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Abstract

We propose a Brewster-like reflectionless transmission effect of evanescent waves: no evanescent
reflected waves are observed at evanescent wave incidence on a plane interface of two media. Similar to
the well-known Brewster effect for propagating waves, the proposed Brewster-like effect for evanescent
waves occurs when surface impedances of waves in the neighboring media are equal. Contrary to the
known Brewster effect for complex incidence angles related to the existence of some surface wave (when
surface impedances are equal for evanescent waves to both sides of the two-media interface decaying in the
directions away from the interface), the proposed Brewster-like reflectionless transmission corresponds to
the surface impedances equality for evanescent waves decaying in the same direction. It was shown that the
proposed Brewster-like effect for evanescent waves can occur for both (p- and s-) polarizations and only for
magnetic media (u # 1 for at least one of the two neighboring media). Based on the proposed Brewster-like
reflectionless transmission of evanescent waves, we suggest a method of a totally-reflected-wave’s phase
patterning with a pattern vanishing exactly at Brewster’s angle.

Keywords: Brewster effect, evanescent wave, near field, magnetodielectric, surface wave

EDN RRYJEX

1. Introduction

The famous Brewster effect has been known for more than two centuries in optics of dielectric media [1].
This effect is one of the basic ones in polarization optics and it has numerous applications, e.g., in polarizers,
glare filters, gas lasers, for broadband angular selectivity, for avoiding unwanted light reflection in holography
and microscopy [2-7].

Due to the rapid development of electrodynamics of metamaterials (including optics of metamaterials
with non-unit magnetic permeability [8-11]) in the last years, the Brewster effect has been intensively studied
for magnetodielectric media interfaces [12-19]. For example, the Brewster effect was predicted for s-polarized
waves on an interface of two magnetodielectric media with positive refractive indices [12,13,19], for either
s- or p-polarized waves on an interface of media with positive and negative refractive indices [18]. In addition,
it was shown that under some conditions the Brewster angle at a two-media interface is absent for both
polarizations [15] or under some other conditions it exists simultaneously for both polarizations [15].

The extension of many effects formerly known for propagating waves to the case of evanescent optical
waves (near field) has been one of the important trends in modern optics (nanooptics) in the last two
decades. Thus, a near-field optical microscope [20], near-field optical tweezers [21], near-field molecular
spectroscopy [22,23], and near-field holography [24] have been developed. In the current article, we consider
transmission of evanescent waves through systems of magnetodielectric layers and, in particular, analyze
an analog of the Brewster effect for evanescent waves when no evanescent reflected waves are observed at
evanescent wave incidence on a plane interface between two media (below we will refer to this effect as the
Brewster-like reflectionless transmission of evanescent waves).

First, we recollect features of the Brewster effect for propagating waves in magnetodielectric layers.
Then, we analyze if a Brewster-like reflectionless transmission of evanescent waves exists. Finally, we consider
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a possible application of the Brewster-like reflectionless transmission of evanescent waves.

2. Theory. Description of the Brewster effect for propagating waves in terms of
surface impedances

First, let us recollect features of the Brewster effect for propagating waves. The well-known Brewster
effect on an interface of two dielectrics proves itself as zero reflection of a p-polarized propagating plane
wave incident on this interface at a certain angle (Brewster’s angle). Similarly, the variations of the Brewster
effect at interfaces of magnetodielectric media (either for p- or for s-polarization) studied in [13-15, 18] show
themselves in zero reflection of propagating plane waves incident on these interfaces at certain angles. This
zero reflection, corresponding to Brewster’s angle, meets the equality condition of surface impedances Z of
waves in neighboring magnetodielectrics (read [25] on surface impedance). Indeed, let us consider a plane
interface of two half-spaces filled with magnetodielectrics with permittivity and permeability e; and p; and
with €2 and po (see Fig. 1).

& H

Fig. 1 — Transmittance of a plane wave through an interface between magnetodielectric with dielectric permittivity 1
and magnetic permeability p1 and magnetodielectric with 2 and po.

By definition, surface impedance Z of a plane wave incident on a plane surface is the proportionality
coefficient between the electric field component F; tangent to this surface and the tangent component H; of
the magnetic field of this wave:

Et:Z[Htxn], (1)

where n is a normal vector to the surface [25]. Thus, surface impedance is a value determined both by the
plane wave and by the surface considered. Surface impedance characterizes a single (with definite wave
vector k and definite polarization s- or p-) wave incident on a plane surface. Note that Z of a reflected wave
has the opposite sign compared to Z of the incident wave because H; changes its sign on reflection concerning
the xz-plane whereas E; remains unchanged. The Maxwell’s boundary conditions are known to require the
continuity of electric and magnetic field tangent components at a media interface. Therefore, the equality of
the surface impedance of a wave in one medium to the surface impedance of a wave in another — neighboring
— medium means that only one wave (either incident or transmitted) in each medium is needed to meet the
boundary conditions on the media’s common interface. In other words, when the surface impedance of a
wave incident on an interface from one medium equals to the surface impedance of the transmitted wave in
another medium to the other side of the interface, the reflected wave is absent.

Let us consider the cases of p- and s-polarized waves in more details and derive expressions for surface
impedances in magnetodielectric medium. We consider a plane wave with the wave vector k; incident on
a plane interface parallel to the coordinate plane xz (see Fig. 1). The plane of incidence is parallel to the
coordinate plane zy and the tangent component of the wave vector equals to k, (this component remains the
same for waves in both sides from the interface). First, let us consider p-polarized waves with magnetic fields
parallel to the z-axis. The z-component of the magnetic field is H, = A, exp (ik1,y + tkyx) (here and further
we omit the factor exp(—iwt)), where k1, = \/kie1p11 — k2 is the y-component of the wave vector k; in the
first medium, A, is the magnetic field amplitude and kg is the wave number in vacuum. From the Maxwell
equations, B, = —(0H,/0y)/ikoe1 = —k1yH,/koe1. Therefore, the surface impedance of the wave in the first
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medium with €; and p; is

7 = E, _ _& _ kly _ k8€1/,61 - k% (2)
p = [H X ey]m Hz ]{5061 koEl '

The surface impedances equality condition
\/k%é‘l,ul — k%/koé’l = le = ng = \/k%é‘gug — k%/k)oSQ (3)

(ka/ko); = €182 (112 — e2pm1) / (€3 — €3). (4)

gives

In the case of nonmagnetic media, this condition has the form of (k,/ko)* = e162/(e1 + €2) and

transforms into the well-known formula tana; = (k. /ko) /\/51 (k /ko = y/e2/e1, where a; is the

incidence angle of a wave in the medium with dielectric permittivity .

By analogy, we consider an s-polarized wave. The electric field is directed along the z-axis and
equals to E, = A, exp (ik1,y + ikyx), where A, is the electric field amplitude. From the Maxwell equations,
H, = (0E./0y)/ikop1 = kiyE. /kop1. Therefore, the surface impedance of the wave in the medium with &,
and pq is

E, E, k k
Z1s = 17 T H, ISMI - 2 - 2’ (5)
[ z X ey]z x 1y koel,ul — km
and the surface impedances equality condition Z1, = Zo4 gives the formula for Brewster’s angle
(o /ko)2 = papia (e2p11 — €1p12) [ (13 — 13). (6)

Even though the Brewster effect in magnetodielectric media was described and studied more than
forty years ago [19], the case when there are only waves evanescent in the y-direction in neighboring layers
(i.e. the “complex incidence angle” case when k2 > kZequ1 and k2 > kZeapuiz) has been analyzed incompletely.
In particular, the case of surface impedances equality for evanescent waves decaying in the same direction
(e.g. in the +y-direction) in two neighboring media has not been considered yet. On the contrary, the case
of surface impedances equality for evanescent waves to both sides of the two-media interface decaying in
the directions away from the interface is well-studied and is commonly related to as the Brewster condition
at complex incidence angles [26]. The last case corresponds to a surface wave running along the two-media
interface (e.g. surface plasmon-polariton, Zenneck wave etc.) [26,27].

In the present paper, we carefully analyze the case of an evanescent wave incidence on a two
magnetodielectric media interface and find out whether a kind of a Brewster-like reflectionless transmission
exists in this case of evanescent waves.

3. Results. The Brewster effect for evanescent waves

Let us consider a medium with €; and p; (we consider only real-valued dielectric permittivities
and magnetic permeabilities in this paper). Let a p-polarized plane wave evanescent in the y-direction
with k2 > kZequ1 propagate in this medium. In this case, magnetic field H, = A, exp (—k1,y + ik,x) and
the z-component of the electric field E, = —(0H./0y)/ikoe1r = ki1yH,/ikoer = —Z1,H,, where ki, =

k2 — kEeipn > 0 and
le = 7/ﬁlly/l‘k0€1 = 4/ k% — kg&lp,l/iko{fl. (7)

By analogy, for an evanescent wave decaying in the y-direction with k2 > k2eouo in the medium with
epand o H, = A, exp (—Koyy + ikyx), and Ey = —Zo, H, = Koy H, [ikoeo, where koy = \/k2 — kieops > 0
and A, is the magnetic field amplitude in the second medium. Therefore, in the case of Z;, = Zy,, it can be
possible that only one above-mentioned evanescent wave decaying in the y-direction exists in each medium
(see Fig. 2) and Maxwell’s boundary conditions at the media interface are met.

Let us analyze in details the condition Z3, = Zs, under the assumptions e1,e9,u1,u2 # 0, k2 > kieip,
k2 > k052u2, K1y > 0 and kg, > 0. From this condition we obtain €162 > 0 (contrary to the surface plasmon-
polariton existence condition when k1, = —/k2 — k%elm < 0 and e162 < 0). The Brewster condition
Zip = Zyp in this case is

(ka/ko)s = €162 (€112 — £2p11) / (€1 — €3) > 0 (8)
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Fig. 2 — Dependencies of magnetic field z-component magnitude (in logarithmic scale) on the y-coordinate in the case

of a p-polarized plane wave with k, = ko1/85/12 incident in the zy-plane from the left. The black curve corresponds

to the case of e2 = 1.0 and p2 = 7.0, the solid red curve — to the case of €2 = 7.0 and p2 = 1.0. In both cases, € = 9.0,

p=1.0,e1 =5.0 and p; = 1.0. At y < 0 there is the medium with € and y, at 0 < y < 0.1 the layer with €; and

w1 is placed, and at y > 0.1\ there is the half-space with €2 and u2. The dashed red line is a straight-line segment
connecting points of the solid red curve

and is the same as given above (4) for non-evanescent waves. Then, assuming 3 > €3 without loss of generality,
we have €19 > eop1. In turn, from the conditions (km/ko)z > ey and (kz/k‘o)2 > eolio We have egjio > 141
(both for 0 < e3 < &1 and for &1 < €5 < 0). These conditions

g162 > 0, sf > eg, €1 > oy and Eagfia > E1[41 (9)

However, they require ps # py. Therefore, the Brewster-like reflectionless transmission for evanescent
p-polarized waves cannot be realized for nonmagnetic media.

