Novopashin, M.A. Serebrjakova

The heat conductivity of nanofluids based on aluminum oxide nanoparticles (mean diameter
of 13 nm) have been measured experimentally. Glycol and isopropyl alcohol as the based
fluids were used. The non stationary “hot wire” method has been used. It was shown the heat
conductivity at low volume concentration of nanoparticles (<0,5 %) corresponds to classical
Maxwell theory. For higher volume concentration of nanoparticles in glycol the heat
conductivity deviated to low side due to aggregate instability of the nanofluid. The anomalous
growth of heat conductivity in isopropyl alcohol have been observed. The possible nature of
the observed phenomenon is discussed in conclusion.

Keywords: nanofluid, heat conductivity.

S.P.Bardakhanov — Khristianovich Institute of Theoretical and Applied Mechanics Siberian
Branch of the Russian Academy of Sciences
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S.A. Novopashin — Kutateladze Institute of Thermophysics, Siberian Branch of the Russian
Academy of Sciences
M.A. Serebrjakova — Kutateladze Institute of Thermophysics, Siberian Branch of the Russian
Academy of Sciences

BOUND STATES IN BIREFRINGENT CRYSTALS DOPED
WITH TWO-LEVEL ATOMS

M.B. Belonenko, A.S. Sasov, A.V. Alpatov.

The dynamics of the interaction of electromagnetic pulses in a medium with impurity two-
level atoms. Using the kinetic equation for the mean values of pseudospin operators, and
decay in the random phase approximation. A numerical study of the conditions of formation
of bound states of optical pulses and shows the evolution of the system for different
parameters of the problem. The analogy between the results obtained and the well-known
soliton modes.

Keywords: bound states, birefringence, impurity, two-level systems.

Mikhail Belonenko — Volgograd institute of business Volgograd, Russia, professor, doctor of
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THE INFLUENCE FUNCTIONAL APPROACH FOR A DESCRIPTION
OF THE NANOSYSTEMS DYNAMICS

A.A. Biryukov, M.A. Shleenkov

In the functional integration formalism and the influence functional approach we derive
formulas, describing the evolution of the statistical density matrix of nanosystems in different
representation. We find the explicit form of the quantized electromagnetic field influence
functional. We present examples, which agree with the calculations in the framework of
perturbation theory.

Keywords: nanosystems in an electromagnetic field, the functional integration formalism, the
influence functional approach.
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INTERACTION OF TERAHERTZ RADIATION WITH DNA
A.N. Bugay

A nonlinear model of DNA dynamics with coupling between conformational dynamics and
proton tunneling is presented. It is demonstrated that terahertz radiation can influence both
vibrational excitations and proton motion in DNA hydrogen bonds. The irradiation at the edge
of far IR spectral range can promote proton tunneling. If the radiation frequency matches the
vibrational mode, the generation of localized excitations in form of dissipative solitons is
possible. These solitons decrease the probability of proton tunneling.

Keywords: DNA, terahertz radiation, proton tunneling, dissipative soliton.

Aleksandr Bugay — Joint Institute for Nuclear Research, Dubna, Russia, Ph.D., researcher,
bugay aleksandr@mail.ru

PHOTON DENSITY OF STATES IN OPTICAL NANOMATERIALS
AND CONTROL OF ENERGY LEVELS OF ATOMS

R.Kh. Gainutdinov, M.A. Khamadeev, E.V. Zajtseva, M.Kh Salakhov

We discuss the influence of the optical nanomaterial medium on the character of interaction
of atoms with their own radiation field on the example of photonic crystals. It is shown that
such effects may lead to changes of energy levels of atoms placed in a periodic dielectric
medium of nanometer size.