By analogy, we consider the case of s-polarized waves evanescently decaying in the y-direction with
k2 > k2ey1py and k2 > k2eopo. In the first medium the electric field is E, = A, exp (—k1yy + tkyx) and the
x-component of the magnetic field is H, = E./Z1s = —k1,E. [ikop:, where

Zys = —ikopi /K1y = —ikom/\/ k2 — kgerp. (10)

It follows from the surface impedances equality condition —ikop1/k1y = Z15 = Zas = —ikopa /Ko,y and
with k1, > 0 and K9y > 0 that ppus > 0 and the Brewster condition Z1, = Zy, is

(ko /ko)2 = papa (e2p1 — e1p12) /(43 — 1) > 0, (11)

having the same view as for the case of non-evanescent s-polarized waves (6). Therefore, for the last inequality
along with conditions k2 > k3eju; and k2 > kZeaus to be compatible, the following conditions must be
satisfied (without loss of generality):

pipe >0, e1p1 > eope and eyps > eapy at ,u% > ,u%. (12)

Obviously, these inequalities require €5 # £1. As in the case of p-polarized evanescent waves, the
Brewster-like reflectionless transmission for s-polarized evanescent waves does not occur in nonmagnetic
media.

By a particular example let us illustrate the fact that a reflected evanescent wave is absent in the case
of equal surface impedances. We consider a layer of the thickness d = 0.1\ with £; = 5.0 and p; = 1.0 between
a half-space with 5 = 1.0 and us = 7.0 (to the right of the layer) and a half-space with ¢ = 9.0 and u = 1.0
(to the left of the layer) (see Fig. 2). The specified values of e1,e9,11,u2 meet the conditions (9) when the
Brewster-like reflectionless transmission for p-polarized evanescent waves can occur. Let a p-polarized wave
with the z-component of the wave vector k, be incident from the left half-space. The Brewster-like reflectionless
transmission through the interface between the layer with €; and p; and the right half-space with €5 and
o is realized at (km/kO)f, =e1e2 (e1p2 — e2p1)/ (3 — €3) = 85/12 (Eq. 4). In this case, (kz/ko); > e =5,
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(lcgﬂ/k:o)zz9 > gopig = 7 and (km/ko)i < e = 9. As shown in Fig. 2 (black curve), under the condition of
(kz/ ko)i = 85/12, only one evanescent wave (decaying in the y-direction) exists in the layer. On the contrary,

if 5 = 7.0 and py = 1.0, the Brewster condition is not met at (kg /ko)> = 85/12, and the field in the layer is
a sum of two evanescent waves, one of which decays in the y-direction and the other grows (see the solid red
line in Fig. 2 which is not a straight-line segment in the layer).

Thus, the proposed Brewster-like effect manifests itself in the absence of a reflected evanescent wave.
On the other hand, contrary to the Brewster effect for propagating waves, the power reflection coefficient is a
unity in some range of values of k, around Brewster’s angle because of total internal reflection.

4. Discussion. Reflected wave phase tailoring

One of the actively developing areas of modern electromagnetics is electrodynamics of metasurfaces —
surfaces structured on a subwavelength scale in a certain way. One of the applications of metasurfaces is
manipulating the phase and amplitude of reflected waves along a metasurface plane [28,29]. The described
Brewster-like reflectionless transmission of evanescent waves enables manipulating the phase of a wave
totally reflected from a layered surface depending on the thicknesses of layers. In this case, the reflected
wave phase may depend on the layers’ thicknesses only at incidence angles that do not meet the Brewster
condition ((4) or (6)) whereas the phase of the reflected wave is independent of the layers’ thicknesses if the
incident wave satisfies the Brewster condition.

To illustrate this effect, let us consider a plane magnetodielectric layer between two half-spaces of
magnetodielectrics (see Fig. 3) again. Let a p-polarized plane wave with z-component k, of the wave vector
be incident from the left half-space.

& Hy | & M

d

— Z Y

Fig. 3 — The structure demonstrating manipulation of a reflected wave phase. A plane wave with z-component k, of
the wave vector is incident from the left half-space with € and p on a layer with €1 and 1

If the Brewster condition (4) is met at the interface of the layer and the right half-space, a reflected
evanescent wave (growing in the y-direction) is absent in the layer. Therefore, the characteristics of the
wave reflected in the left half-space is independent of the layer thickness. Indeed, this can be seen in Fig. 4,
where the phase of the reflectance r in the left half-space is shown as a function of k,/kq for different layer
thicknesses d and for €5 = 1.0 and ps = 7.0 (the 7 magnitude equals to 1 at the Brewster condition because
(kz/ ko); > e9/i2). However, if the Brewster condition (4) is not met there is a reflected evanescent wave in
the layer growing in the y-direction, which leads to the dependence of r phase on d.

Based on this effect of reflectance phase independence on d at the Brewster condition (4) and reflectance
phase dependence on d for other incidence angles, we could tailor the reflected field phase distribution along
the reflecting surface (by setting the distribution of d along the surface while the interface between the
medium with € and p and the medium with £; and p; remains plane) so that this distribution depends on the
incidence angle k,/kqo. At Brewster’s incidence angle, the reflectance from the surface has a uniform phase
distribution.

5. Conclusions

In the paper we proposed the Brewster-like reflectionless transmission of evanescent waves through a
two-media interface. If an evanescent wave is incident on a plane interface between two media (in the case
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Fig. 4 — Phase of the reflectance r in the left half-space (see Fig. 2 or Fig. 3) as functions of ks /ko. The black curve
corresponds to the layer thickness d = 0, the red curve — d = 0.05\, the blue curve — d = 0.1\

of incident wave decaying along the normal to the interface in the direction to the interface), the reflected
evanescent wave, decaying in the direction opposite to that of the incident wave, may be absent. Similar to the
known Brewster effect for propagating waves, the proposed Brewster-like effect for evanescent waves occurs
when surface impedances of waves in the neighboring media are equal. Contrary to the known Brewster effect
for complex incidence angles related to existence of some surface wave (when surface impedances are equal for
evanescent waves to both sides of the two-media interface decaying in the directions away from the interface),
the proposed Brewster-like reflectionless transmission corresponds to the surface impedances equality for
evanescent waves decaying in the same direction.

We considered both the cases of p- and s-polarized waves. It was shown that the Brewster-like
reflectionless transmission for evanescent waves could occur for any of these polarizations. In the case of each
of these polarizations, it is necessary that at least one of the two neighboring media has magnetic properties
(i.e. has magnetic permeability different from unity) for the reflectionless transmission to take place.

Based on the Brewster-like reflectionless transmission effect for evanescent waves, we proposed a
method of tailoring of totally-reflected-wave phase distribution in the plane of a reflecting surface. If we
take such system of plane layers as a reflecting system, that the Brewster condition for evanescent waves
is met at the interfaces between these layers, the reflected wave phase will be independent of the number
and the thicknesses of these layers at the Brewster condition. However, at other angles the reflected wave’s
phase will depend on the characteristics of this layered system. This fact could be used for the development
of a structured layered system with layers’ thicknesses varying along the layers plane, thus, providing a
desired totally-reflected-wave phase distribution. This distribution would be observed only for incidence
angles different from Brewster’s angle, whereas the phase distribution would be uniform at Brewster’s angle.
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AHHOTALUSA
Mpr onucbiBaeM ¥ TEOPETUYECKU aHAIU3upyeM 3P deKT 6e30TPparkaTeIbHOIO ITPOXOXK IEHUS

9BAHECIEHTHBIX BOJIH Yepe3 TPaHMIly cpej, nofobublil addekry Bpiocrepa s pacipocrpans-
fomuxcsa BoH. Janubiit 9¢pdekT BhIpakaeTcs B TOM, UTO €CJIU Ha IUIOCKYIO TPaHUILy pasiesia
JIBYX CDP€J] IIaJIaeT IBAHECIEHTHAsI BOJIHA (KOr/a M IAI0IIas BOJIHA 3aTyXaeT B HAIPABICHUN
[I0 HOpDMaJM K IDaHUIle pa3jesa JBYX Cpell), TO OTParKeHHasl IBAHECIeHTHasl BOJIHA,
3aTyxalolias B HAIPABJIEHUHU, IPOTUBOIIOJIOXKHOM HAIIPABJIEHUIO 3aTyXaHUsl MAJAI0MEN BOJTHbI,
orcyrcrByer. HazoBem nannblii apderT Ge30rparkaTebHBIM IPOXOXKIEHNEM Bprocrepa st
3BaHeCIeHTHBIX BostH. [logobuo m3BecTHOMY 3ddexTy Bprocrepa mjst pacpocTpaHsonmxcs
BOJIH, 0e30TpazkaTelbHOe MPOXOXKIEeHWe DBprocrepa [Jisi 9BaHECIEHTHBIX BOJH BO3HUKAET,
KOIJIa TIOBEPXHOCTHBIE MMIIEJAHCHI BOJIH B IPAHUYAIINX CPejax paBHbL. V3BecTHBbIN a3ddekT
Bprocrepa 11 KOMILUIEKCHOTO yIvia IaJEHHs CBSI3aH C CYIIIECTBOBAHHEM IIOBEPXHOCTHOI
BOJIHBI, KOTJIa TOBEPXHOCTHBIE UMIIEIAHCHI PABHBI JIJIsl 9BAHECIEHTHBIX BOJIH 110 00€ CTOPOHBI
PPAHUIBI, 3aTyXalONUX B HAIPABJIEHUAX OT I'DAHUIBI ABYX cpen. [Ipu sroM onmcbiBaeMoe
HaMH Ge30TparkaTeIbHOE IIPOXOXKIeHne Bpiocrepa cooTBETCTBYeT PABEHCTBY ITOBEPXHOCTHBIX
UMIEIAHCOB JIJIsi YBAHECHEHTHBLIX BOJIH, 3aTYyXAIONUX B OJHOM U TOM K€ HAIPABJICHUMU.
st TUIOCKUX T'paHUIl ABYX Cpell ObLIO TEOPpEeTHYECKH MHoKa3aHo, 4To 3dderT Bpiocrepa
JJIsl 9BAHECIEHTHBIX BOJIH MOXKET MMETh MECTO KakK /I P-, TaK U JJIs S- IOJISIPU3AIINH,
IIpUYEeM TOJIbKO €CJIM XOTd Obl OjlHA W3 JBYX IPAHUYAIUX cpej 00JajaeT MarHUTHBIMUA
cpoiicrBamu (p # 1). Ha ocroBe paccMorpentoro adgdexra 6€30TpazkaTeIbHOrO IPOXOK ICHUS
Bprocrepa mpemjioykeH MeToZ HACTPOUKH (ha30BOIO pPACIPEIEsICHUSI BOJIHBI, HCIBITABIIEH
[IOJIHOE OTPArKeHHe, B IVIOCKOCTH OTPArKAIOIIEH TOBEPXHOCTH, IPUTOM YTO JAHHOE (ha30BoOe
pacripejiesieHue IPEeBPAIIAETCs B OJHOPOJIHOE IIPU YCIOBUN H€30TParKaTesIbHOIO IIPOXOXK JIEHUST
Bprocrepa.

KuroueBnbie ciioBa: adpdekt Bprocrepa, sBaHeciieHTHaAs BOJIHA, OJIMXKHEE 110J1€, MArHUTOIU-
3JIEKTPUK, TTOBEPXHOCTHASI BOJIHA
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AnHOTaUSA

Paccmorpena 3agada 06 onTuMmu3anuu 3Be371000pa3Hoii Kpomku KosutmMmaropa MAPK-12. 3eesno-
obpaszHasi KpOMKa WJIM OTOTHYTBIN Kpail 3epKaJjia UCIOJIb3YIOTCsI JIJIsl TOTO, YTOOBI YMEHBIITUTh BJIUSTHUE
nudpakImOHHbIX 3(MMOEKTOB HA PACIpeiesieHne Moyt B pabodeil 30He KOTMMaTopa. B HacTosImee BpeMst
LIMPOKOE BHEJIPEHUE IIOJIY YA 3yDOIbl ¢ KPUBOJIMHEHHBIME peGpaMu, KOTOpbIE IIPH TOM 2Ke BbIcoTe obecrie-
9uBaOT O0Jiee PABHOMEDHOE PACIIpEIeIeHNe oIl B pabodeil 30He KOMITAKTHOTO MOJUTOHA. B MomeabHOi
3a/1ade AudPaKINU Ha JBYMEPHOM KOJUTHIMATOPE IMyTeM mepebopa Obuta HalieHa dpopma mpodus 3y0I1os,
obecrieunBaoas HauIydinee pacupejeseHne noJisd. Pacuer nudpakiuu B MOJEIBHON 3a/ade BbIIOJI-
HSIJICSI METOJIOM WHTErPAJbHBIX ypaBHEHUI. BhII0 0OTMeUeHO, 9TO pacrpeesieHns moJieil B MOJETbHOM
3aJ1a4e CUJIbHO 3aBUCAT OT TOJIAPU3AIUY [AJAIOMEH BOJHBI KaK Jijist 3yOI0B ¢ MPSIMOJIMHEAHBIMU, TaK U C
KPUBOJIMHEHHbIME pebpaMu. 3aTeM ObLI pACCMOTPEH PsiJi BADUAHTOB PACIIOJIOXKEHMsI 3yOII0B C ONTUMU3UPO-
BaHHO (hopMoit pebep 1o Kparo mapabonmdeckoir yactu kKosummaropa MAPK-12. Meronom dhusnueckoit
onTHKN OBbLJa IPOBeJEHA OIEHKA PacCIpeeseHns mojeil B pabodeir 30He KosummMmaTopa. [lokazano, aro
Moudukarus GOpMbl 3Be31000pa3HOil KDOMKHM IO3BOJINT YMEHBIIUTH HEPABHOMEPHOCTb PACHPEIEICHUsT
nojist B paboueit 30He KojummMaTopa Ha 0,6 1B B HM3KOYACTOTHON YaCTH AUAIla30Ha, IPU COXPAHEHUHU
rabapUTHBIX PA3MEPOB 3epKaJia.

KirogyeBrble cjioBa: KOMIIAKTHBIN [TOJINTOH, KOJUIMMATOP, pabovast 30Ha, PACIIPE/IeJIEHUe I10JIs, 3BE31000-
pa3Hasi KpOMKa

EDN RTOOCF

BBenenue

KoMmmakTHBII TOJUTOH — 9TO YHUBEPCAJILHBIH U3MEPUTEIbHDBINH KOMILIEKC, TTO3BOJIAIONINI TPOBOIUTD
U3MEepeHNsl PACCEUBAIOIIMX CBOMCTB OOBEKTOB U IapamMeTpoB aHTeHH. OCHOBOW KOMITAKTHOI'O IIOJIATOHA
SIBJISIETCsT KOJLIMMATOP, OOBIYHO 3epKaabHbINH. TOYHOCTD M3MepeHuil B KOMIIAKTHOM TIOJINTOHE OIIPEIEJIsIeTCSI
HEPABHOMEPHOCTDHIO PACIpeieIeHrs [I0Jisl B ero paboueil 30ue [1], KOTopas B 3HAYMTENILHOI CTEIIEHU 3aBUCHUT
OT TOYHOCTH U3TOTOBJIEHUS IIOBEPXHOCTUA U (DOPMBI KPOMKH 3€PKAaJIa KOJUIIMATOPA.

YT0o0bI yMEHBIUTH BJIUsHUE JTUMPAKIMOHHBIX 3(hDMEKTOB Ha pacipe/iesieHne mMoJid B padodeil 3o0mHe,
Kpasl 3epKaJjia KOJJIMMATOPa, JIONOJIHSIIOT MTOTJIOMAOIINM MaTEPUAJIOM, UCIOIb3YIOT (hacCOHHBIE OKOHUYAHUS B
BuJie 3yOI0B WK B BUJe IUIaBHOro orruba kpasg [2-5]. Haubosee nonysisipHbIME HAIIPABJIEHUSMEA OCTAIOTCS
WCITOTb30BAHNE 3BE31000pa3Hoil KPOMKH 3e€pKaJia U IJIABHOTO OTTHOa Kpas. Bobinoit nHTepec mpeacTaBIsaioT
3yOIlbl C KPUBOJUHEHHBIMI pPeOpaMu, KOTOPbIE MPU TOH »Ke BBICOTE 0DECHeYInBAIOT 0oJiee PABHOMEPHOE
pacipejiesieHne moJsisi B pabodeil 30He KOMIIAKTHOTO TOJHUTOHA [6].

B kommakraoM mosiurone UTIID PAH ucnonssyercsa koutumarop MAPK-12) KoHTYp KOTOPOTO BBIOJI-
HEeH B BHUJE 3BE31000pa3HOil KpOMKH U3 3yOIIOB ¢ IpaMoanHeiHbiMu pedbpamu. [lembio macTosimeir paboTh
SABJIIETCA pa3paboTKa HOBOM (POPMBI 3B€37000pa3HOIT KPOMKH C UCIOJIb30BaAHUEM 3YOIOB ¢ KPUBOJIUHEHHBIMI
pebpamu.

* ABTOp, OTBeTCTBEHHBIN 3a nepenucky: Baagumup Cepreesuu Cosnocus, svs15105Qyandex.ru
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Bri6op dopMBbI JiennecTKoOB

ITpu pazpaborke HOBOIT (POPMBI 3BE31000PaA3HOI KPOMKH YIUTHIBAIACH HEOOXOIUMOCTD COXPAHEHUSI
rabapuTHBIX Pa3MepoB KoJmMaTopa (PUCYHOK 1), Tak Kak pasMepbl 0€39X0BOI KaMepbl 3a/IaHbl U JIOJIZKHBI
0OCTaTbCS HEM3MEHHBIMU. Y BeJINUEHNE JJINHBI 3yOI0B U, CJIEI0BATEIHHO, TaDaPUTHBIX PA3MEPOB KOJIIMMATOPA
€CTEeCTBEHHBIM 00PAa30M MPUBOUT K YJIyUIIIEHHIO KAYECTBA PACIIPE/IEJICHNs oI B pabodeit 3oue. OmHako
paccessHHbIE KOHTYPOM KOJINMATOPAa IJIEKTPOMATHUTHBIE BOJIHBI, OTPaXKasACh OT OJIN3KO PACIIOIOKEHHBIX
CTEHOK 0e39X0BO KaMephl, TOMa AT B pabodyio 30HY KOMIAKTHOTO MOJTUTOHA, UTO MIPUBOJIUT K YBEJTHUICHIIO
HEPABHOMEPHOCTH PACIIPEIEIEHUST aMILIATYIbI TIOJIs.

Pucynok 1 — Baemnuit Bun pediiekropa kommumaropa MAPK-12

SBamada MozepHu3auu hopMbl 3B€371000pa3HOil KPOMKH pedJIeKTopa KOJUIMMATOPa PeIlaaach B JIBa
srana. [lepBonatanbHO ObLT HafieH poduiib pebep 3y6II0B, KOTOPBI 0becreInBaeT HANMIIYIIIee PACIIpe-
JieJIeHue II0JIsI B pabodeil 30He ABYMEPHOI'O KOJLUIMMATOPa, CXeMaTUIeCKH N300pakKeHHoro na pucynke 2. B
IAHHOM 3a/a9e IBYMEPHBIN KOJUIMMATOD IPEICTABIZeT cOD0i GECKOHEUYHYIO TEPUOINIECKYIO CTPYKTYPY U3
MeTaJUINYeCKUX [IacTul ¢ 3ybuamu. [lapamerpol aByMepHOii CTpyKTyphbl cieiyiomue: nepuog P (pazmep
ocHoBaHust 3ybra) pasen 0,8 M, BoicoTa 3ybra H — 1 M, mumpuna «3epraigar> W — 4 .

ITnockas BoJIHA MAIAET HA PACCMATPUBAEMYIO CTPYKTYDY (BOJHOBOI BEKTOD HEPIEHIUKYJISIPEH ILIOC-
KOCTH 4eprezxka, pucyHoK 2). Ha paccrosguuu 5 M paccunuTbhIBaeTCs PACIPEEICHUE [10Jisl, OTPAXKEHHOE I1e-
puommyeckoit cTpykTypoii. Pacuer nposommics na gacrore 1,5 I'T'm npu BepTUKAIBHON U TOPU3OHTAIBHOM
oJIApu3aIuu najaolieit Boiaubl. Ha 3Toit yacToTe pasmep 3ydra cocTaBisieT 5 JJIMH BOJIH, YTO IPUMED-
HO COOTBETCTBYeT pa3Mmepy 3ybra kosummaropa MAPK-12 na nukueil qacrore pabodero nuamna3ona, rje
BusHUE JTU(MPAKITUOHHBIX 3(HPPEKTOB 0OCOOEHHO 3aMeTHO. Pe3ysbraThl pacdeTa pacipe/e/IeHus MOJIsl JIJIs
CTPYKTYPBHI ¢ 3y0OIIaMu ¢ TPsSIMOJIMHENHBIMI PeOpaMU IIPEICTAB/IEHBI HA PUCYHKE 3. PacueTr BBITOJIHEH METOIOM
WHTETrPAIbHBIX YPABHEHUIA.