Keywords: density of states, photonic crystal, energy levels shift.
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THE HIGH HARMONIC GENERATION ON SUPERLATTICES
BASED ON GRAPHENE AT THE PRESENCE OF A UNIFORM ELECTRIC FIELD

S.Yu. Glazov, N.E. Mescheryakova

The high harmonic generation on superlattices based on graphene under the influence of a
variable and a uniform electric fields is considered. Intensities vectors of these fields are
directed along superlattices axis. The electron system superlattices based on graphene is
considered using the kinetic Boltzman equation with a constant relaxation time. The
dependence of the amplitude of the high harmonic from fields characteristics is investigated.
Keywords: superlattice, grapheme.
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MANAGEMENT OF OCCURRENCE TIME AN SHTARKOVSKY ECHO
IN NANOGAMUT BY OF MUTUAL ORIENTATION OF GRADIENTS
OF ELECTRIC FIELDS VARIATION

G.I. Garnaeva, L.A. Nefediev, E.N. Ahmedshina

Possibility of management is shown by time of occurrence of the response of the Shtarkovsky
echo at change of mutual orientation external electric fields gradients of. It is found that at
various corners between gradients of external non-uniform electric fields shift of time of
occurrence of the Shtarkovsky echo is observed.

Keywords: photon echo, information lock-out, Shtarkovsky echo, non-uniform electric fields,
optical nanocenters.
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UNIVERSAL INTERATOMIC POTENTIAL FOR PURE METALS
V.E. Zalizniak, O.A. Zolotov

A new interatomic potential for metals based on the embedded atom method is proposed in
this paper. Some approximation of electron density distribution is suggested from the basic
principles of quantum mechanics. The form of this distribution defines not only the pair
potential but also the particular form of embedding energy function. To describe various
metal properties one should choose only two parameters of the electron density distribution.
The parameters are determined empirically by fitting to the equilibrium lattice constant,
sublimation energy, vacancy formation energy and elastic constants. Potential parameters for
Al(fcc), Fe(bee) and Mg(hcp) are presented. Potential is expressed by simple functions and
can be used in molecular dynamics simulations of large atomic systems.

Keywords: interatomic potential, embedded atom method.

Victor Zalizniak — Siberian Federal University, Associate Professor, PhD,
vzalizniak@sfu-kras.ru
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ERRORS IN “THE SIFTED” QUANTUM KEY WHILE TRANSMISSING
VIA SINGLE-MODE STOCHASTIC ANISOTROPIC INHOMOGENEOUS FIBER

G.P. Miroshnichenko, A.A. Sotnikova
In this article we take into consideration time dynamics of a field density matrix in basis of

conditions of vacuum and two orthogonal polarization photons. The analysis was performed
using the device with passive modulation of distributed photons conditions and additional
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unexcited modes. Errors in the sifted key can appear due to the absorption and depolarization
of photons, as well as from the optical fibre (OB) parameters disorder. We find the average
relative error (QBER) for variation of OB parameters in the sifted quantum key using BB84
protocol distribution with polarizing coding of the information. It is possible to reduce QBER
significantly, even when random OB parameters are widely dispersed. For identifying the
protocol working conditions at large distances we use the polarizing palpation effect, most
clearly expressed when average value of OB parameters surpass their variation. In conclusion,
the correct choice of OB manufacturing technology will lower QBER to the critical level of
0.11, below which the distributed key can be applied for cryptographical purposes.
Keywords: quantum cryptography, noise in the quantum channel, QBER, optical fibre,
photons, error in a quantum key, polarizing coding of the information
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MICROSCOPIC DISCRETE MODEL OF NONIDEAL PHOTODETECTOR
G.P. Miroshnichenko, A.I. Trifanov

The descreet photodetection process is under investigation. It is assumed to be nonideal due to
the possibility of appearing "dark" and "bright" clicks of ionization chamber, which measures
the atom state. The nonorthogonal POVM measures and Kraus extension on the field states
space are proposed.