W3 rpaduka BUIHO, 9TO HEPABHOMEPHOCTH PACIIPEIE/IEHNST aMILIATY/IbI [I0JIsl 3ABUCUT OT HOJISIPU3AIN,
[IPU 3TOM JIJTsi TOPU3OHTAJIBHON MOJIsipu3anuu 5ta BejmanHa coctasisieT 3,8 nb. Ilocie Heckonbkux ureparuit
ObLT TTO/100paH poduabL pebep 3yOIoB, MPU KOTOPOM ObLjIa JIOCTUTHYTa MUHUMAJIbHAS HEPABHOMEDPHOCTH
pacrpejieieHusi aMIUTATY/IbI T0Jis1. Pe3ysibTaThl pacdeTa Pacipe/IeeHus TOoJIsl sl CTPYKTYPBI ¢ 3yOIaMu ¢
KPHUBOJIMHEHBIMU peOpaMu [IPEJICTABIEHbI Ha PUCYHKE 4.

Jlist citydasi ¢ KpUBOJIMHEHHBIME 3yOIIaMy HEPABHOMEPHOCTD PACIIPEIe/IEHUsT aMILIUTY/IBI TTOJIsI TAKKe
3aBHUCHUT OT TOJISTPUIAINHT, TPU ITOM JIJII TOPU3OHTAIHHON TOJISTPU3AINHT 3Ta BeJIUINHA, cocTaBasgeT 3,44 nb.
Takum 06pa3zoM 0XKUIAEMBII BBIUTPBIINT OT HCIIOJIb30BAHUS 3yOIOB ¢ TPOMUINPOBAHHBIMU PeOPAMHI MOYKET
cocraBuTh npumepuo 0,36 nb.
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Pucynok 2 — Mogesp 1ByMEpPHOTO KOJIMMATOPA HA OCHOBE OECKOHEYHON MEPUOTUIECKON CTPYKTYPHI U3 METAJLIMIECKIX
IJIACTUH C 3yOramMu pa3Hoil (popMbl
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Pucynok 3 — Pacupezenenne aMmnTyapl mosist B paboteil 30He MOJIEILHOIO IBYMEPHOI'O KOJUIMMATOPa C 3yOraMmu ¢
NIPSIMOJINHENHBIME pebpamu
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Pucynok 4 — Pacnpenesrenne aMmnTy bl moJist B paboueil 30He MOIEIBHOTO JBYMEPHOTO KOJTUMATOPA C 3ydramMu ¢
KPUBOJIMHEHHBIMU pebpaMu

KO.TI.TII/IMaTOp C MOAEePHMU3NPOBaHHbIMMU JielleCTKaMMn

Konewnoit 1ep1o siBJIsieTCsl aHaJIN3 PACIPE/IeJIeHus 10151, ChOPMUPOBAHHOIO KOJUIMMATOPOM C MO-
JePHU3NPOBAHHON 3BE31000pa3HO KPOMKOM. Y YUTHIBasi BO3MOXKHOCTH BBIYUCIUTEBHBIX PECYPCOB, PACIET
BBITTOJTHAJICS B MPUOJIMKEHUN (DU3UIECKON OINTHKY C MOMOIIBIO ITPOrPAMMHOIO KOMILIEKCA, JIJIsT 3JIEKTPO-
marauTHOrO Momesnposanust FEKO Ha HmkHell gacrore pabouero muamazona xkosummaropa (1 TTm). st
PaccMOTpEHUs PA3/JINIHBIX BAPUAHTOB pa3dMepoB u (opM mpodusist KOHTypa pedJiekTopa Oblaa paspadboTana
IporpamMMa, KOTopasi JIOHOJIHSET OCHOBHOE 3€PKAaJI0 KOJIMMATOPa 3y0IaMu ¢ ONTHMU3UPOBAHHON (HOpMOit
pocuirst.

s amanan3a KadecTBa paclpeaeseHns aMILIUTY/Ibl TOJsT MCIOJIb30BAJIUCH JaHHbIE, MOIABIINE B
pabouyio 30Hy - Kpyr auamerpoM 6 M. [lajee npu ananmse oropacbiBaeTca 5% TOUEK ¢ MAKCHUMAJIBHBIM OT-
KJIOHEHUEM, YTOOBI TIOJIyINTh HEPABHOMEPHOCTh PACIIPEIe/IEHNs TI0JIsi B 3aJaHHON 00/IaCTH C JOCTOBEPHOCTHIO

95%.

Ilocsie mociienoBaTEMbHBIX YTOUHEHUH (POPMBI TTPOduIst 3B€3/1000pa3HOl KPOMKHA HEPABHOMEPHOCTD
pacIipejiesieHus aMILIATY/IbI TI0JIs B pabodeit 3oHe guamerpom 6 M camsuiaack 1o £0,81 n1B, uro na 0,6 1b
MEHBIIE, YeM JJIsi UCXOHOr0 BapuaHTa Mpoduiis KpoMKHU jelicTeyoniero kojmumaropa MAPK-12 npu tex
ke rabapurax pediekropa. BrermmHuil Bui KoJummMaTopa ¢ MOIEPHIU3NPOBAHHON 3Be31000pa3HONl KPOMKOiT
TMOKa3aH Ha PUCYHKE D.

3akJroueHue

B pabore npemyioken aaropuT™ Jjisi ONTUMUBAINN KPUBOIUHEHHOTO TTpodus 3yora. Perrena 3amaua
MIOCTPOEHUSI ONITHMAJILHOTO 3Be3,1000pa3Horo KouTypa koimumaropa MAPK-12. ITokazano, €ro, npu coxpa-
HEHUU 11apabOoJInIecKOil JacTh 3epKaJia 1 o0IuX rabapuToB KOJUIMMATOPA, 3¢PKAJIO ¢ OITUMUA3UPOBAHHOMN
3B€3/1000pa3HON KPOMKOI 00eCIIeInBaeT yMEHbIIIeHne HEPABHOMEPHOCTH PACIPE/IeICHUs aMILIATY/IbI [I0JIs B
pabodeii 30He Ha HIKHUX YacToTax pabodero jauamasona Ha 0,6 1b.
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Abstract

The problem of optimizing the serrated edge of the collimator MARK-12 is considered. The
serrated or rolled edge of the mirror is used to reduce the influence of diffraction effects on the
field distribution in the quiet zone of the collimator. Currently, teeth with curved edges have
been widely introduced, which, at the same height, provide a more uniform distribution of the
field in the quiet zone of a compact ranges. Using model of the two-dimensional collimator, the
shape of the tooth profile was found by iteration, which provides the best smoothness of the
field distribution in the quiet zone. The calculation of the diffraction problem was performed
by the method of integral equations. It was shown that the field distributions in the model
problem strongly depend on the polarization of the incident wave for both serrations with
rectilinear and curved edges. Then a number of options for the arrangement of serrations with
an optimized shape of the edges on the edge of the parabolic part of the collimator MARK-12
were considered. The physical optics method was used to evaluate the distribution of fields
in the quiet zone of the collimator. It was shown that the modification of the shape of the
serrated edge will reduce the nonuniformity of the field distribution in the quiet zone of the
collimator by 0.6 dB in the low-frequency part of the range while maintaining the overall
dimensions of the mirror.

Key words: compact range, reflector, quiet zone, field distribution, serrated edge
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Annoranusa

IIpenyoxena Mozesb 5pOHEBOr0 BOJIOKOHHOI'O YCHJIATEJISI, Y INTHIBAIOIIAS OCHOBHBIE IIPOIIECCHI CIIOHTAH-
HOTO U WHYIIMPOBAHHOTO U3JIydeHus. PaccMaTpuBaeTCcss HEOMHOPOIHOE PACIIPEIEICHIE BIOIb OCH BOJIOKHA
MOII[HOCTH HAKa4YKH, II0JIE3HOI0 CUTHAJA U miyMa. [IpoBoanTcst oreHKa BEJIMYUHBI IIIyMOB CIIOHTAHHOT'O
U3JTy 9E€HUS].

KiroueBble cjioBa: BOJIOKOHHBIE YCUIUTENH, SPONEBbIE YCUINTENN, TPEXYPOBHEBAsI CUCTEMA, CKOPOCTHDIE
ypaBHEHU

EDN QZLXZH

1. Beegenue

Bonokonusle ycuimTenu 1 Jia3epbl Ha OCHOBE KBapIEBOI'O CTEKJIA, JETHPOBAHHOI'O SpOueM, aKTHBHO
HCIIOJIB3YIOTCS B COBPEMEHHO BOJIOKOHHO( onrTuke [1-6]. DpbueBble ycuinTe I 1 J1a3epsl, paboTalolye Ha
JUTMHAX BOJIH OKOJIO 1,5 MKM, HCIOIB3YIOTCS B TEJIEKOMMYyHUKAnusAX [7—11], ontuaeckom 30Hmuposanun [12—
14] n pagmodoronuke [15,16]. Ocobblii MHTEPEC TPEICTABISIIOT OJHOYACTOTHBIE BOJOKOHHO-OITHIECKHE
JIa3epHBIE CUCTEMBI C Y3KOi (opsi/ika HeCKOJIbKUX KI'If) jmHueil reHepaimn [17-21], KOTOpbIe MOIYT CJIy>KHUTh
MaJIOIIIy MSIIIIMI KOT€PEeHTHBIMHA UCTOYHUKAMH B JIMHUAX CBA3U CO CBEPXBBICOKOII IVIOTHOCTBIO KaHAJIOB U B
KOI'€PEeHTHOH CBSA3H, & TaKyKe B CHCTeMaX OITHYECKOI'O 30HAUpoBaHudA. g mepemgadn CUTHAJIOB Ha OOJIbIIUE
pacCTOAHUSA O4YeHb BaXXHa BO3MOXKHOCTb YCHJIEHHs CHTHaJIa 6e3 cyliecTBeHHOro samryMiennd. Hambosiee
PACIPOCTPAHEHBI YCUJINTENN Ha OCHOBE BOJIOKOH, JIONMPOBAHHBIX MOHAMU 3p0ust [22,23].

B pamkax mamHO# paboThI MPEIIOKEHA MOJE/b SPOUEBOr0 BOJIOKOHHOTO YCUJIUTENS, YINTHIBAIOIIAS OC-
HOBHBIE TIPOIIECCHI CIIOHTAHHOTO W MHIYIIUPOBAHHOTO U3JIy9€HUs. Y IUTHIBAETCA HEOIHOPOIHOE PACIIPEIEIeHne
BJIOJIb OCH BOJIOKHA MOIIHOCTY HAKAYKM, [IOJIE3HOIO CUTHAJA U IryMa. [IpoBojauTcs oreHKa BeJIMYUHBI ITyMOB
CIIOHTAHHOT'O U3JIy4YEHUS.

2. Monesib TpexXypOBHEBOII aKTUBHOM CpeJIbl

PaccMmoTpuM BOJIOKOHHBIHN yCHINTEIb, B KOTOPOM B Ka4eCTBE YCHJIMBAIOIIEH CpPeJIbl BBICTYIIAET TPEX-
ypoBHeBas cucrema (puc. 1). Hakauka oCyIecTBIISeTCs IyTeM NepeBoJla aTOMa U3 OCHOBHOIO COCTOSHHUSL «1»
B BO30y2K/IeHHOE cocTosiHme «3». Jlajiee mponcXoauT OBICTPHIN IO CPABHEHUIO CO BCEMU IPOIECCAMM, ITPOUCXO-
JAIIMA B CHCTEME, IIEPEXO]] ATOMa U3 COCTOSHHUS «3» B COCTOSHHUE «2».

st ontucaHust aHCAMOJIsT 13 MHOI'MX aTOMOB BBOJISITCS YCPEIHEHHBIE HACEJIEHHOCTH YPOBHEH «1», «2», «3»,
KOTOPBIE OIPEIEJISIOTCST KAK OTHOIIEHNE KOJIMIECTBA ATOMOB B COOTBETCTBYIOIIEM COCTOSTHUM N; K TIOJTHOMY
quciry aroMoB N:

BT TBETCTBEHHBIIN 3a MEPEeNnucKy: AJieKcaH HKTOPOBUY HK itae.
* ABTOp, OTBETCTBE 3a Meperuc Anekca B 0po opodeenko, adorofeenko@itae.ru
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3

Haka4 ussnyd

Pucynok 1 — Cxema akTUBHO# Cpejibl, UMEIOIIEH TPU SHEPreTUIECKUX YPOBHS

B nasepax ma ocHOBe TBEpPAOTENHHON HAKAYKHM YUHCJIO aTOMOB aKTHUBHOI CPEIbl MOXKHO CUHUTATH
Hen3MeHHBIM, mo3ToMy N1 4+ Ny + N3 = N, oTKyJia cjie/lyeT YpaBHEHHE JIjIsi HACEJIEHHOCTEI:

n1+n2+n3:1.

Ilepexompr MexK Ty Pa3IUIHBIME yPOBHSAME IIPOUCXOASAT 338 CYET CIHOHTAHHBIX, WHIYIIUPOBAHHBIX U
0e3bI3/IyYaTeIbHBIX [IEPEXO0B. BBe/leM BEPOSTHOCTH IEPEXOMO0B MEXKIY YPOBHAMU B €IMHHUILy BPEMEHH
(CKOPOCTH TIEPEXOJIOB)

dni
dt

_ § cn UM be3 . E cn UHO 6e3 )
JFi J#i

cn und bes
rae WS, Wi m Wi — CKOpOCTH CHOHTAHHOTO, HHIYIUPOBAHHOIO U OE3BI3IIy1aTEIbHOTO IIEPEXOI0B U3
COCTOSIHUSI ¢ B COCTOSIHUE j COOTBETCTBEHHO.

B cityuae TpexypoBHEBOI CHCTEMBI BEPOATHOCTH OOJIbIIIEN YACTH IIEPEXO0B [TOJIAaral0T PaBHON HYJIIO.
BepositHOCTB 6€3bI3/IyIaTeIbHOTO Tepexoa OTINIHA OT HyJs I mepexonoB 3—2 u 2— 1. UuaynupoBanubie
U CIIOHTAHHBIE IIEPEXOIbI IPOUCXOIAT MeXK Iy ypoBHsMu 1, 3 u 1, 2. B pesynbrare cucremy ypaBHEHUI MOXKHO
YIPOCTHUTD:

dn cn UH. €. cn UH UH UH.
= (WS Wi W) mg o+ (Wi + W) na — (Wi 4+ W) o, (1)
d77,2 UMO, 6e3 cn UHO 6e3
T2~ Wigng + Wisng — (WEL + W + WE) n, (2)
dng ) cn uro Ges
7dt = 13 N1 — W3‘1 nsg — 31 N3 — W32 ns. (3)

B ciryuae, korma 6e3bI3/1ydaTesbHbIE IEPEXOIBI ¢ 3-T0 Ha 2-i1 yPOBEHDb IPOUCXOAAT ObICTpEe JIIOOBIX APYTUX
nporieccos Wi < Wiss:

dn1

— = (Wl + W3l + W) my = Wig*ny — Wiy, (4)
dn2 UHO, bes cn uHO b6es
o Mz + Wgs°ng — (Wsi' + Wai? + Wy )n27 (5)
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dng

dt W%”dnl — W6263n3 (6)

BoICTpBIi Iepexo U3 COCTOAHNA «3» B COCTOSHHE «2» NPUBOIUT K TOMY, 9TO ng < 71. BepoaTHOCTD I1e-
pexozia W4 3aBUCHT OT MOITHOCTH HAKAYKH, KOTOPAsT, BOOOIIE TOBOPST, MOYKET 3aBHUCETh OT BPEMEHH, TOITOMY
yPaBHEHME Ha MHBEPCHUIO HACEJIEHHOCTH «3» IpeJCcTaBJiseT coboil ypaBHeHHe ¢ epeMeHHbIM Ko3(dpuimenToM.

- 11/ 6es
Jljis1 ynpoImenus ypaBHeHHs CJIe/laeM 3aMeHy TlepeMeHHbIX ng () = fig (t) e Waz b
dng Ges
—= = Watyy ey,
dt
PeHIeHI/IeM 9TOI'0 ypaBHeHHH ABJIAETCHA

fz (t) = / WSS (#) iy () dt + C,

rne C' — KOHCTaHTa, OIPEJIe/IsIfolasi HaCeJeHHOCTb YPOBHsI «3» B OTCYTCTBHE Hakadku. HacejgeHHOCTH
BEpPXHEr0 YPOBHsI B BOJIOKOHHBIX YCUJIMTEJISIX ITPEHEOPEKIMMO MaJIa B CUJIY MAJIOCTU TEIIOBBIX (hJIyKTYaIHii 110
CcpaBHEHUIO ¢ dHeprueil mepexona k1 < hw, mosromy C' = 0. B pesynbrare moaydnm NCKOMYIO HACEJIEHHOCTb:

t
bes bes
nz (t) = e~ W t/eWw bW In, dt.

C yueToM 6GOJBITION CKOPOCTH Ge3bI3TyYaTeTbHBIX MePeXo0B MEK/Ty YPOBHAME «3» 1 «2» Wiss > Wikd
HaXO/IM:

Wunc?

n3 (t) Wﬁes

1 .

W3 HaiijleHHOTO BBIpaKeHUsI SIBHO CJIEJLyeT, YTo N3 < ni. B pe3yibprare cucreMa ypaBHEHNIl, ONUCHIBa-
IOIasl TPEXYPOBHEBYIO aKTUBHYIO CPELY, IPUBOIUTCS K BULY:

dny __ cn uro 6es uMO, uMO,
A — (Wsp + Wat? + W) ng — Wigny — Wi%n,,
d’ng

2 — Wi59ng + Wi§ny — (Ws + W30 + W) ng

HpI/I MIOCTOAHHOII HaKavKe B CTalTUOHAPHOM DPeKUMeE 3Ta CUCTEMa Hpeo6pa3yeTc;{ K BUY:

e = WEWOs W
1 — W{LGd+wlu,3m9 25
_ W&HG_"_W&Ha
ng = WuHa+WC"+W6E‘3 ny.
21 21 21

[ostyaniuce 1Ba OMMHAKOBBIX yPABHEHUs, 9YTO OOYCJIOBJIEHO COXpaHeHueM dactuil: 1y + ng = 1. C
Y4EeTOM 3TOI'0 YCJIOBUS HAXOIUM:

UHO cn bes
nl — 5 W21 +M221 —"_‘}[/21(9 5
Wi W+ Woes W0 L Wi )
e uHd
g = Wit Wiy

W%H6+W§F+W26fa+wf2na+wuna

3amMeTum, 9TO CKOPOCTH WHJLYIIMPOBAHHBIX [TEPEXOJIOB PABHBI M IIPOIMOPIIMOHAIBHBI HHTEHCUBHOCTH
I1a/1QI0IIero I0JIA:

Wum) Wlu = a2[217

VV’U’Ha = Q3 Immc

3uech Io) — uHTEHCUBHOCTH (0ObEeMHAS IJIOTHOCTH SHEPIUU) U3JIYUEHHsI Ha 9acTOTe nepexoia «2» B «1»,
1,4 — MTHTEHCUBHOCTD HAKAYKHU, (v; — KOIMDMOUIMEHTHI TPOITOPIIMOHATLHOCTH MEXKY MHTEHCHBHOCTHIO A0~
el BOJIHBI U CKOPOCTHIO TIepexoia, KOTOPbIe MOXKHO HalWTH, KaK Kodddurmentsr Dditamreitaa. CKOpocTh
CIIOHTaHHOIO u3JiydeHust Wy" 0603Ha4INM Kax

W' =m
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CKOpOCTD 0E3BI3ITYIYATEIHHBIX TIEPEXOI0B 00BITHO B HECKOJBKO Pa3 MEHBIIe, 9eM CKOPOCTh CIIOHTAHHBIX
epexo10B. CyMMapHyIO CKOPOCTD ITEPEX0Jia aToOMa U3 BO30YKIEHHOTO COCTOSTHUSI B OCHOBHOE ODOO3HATIM
Kak o = W + W2, OTHouenne CKOpOCTH CIOHTAHHOTO M3JydeHHs K oOIIell CKOPOCTH Tepexojia 3
BO30YKJIEHHOI'O COCTOSIHMSI B OCHOBHOE HA3BIBAIOT KBAHTOBOI 3ddekTusnocThio n = W/ (WC” + Wﬁea).
Torma ckopocTb H6€3bI3/TyIaTeTbHBIX IIEPEXO/IOB MOXKET OBITh BHIPAXKEHA, 9€PEe3 CKOPOCTH CIIOHTAHHBIX [IEPEX0/I0B

u KBaHTOBYI0 3ddekTuBHOCTL Kak W = (1 — 1) 7o.