Keywords: photodetection, ionizing chamber, QED intracavity interaction, state reduction,
Kraus extension.
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THE INFLUENCE OF UNCORRELATION OF INHOMOGENEOUSLY
BROADENING ON FORMATION OF TRANSITIVE OPTICAL PROCESSES
IN THREE-LEVEL NANO-GATES SYSTEM

L.A. Nefediev, E.I. Nizamova, S.V. Taktaeva

The correlation of the inhomogeneous broadening in different frequencytransitions in three-
tier system of nano-gate and its impact on the intensity of the response of the stimulated
photon echo investigated. It is shown that the correlation coefficient of inhomogeneous
broadening on two different transitions and the intensity of the response of the stimulated
photon echo depends on the parameter of the random interaction of the optical electron with
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the local field and the width of the distribution of additional frequency shifts due to partial
mutual fixation of the transition energies. Moreover, a slight change in the coefficient of
correlation leads to a significant decline in the intensity of the response.

Keywords: stimulated photon echo, nano-gates, correlation coefficient, optical nano-center.
Leonid Nefediev — KSU, Kazan, Russia, professor, Head of Department, Doctor of Physical
and Mathematical Sciences, nefediev@yandex.ru
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CODING INFORMATION IN NANO-TIME INTERVALS
BETWEEN THE EXCITING LASER PULSES IN OPTICAL ECHO PROCESSOR

L.A. Nefediev, A.R. Sakhbieva

Encoding of information in the nano-time intervals between the exciting laser pulses in
optical echo processor was considered. Information measure to describe the transformation of
classical in quantum information was introduced. When converting classical information
stored in the nano-time intervals tier laser pulses in a quantum, the most appropriate measure
is the quantum information measure based on algorithmic information theory as it has the
highest correlation with the classical information measure.

Keywords: photon echo, echo-processor.
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ULTRASHORT PULSE PROPAGATION IN FERROELECTRIC
MODELED BY THE FIFTH-ORDER DUFFING MODEL

S.S. Ozhenko, E.V. Kazantseva, A.l. Maimistov

We consider propagation and interaction the extremely short pulses in ferroelectric media
possessing both the nonlinearities of the third and fifth orders. Using to the analytic
expressions found previously, the stability of the stationary pulses to additive modulation and
interpulse collisions is demonstrated by numerical simulation. The stability of
electromagnetic domain is proved regarding the interaction to the incident solitary wave.
Keywords: extremely short electromagnetic pulses, ferroelectrics, paraelectrics, domain
walls, stability.
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SUB-DOPPLER LASER COOLING OF THULIUM ATOMS
IN A MAGNETO-OPTICAL TRAP AND TRAPPING THULIUM ATOMS
IN A MAGNETIC TRAP WITH LOW GRADIENT OF MAGNETIC FIELD

D.D. Sukachev, A.V. Sokolov, N.N. Kolachevsky,
E.S. Kalganova, A.V. Akimov, V.N. Sorokin

We have studied sub-Doppler laser cooling of thulium atoms in a magneto-optical trap
(MOT) operated at 410.6 nm. Without any additional sub-Doppler cooling cycles the sub-
Doppler temperature of 25(5) microK have been achieved (the number of atoms was 3 x 10).
This temperature is one order of magnitude lower than the Doppler limit for used transition
(240 microK). The high efficiency of sub-Doppler cooling is accounted for by equality of
Lande g-factors of high and lower levels of cooling transition. We have implemented
trapping of ultracold thulium atoms in a magnetic trap (MT) formed by a MOT quadruple
magnetic field (field gradient is about 20 G/cm). Loading of MT has been performed from the

cloud contained 4x10° thulim atoms previously cooled in the MOT down to the sub-Doppler

temperature of 80 microK. About 4x10* atom have been trapped in MT at the temperature 40
microK. By analysing MT population decay process the lifetime has been determined (0.5 s)
and the constrain on the rate constant of inelastic binary collision of spin-polarized thulim

atoms in the ground state (g;,, <10~ ¢cm’s ") has been imposed.

Keywords: laser cooling, magneto-optical trap, magnetic quadruple trap, magnetic dipole-
dipole interaction, thulium atom, sub-Doppler laser cooling.
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