C y49eToM 3Tux 0003HaYeHNI penieHnus MoryT OBITH IIpejacTraB/IEHbl B BUJIE:

ny = azla+70
1 Yo+2a2l21+aszlian

No — asloitaglas
2 Yo+2a2l21+aszlan

WNuBepcust Hacenennoctu D = ng — nq:

D= QBIH(m — 7
Yo + 2c2121 + a3 lyan
B OTCyTCTBI/Ie CUr”HaJia IIpu MaJIO HaKavKe D = —1, a IIpu CTpeMJIEHUN HaKadKH K 6eCKOHe‘{HOCTI/I
D — 1.

3. PaCHpOCTpaHeHI/Ie CUTHaJIa B aKTMBHOM BOJIHOBOJE
PaccvoTpum cravasa 3ajady 0 pacCIpoCTpaHEHNN CUTHAJA ¢ HAYAJLHOM WHTEHCUBHOCTDHIO I MO OHO-

pozHoil akTuBHON cpee mimuoit Al (puc. 2).

Al

I+ Al

Pucynok 2 — Ycutenne cursasia 3a cueT WHIYIIMPOBAHHBIX MIEPEXOJIOB B MAJIOM O0ObeMe

Ha BBIXOZIe U3 aKTUBHOI Cpeibl HHTEHCUBHOCTD curHasia cocraBuT I +Al, rne Al obecrieueHo WHIYIUPO-

BaHHBIMU IIEPEXOJIAMU B cpejie. BpeMst pacnpocTpaHeHUs: CUIHAJIA 110 aKTHBHOM cpenie cocraisier Al = v,,At,
e V., — IPYIIOBas CKOPOCTh. 3a JaHHOe BpeMs OyaeT mamydena sHeprus, AE = N X D X hwoglc,.At, rae

N — 9mc/Io aTOMOB B paccMarpuBaeMoM obbeme. Takum obpazom:

AE
Al = @vep =ng X D X hwaol Al

HpI/I nepexo/ie K 1mnmpeaesry MaJibIxX Al TOJIyYIUM ypaBHEHUE Ha MHTCHCUBHOCTL CUTHAJIaA:

dICUZ
—— =ngDhwasl,y,.
dz

Wcnonb3yst HaliIeHHOE BBIINE BHIPAXKEHUE JIJII NHBEPCHOM HACEJIEHHOCTH, IOy YUM HEeJIMHEHHOEe ypaBHE-
HHE, OINUCHIBAIOIEe PACIIPOCTPaHeHNe CUTHAJa B OJHOPOJIHON aKTUBHOMI cpeje:

Al ey, 03Lan — Y0
=n hwasoloy,.
dz “ Yo + 2a2-[cu2 + aSIHaAc 2eue

3/ech MBI CUMTAJIN, YTO HHTEHCUBHOCTH HA, 9aCTOTE IIEPEXO0/IA TIOJTHOCTHIO OMPEIEISeTCss NHTEHCUBHO-
croio curHasa Is; = I;y,, T.e. IpeHeOperajn CIIOHTAHHBIM M3/Iy9eHHEM. Y 9€T CIIOHTAHHOTO W3JIyI€HUS MbI

IIPOU3BE/IEM B CJIEIYIONIEM pa3JeJie.
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st amann3a 9KCIEepUMEHTAIbHBIX JAHHBIX HeOOXOINMO MepeiiTi K TepMIHAM MOIITHOCTHA. B obmem
cJIydae Jiisl epecdeTa M3 HHTEHCUBHOCTHA B MOIIHOCTH HEOOXOINMO YIeCTh HEOIHOPOHOCTD PACIIPE/IEIeHUs]
HMOHOB 5pOUsi M HEOIHOPOIHOCTh MHTEHCUBHOCTH (DYHIAMEHTAJIBHON MOJIBL:

chue QSIHmc (F) — 7%
= a hwasl gy, dsS.
dz /n (F) Y0 + 20[2101& (’F‘) + a3IHa1c (’F‘) @2 (F)

Konnenrpamnuio noHnos spbust B CepAIEBUHE N, U PACIPE/IeJIEHIe NHTEHCUBHOCTH IO/ HAKAYKU U
CUTHAJIA B CEpALEBUHE (C yIeTOM MAaJION PASHUIIBI ITOKA3ATesell TPEJIOMIIEHUs] CEPIIEBUHBI U OOOJIOTKN )
MOKHO TIPUOJIMKEHHO CIUTAThH MOCTOSHHBIMU. Tor/ia B mIpejeiax CepIleBUHbI:

Na (7:‘) = Ng,

Liar (7) = pm;:gmm?

I, (F) = pm;zi’zcuz'

31eCh Pran — MO HOJIA HAKAYKHI, Pey, — JOJSA CHIHAJA, PACIPOCTPAHAIONINXCS B CepAleBUHe. B pesyibrare
HO.quI/HV[:

2

dPey. a3 PpanPruax — Yoma

= nghwasp,
dZ ¢ cue "7/()71—042 + 2a2pcu2Pcua + a3pH(M€P’H,a’K:

PCUZ'

ot MOIITHOCTH B CEPJIIIEBUHE BOJIOKHA MOXKET OBbITH BBIUHC/IEHA MPU U3BECTHOM 3P PEKTUBHOM
HoKa3aTe e IPeIOMIIeHUs (DYyHIAMEHTAIBLHOR MOBL N ogdh:

Ne — Nogip K} (a®k3 (nagp — Nos))
ne — nos Ko (a?kg (Nogs — No6)) Ko (a%kg (Mo — Mos))

p=1-

DddeKTUBHBIN MOKA3aTE b IPEJTOMIeHNS (DYHIAMEHTATLHON MOIBI MOXKET OBITh BBIUYUCJIEH IIyTEM
pellenust IUCIepCUOHHOTO YPaBHEHUST

J1 (a®k§ (ne — nagg)) _ K1 (kg (nogg — 105))

(ne = Nogp) Jo (a2kG (e — Nogg)) (Nogs — T06) Ko (a2kG (Nogg — 105))

4. IITymMbl CHOHTAHHOIO U3JIy4YeHHUs: pacueT U3 3KBUBAJEHTHON MOIIHOCTU IIIyMOB

Pacnpoctpanen meros pacdeTa MIyMOB Ha OCHOBE TOTO (paKTa, ITO MOITHOCTH CIIOHTAHHOTO U3JTyJIeHUs
paBHa MOIITHOCTU WHIyIIMPOBAHHOTO MU3JIyY€HUs [IPU YCJIOBUU, 9TO B Mojie HaxomuTcs 1 ¢poron. Okas3biBaeTcs,
HaJIM9Ke SHePrun hv B KaXKJIOH MOJe U3 Juarna3ona 9actor v + v + Av (Av — 0KHO BBIXOIHOIO GuibTpa)
COOTBETCTBYET PACIPOCTPAHEHUIO U3JIyYEHUA MOITHOCTHIO

Py = hvAv, (7)

HAa3bIBAEMOIT 9KBUBAJEHTHON MOIIHOCTBIO IITyMa.

JeticTBUTETHHO, PACCMOTPUM OTPE30K BOJIOKHA JnuHOM L. B Kaxkmoit Moje HaxoauTcs sueprus hv,
COOTBETCTBYIOIIAsI IIOIOHHASI IJIOTHOCTh SHEPIUU PaBHA h—L”, a MOTOK SHEPIuu — %ﬁ (31ech £ — cKOpoCTh
BoJIHbI). Mozl pacnojiokenbl Ha paccrosuun Ak = 27“ II0 OCH BOJTHOBBIX UHCEJI, U OHU CO3JAI0T MOTOK Py =
L (ME 1 dk __ dk

—_—n —
5= T n C,TaKqToPO—L(

1 dk hv ¢
27 dv ~ dw

¥ £) 2 Ap. Honyuaem pesyisrar (7).

) i %dy. 3amMerum, 9To
1%

DKBUBAJEHTHAs] MOITHOCTD HE SIBJISETCS (DU3MIECKU M3MEPUMOil. DTO BooOparkaeMasi BeJIUINHA, HC-
IoJIb3yeMagd JJId PacYeTOB CIIOHTAHHOI'O M3JIyYeHUsI.

Onenka 3Toit Bemmuuabl gy okaa AX = 0,1 am: Py = hvAv = h;: AN =12x10"9Br = —59 xBwm.

5. lIlymbi, 06yci0B/IEeHHBbIE CIIOHTAHHBIM U3JIyY€HUEM

Pacuer MHTEHCUBHOCTH CIIOHTAHHOI'O M3JIy4YeHUsl YIAOOHO IIPOBOAUTH, UCXOd 13 (HPaKTHIECKOro (IKC-
HEPUMEHTAJIBHO M3MEPEHHOI0) BPEMEHU IIPOJIOJILHON DEJIAKCAIUN € yIeTOM KBaHTOBOW 3(hdeKTUBHOCTH
U3y YEeHUS.

IlonHast ”HTEHCUBHOCTD HA YaCcTOTE IIEPEX0jia aKTUBHOU cpebl o7 CKJIa/IbIBAETCS U3 MHTEHCUBHOCTHU
cursana Ic,, 1 THTEHCHBHOCTH TIyMOB Iy, VIHTEHCHBHOCTD MIyMOB ONpeIeIAeTCsa CTIOHTAHHBIMA W WHTYTIN-
POBAHHBIME TIEpeXoiaMu. YCHUIEHUE IIyMa 338 CIET WH/IYIIMPOBAHHBIX MTEPEXOI0B MOXKET OBITh OMMMCAHO TEMU
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JKe COOTHOIIEHUSIMU, 9TO U ycuiierne curuasa. Onucanue COHTAHHOTO U3JIydeHust TpebyeT ydera reoMeTpun
cucrembl. HakiiasipiBanue IiryMa Ha CUTHAJI IIPOUCXOJUT C YY€TOM MX IIPOCTPAHCTBEHHOIO pasjiesieHusi. B
cJIy4yae BOJIOKOHHBIX yCUJINTEJIEN JeTEKTUPYETCS TOT IIYM CIIOHTAHHOI'O M3JIy4YeHHs, KOTOPBIil pacinpocTpa-
HseTCd B KadecTBe MOJbl ceparieBunbl. [1lymbl, pacnpocTpaHsionuecs B BUIE 0OOJTOYEUHBIX MO, MOTYT
ObITH ycremno oTduaIbTpoBanbl. CIIOHTAHHOE U3JTyYeHNe, BBIXOIAIIEE 3a IIPEIEIbl BOJIOKHA, OMPEIEIsieTCs
aneprypoii 000JI09KN BOJIOKHA U OKA3bIBAET HANMEHDIIIEE BIUSHIE HA BBIXOJHBIE ITyMBI.

DD PEKTUBHO «OIHOMEPHBIT» XapaKTepP MMOBEJIEHUSI N3JIyYeHNs B OIITUIECKUX BOJIOKHAX IIO3BOJISIETCS
YIPOCTUTH OMUCAHUE CIIOHTAHHOI'O U3JIyUY€HUs. 3aMETHUM, UYTO MOIIHOCTb CIIOHTAHHOTO W3JIy9YeHUs] OT MaJjioro
obbema cocrasysger AP, = SAlngnohwyr, TIe ng — HACEIEHHOCTH BEPXHETO YPOBHS, Y] — CKOPOCTD CIIOH-
TAHHOTO W3JIy4IeHus. JacTh 9TOr0 U3JIydeHus MO IaeT B MOy cep/reBuHbl. CKOPOCTh TAKOTO M3JLyIeHUs
41 3HAYUTEIHLHO MEHBIIE, YeM IOJHAsST CKOPOCTh M3JIydeHus ;. TakuMm obpa3omM, mpubaBKa K CIIOHTAHHOMY
U3JIyIEHUIO B OCHOBHYIO MOy cocTaBuT Al = AP.,/S = Alngnahwd, .

HaceneHHOCTH BEpXHErO YPOBHS N9 MOXKET OBITH BhIParXKEHa Yepe3 HHBEPCHYIO HACEJEHHOCTh D = ng—ny
U yCJIOBUE COXPaHEHUs YUCIa JacTull ne + ni; = 1. B pesymbrare Al,, = Alna%hw’yl.

Al

I+ A

PI/ICyHOK 3 — YBejimyeHne NHTEHCUBHOCTHU HIyMOB 3a CYET CIIOHTaHHBIX I1€PEXOJ0B aTOMOB B MaJiOM obbeMe

Takum o6pa30M, Ha BBIXO/€ U3 YCUJIUTEJIA Ha6J'IIO,H,a.€TCH CyMMa CHUT'HaJIa U IIyMa, I THTE€HCUBHOCTD
TaKOr'o IIyMa 3a/1a€TCd YpaBHEHUEM

dlyym 1+D, _
Ty = ngDhwagl s + na%hwvl.
2z

Kpome Toro, HeoOX0IMMO y4eCTh, UTO CIIOHTAHHOE M3JIyUeHUE BO3HUKAECT HAa 000OMX KOHIIAX BOJIHOBO/IA,
IIO3TOMY IIOJIHAsl MHTEHCUBHOCTD CKJIAJIBIBAETCS U3 TPEX KOMIIOHEHT:

Iy = Icue + IutyM + I;ym

,B;JIH ITyMOB CHHOHTAHHOTO U3JIyY€HUA, PACOIPOCTPAHAIONINXCA B O6paTHOlVI HaIllpaBJICHNH, MOXKHO TaKzKe

3aI1CaTh ypaBHEHHE:
dl, 1+D
— " — poDhwosl wym T Na 5

— A
dz V1-

— a3 lyax—"70
3amerum, aro D = STTaa e TanTo 09TOMY

a3 lnarx— a3 lpaxtasla 5
Na Yo+2a2l21 +a31Ha?c hwaQIwyM + Yo+2a2l21+aslan hUJ’}/l -

Bew (a3 an—70) @2 Tuuymt (a3 Lnantos 121)71
Yo+2azl21+aslan

:n(l

Takum obpazom, ¢ yaerom ly; = [y, + IwyM + IwyM MOKeT OBbITH TOJIydeHa 3aMKHyTasl CHCTEMa,
ypaBHEHUIl Ha MHTEHCUBHOCTH CUTHAJIA W [IyMa B BOJIOKOHHOM YCHUJIUTEJIE:

dl _ aSIHam_'YO

Leve — n hwasl, -

dz a2 eue g as (Teuot Tyt Lo )+ 003 I

Al m(aslm vo)aa Il (asluanton (Teuat Il A 0y0) )1
dz Yo+202 (Teue+Liiymt Liyan ) +03 T ’
Al hw(aslm vo) oo Ly, (s Tnant s (Teuet Ly it T ) )71

dz Yo+202 (Teuet Ty st Ty ) +03 Do
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ITo anaJjiorunm c YpaBHEHUAMU [IJId CUT'HaAJIa HepeﬁﬂeM OT TEPMHHOB MHTEHCUBHOCTH K TEPpMHHAM
MOIIIHOCTH:
P
IH(I’K (77) — Pmax ZHaw,

Ta

Lo (7) = Lo,

I~ (7_") _ pmyMPZ‘LL_LyM’

wYym - Ta

+ Pyl uty
_ "
I wYym (F) - 7 waz

ITpn ycnosrn GuABTPAIUN MIYMOB O00TOUKA Pyyuys = Peue- C YIETOM 3TOTO (haKTa 3aImIIeM ypaBHEHNS
Ha MOIIHOCTb CHUT'HAJIA U IIIyMOB:

dP, _ 3 Prian Praw—707a>
dcuz — nahwa2pcuepcue nard nar

z Yo7 a2 4203 peue (Powet Potiyuat Prasyas ) +08 Priar Pruar”

APy _ N Fiw (@38 PranPran—707a%) 02 perz Pl A 70 (003 rian Pruant Peus (Peuat Poby it Piyad) )71
dz “ Yoma?+202 peuz ( Pewet Piliyat Piyan ) +03 Pruan Priar ’

P _ b (8 PranPran—7070") 02 peus oyt 70> (003 Pruam Pruan+ Pere ( Peuet Prlyyput Pragnd ) )71
dz “ Yoma2+203 peue ( Peust Pdyuut Py ) +03 Prian Pras :

BamMeTuM, 4TO B O0OIIEM C/IydYae MHTEHCUBHOCTH HAKAYKHU 3aBUCUT OT KOOPAMHATHI. DTO IPUBOIUT K
HEOIHOPOTHOMY YCUJIEHUIO BJIOJIb JITUHBI yeuauTess. [Ipu masoit Hakadke yCuauTesst B HEM MOTYT ObITH
00J1aCTH, B KOTOPBIX CUTHAJI IOTJIOMIAETCS 38 CUYET IMepexoioB 1—2.

6. IToryioreHne MOIITHOCTU HAKAYKU

Ilo amajoruu c OPeaAbLAYyIINM, JIJId MONIHOCTU HAaKaYKU MOZKeT OLITH 3aIICAHO YpaBHEHHE:

df;an = (n3 — n1) nghwaslyax.
3aMeTuM, 4To N3 — Ny & —ng = %. B pesyabTaTe ypaBHEHHE JJIsl MOIIHOCTH HAKAYKH MMeeT BHI
d{;;“ = Enafuuozg,lm,f.
Torma MoxKeM 3aIMCAThb % = —n hw 2002 (Teuet Lyt L) a3l B paMKax onmcaHHOIO BBIIIE

Yo+202 (TeuetTibiymit Ty ) +03 Tna
HpI/I6.HI/I)KeHI/I$I YpaBHEHNE Ha MONIHOCTH HAKAYKN Hpe06pa3yeTCSI K BUAY:

APax Ta® + a2pcus Pcu2+PutM+Pu:M
—. = _nahw 0 2 ( T y, K ) a3p7—m7cpnan-
dz 7077012 + 2a2pcu2 (Pcue + Pwym + Pw,ym) + a3pHa’K7PHa1€

Takum o6pa30M, IIOJIy9€HbI YpaBHEHN A, OIINChIBAIONINE DACIIDOCTPAHCHNE U3JITyYCHIN A HAKAYKN U CUT'HAJIa
B BOJIOKOHHOM YyCHJIATEJIC. HpI/I ycuyienuu CJ1a0bIX CUIHAJIOB OCHOBHOII BKJIa/ B IITYMBI BHOCAT BHYTPDEHHUIE
OIyMbI YCUJINTEJIA, OIIpEeAC/IAIOIMneCd YCUJICHHBIM CIIOHTaHHBIM HU3JIyY€HUEM.

[lonnas cucrema ypaBHEHMIA:

dPeye a3 PranPran—r0ma>
Sleue — n hwa P, =
dz a2 euet cue S s 0 pes (Peot Pdyo+ Psgon) 003 pruas Prian”

APl _ hw(aspmew—wOm?)azpcuzPutyeraz(aspmpw+pm(Pcuz+P$W+P;yM))m

dz e Yoma2+2a2pcus (PcuerPJZyMJrPUZyM)+a3pmumm ’
(8)
APl Fiew (aspmumnfvoﬂaz ) Q2peue Py, tma’ (QBPHawPHuN+pCu2(Pcuz+PUtyM+P1;yM) ) Y1
dz @ Yo a2 4202 peue (Pouet Polimut Piasyss ) +03 Priar Pruass ’
dPrgs _ Yoma®+02peus( PeuotPilyy it Poyy )

—nghw v o P
dz a Yowa? +2O‘2Pcu2(Pcuz‘i‘P;rLyM-i-PuyM)+Oz3pmumm 3Pnard nax
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B kauecTBe rpaHMYHBIX YCJIOBU [JIS JAHHOU CHCTEMBI BBICTYIAIOT yCJIOBHS HA PABEHCTBO HYJIIO
MHTEHCUBHOCTHU NIYMOB Ha COOTBETCTBYIOIINX KOHIAX YCHJIMTEId U 3aJaHHOE 3HaYeHUEe MHTEHCUBHOCTU
CUT'HAJIa HA BXOJE B YCUJIUTEJIb:

Pcuz (O) = IO7
P’LtyM (O) =0,
Pmm (O) = Protan'

3necwk L — nyuna yeusnmressi. [lorydenHas cucreMa ypaBHEHUH MO3BOJISIET BEIMUCIUTE OTHOIIEHNE CUTHAJ/ Ty M
(Pewz (L) / quy . (L)) B IPOU3BOJILHOM yCHJINTENE, B KOTOPOM aKTHBHAsI CPEJIa MOXKeT OBITh OIIMCAHA TPEXYPOB-
HeBOH cxemoil. K TakuM cpesiaM OTHOCUTCS B TOM YHUCJIE aKTUBHAS CPEJia, IPEACTABIAIONAas cO60i CTEKIO,
JIETHPOBAHHOE MOHAMU IPOHS.

7. 3akJiroueHue

IIpensoxkena Mo/€/Ib BOJOKOHHOTO YCUJIATENS HA OCHOBE CTEKJIA, JIOMUPOBAHHOTO MOHAMHU 3pOusi, C
y4eTOM CIIOHTAHHOI'O U3JIy4YeHUs YCUINBAIOIINX aTOMOB U MH/IYIIUPOBAHHOI'O U3JIyYeHHs, T.€. yCUJICHUA CUI'HAJIA
7 TIYMOB CIOHTAHHOTO M3JydeHus. MoJieib yIUTHIBAET MPOCTPAHCTBEHHYIO HEOTHOPOHOCTD W3JIyIE€HUS
HAKaJYKM, IIOJIE3HOI'O CUTHAJIA, 8 TAKXKe KOMIIOHEHT IIyMa, PACIPOCTPAHSIIONINXCSI B 000X HAIIPABJICHUSIX.
[IpoBeieHa o1eHKA WHTEHCUBHOCTHA COOCTBEHHBIX IIIYMOB B BOJIOKHE.
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MODEL OF ERBIUM FIBER AMPLIFIER FOR AN ANALYSIS OF
PROPAGATION OF SIGNAL AND NOISE
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Abstract
A model of an erbium fiber amplifier is proposed that takes into account main processes of
spontaneous and induced emission. A nonuniform pump power, signal, and noise distribution
along the fiber is taken into account. An estimate is made of the magnitude of spontaneous
emission noise.

Key words: fiber amplifiers, erbium amplifiers, three-level system, rate equations
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Annoranusa

PaCCMOTpeH AJITOPUTM KBAHTOBAaHHNA KBAa3UCTATHYICCKUX ToJIeHA.

KimroueBblie ciioBa: IIa3MOH, KBAHTOBaHUE€ KBa3UCTATUIECCKUX TIoJIei

EDN VPQTQD

ITorpebHOCTD B yBeMYEHNN CKOPOCTH OOPADOTKU U Mepeaadn HHPOPMAINN BO MHOTOM OIIPE/IEJIsSeT
TEHJICHITNY PA3BUTHsI COBPEMEHHON MTPUKJIATHON HAYKY M TeXHOJIoThil. B mocseiHee Bpemst OOJIbINNE HAJIEK b
JIJTsI PEIeHnst 3TOi MPOOIeMbI BO3JIATAIOTCS HA UCIIOJb30BaHNEe KBAHTOBBIX ajroputMoB. [locseame TpebyoT
YMEHUsI YIIPaBJIsiTh KBAHTOBAHHBIMU IIOJISIMHU.

Opaako HaApsTy € YJIydIIeHHeM TPUMEHSEMBIX aJTOPUTMOB HEMAJIOBAXKHBIM OCTAETCA M BOIPOC 00
YBEJIMYEHUU CKOPOCTU WMCIIOJTHEHUST KayKJOrO OT/EJIBHOrO IMara ajropurma. Tak Kak Hambojiee ObICTpbe
MIPOTIECCHI TIepeIatdn HHMOPMAIMH CBI3aHbI ¢ 3JIEKTPOMATHUTHBIMHE MTOJISIMU, TO OJTHUM M3 OTDAHUYEHUI HA
9TOM IIyTHU YBeJIMYEHUs] [IPOU3BOUTEILHOCT KOHKPETHOIO YCTPONCTBA SIBJISIETCS KOHEUHAsI CKOPOCTh CBETa.
WNubIiMu cjtoBaMu, YeM MeHbINe YCTPONCTBO, TeM ObICTpee OHO MOXKeT paboTarh. B mieasie pasmep ycTpoiicTBa
JIOJI?KEeH OBITh CDABHUM C J[JIMHOW BOJIHBI. 3/1€Ch MbI CTAJKUBAEMCS C HEOOXOIMMOCTBIO ONMCAHNS KBAHTOBBIX
CBOIICTB TT0JIell HA CyOBOJTHOBBIX MACIITA0AX.

OCHOBHBIM OTJIMYHEM KJIACCHIECKOI U KBAHTOBOW MEXAHUKH SIBJISETCSI JUCKPETHOCTh MHOIHX BEJIMIHH
B kBaHTOBOH Mexanuke (KM). D10 00bscHSIET OAMHAKOBOCTH MHOIMX KBAHTOBBIX OOBHEKTOB. AGCOIIOTHO
OJIMHAKOBBIMU (HEPA3JIMYUMBIMU) MOI'YT ObITH TOJIBKO JUCKDPETHBIE BEJIMYUHBI. B Kjaccuueckoil dpusuke
HanboJtee OJIM3KU B 9TOM CMBICJIE CBOWCTBA TOJIel B pas3inIHbX pedoHaropax. CoOCTBEHHO, U3 9TOW aHAJIOTUN
[IPU TIONBITKE OIUCATH JUCKPETHbIE YPOBHU KBAHTOBBIX CUCTeM U Bbipocsa KM.

O6bran0 B KM KBaHTYIOTCsI JINHEHBIE, TADMOHUYECKY U3MEHSIONecst BO BpeMeHu 110Jist. OCHOBHBIM J10-
MYIIEHUEM SBJISE€TCS yTBEPKIEHUE O TOM, UTO JIF0O0E 1M0JIe MOYKHO IIPEJICTABUTE KAK CYyIEPIIO3UIINI0 aDCOTIOTHO
OIMHAKOBBIX MO/I. JIJis BBIIEI€HUS MO/ UCIOIB3YIOT THIIOTETUIECKHT OTPAHNIEHHBI B IPOCTPAHCTBE 00beM
C 33JITAHHBIMHU Ha €r0 BHYTPEHHEH MOBEPXHOCTH 3PMHUTOBBIMA IpaHWIHbIMI ycrouamu [1]. s o6o6menmst
MIOJTy9€HHOTO OTBETa Ha CAydail 6e3rpaHuTHOr0 TPOCTPAHCTBA MEPEXOIAT K mpeaeny V — co. UubiMu cioBaM,
nepexoiAT oT pssioB Oypbe K WHTErpAJIAM.

BadeM Ke TOrJa HyKEeH IpeaBapuTebublil aran Moia? [Touemy cpa3y He paboTaTh ¢ HEPEPHIBHBIME
MOJISIMY, KaK 9TO JIeJIaloT B ajieKTponunamuke? OTBET B TOM, 9TO ONKCAHUE IOJIell HE €CTh caMa IeJib.
OOBIYHO 110JIsi UI'PAIOT POJIb BHEIHeH cuiibl. Vl 3/1eCh BaXXHBIM OKa3bIBAETCS KBAHTOBAsI IIPUPOJIA IIOJIEH U
YaCTO HEJIMHEHHOCTb MaTepUaIbHBIX 00bEKTOB B3amMoeicTBus. [IIMpoKO pacipoCTpaHeH MMOJIYKJIACCHIeCKUii
HO/IX0J1, KOTJa 110JIs CYUTAIOTCS KJIACCHIECKUMU, & MATEPUAJIbHBIH OOBHEKT (ATOM UM MOJIEKYJ/Ia) KBAHTOBBIM.
OpHako ecju SHEPrus B3AMMOIEHCTBHUS OKA3BIBACTCS CPABHUMOW C SHEPIrHUeil 10Jisi, BOSHUKAIOT sIBJICHUS,
BBIXOJIAIIIE 38 PAMKH IIOJIYKJIACCHIECKOTr0 onucanusA. Hy?>KHO yIUTBIBATE JUCKPETHOCTD [TOPIINN TIepeIaBaeMoii
SHEpPruM, KBaHTOB.

Hanomunm ocHoBHbIe MOMeHTHI KBaHTOBaHU: DM moseit B Bakyyme. PaccmoTpum B KadecTse obObeMa
KBanTOBaHHs Ky6 obbema L3, IIpemonaraem, 9To 3/eKTPHYECKOe TI0JIe Y/IOBIETBOPSIeT BOJTHOBOMY yPaBHEHHIO

* ABTOp, OTBETCTBEHHBIN 3a nepenucky:Asekceii [lerposuy Bunorpanos, a-vinogr@yandex.ru
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1 92
VZE- —-——~E=0 1
c? Ot2 ’ (1)
a Mozl OyeM nckath B Bugie E (¢, 1) = E,, exp [—i (wot — Ky, - T)], T21€ Uy, - COBCTBEHHBIE MOJIBI, 38,1891 HA,
cobcTBeHHbIe 3Hadenus K,

Vu,, — kfnum =0,
V-u, =0, (2)
Uy, (r; + L) =uy, (r;) .

B kadecTBe COOCTBEHHBIX 3HAUEHNIT BBHICTYIIAIOT BOJHOBBIE BEKTOPBI k = nwy /¢, 3aech it = {fiy, Ny, 7. }
€JIMHUYIHBI BEKTOD, HAIIPABJIEHHBIN APAJLIEIbHO PACIPOCTPAHEHUIO BOJIHBL. Perenne 3am1aqu 2 JaeT CJery-
fOIIHe 3HAYEHUsT BO3MOYKHBIX BOJTHOBBIX BEKTOPOB:

k.L = 2mn,,
kyL = 2mn,, (3)
k.L =27mn,.

Oru 3uavenus K 06pa3yioT B UMILYJILCHOM IIPOCTPAHCTBE KyOUYecKyio pemerky ¢ marom (27/L) rak,
3
9TO HA KazK/Iylo MOJy mpuxoautcest obbem (27/L)° L.
Samernm, uro 3ama4da (2) dBjseTCS SPMUTOBOI, Tak, YTO HAOOP COOCTBEHHBIX (DYHKIMH 00pasyer
HOJTHBIH 6a3WC B COOTBETCTBYIOIMIEM I'JILOEPTOBOM mpocTpaHcTse [2]. MoxkHO mokas3arh, 4To 6a3uc OpTOHOD-

MHUPOBaH

/ Uy - u*de = V(Smm/, (4)
|4

a J11000e epUoINIecKoe I0JIe 9acTOThl Wy MOYKHO IIPEJICTaBUTh B BUJIE JIUHEHHON KOMOUHAIIUNA MO

E = Zm E, (), B= Zm k1B () V X up,. (5)

Ilepeitmem K KBAHTOBAHWIO OTIEJIHHON MOJIBI.

Tak Kax 10JIst IIPUHUMAIOT ﬂ‘eﬁCTBI/ITeJIBHbIe 3Ha4YeHu«d, TO (5) 3aMeEHAEeTCdA BbIpazKeHUAMU

Brm 5 3, (B (000 + By (00w), Bro= 33 bl (Ba(0V % w4 B, (07 w,) - (6)

OrmernMm, uTo, B ommmune oT ypaBHeHust LIIpémuarepa, KOTOpoe sIBJISIETCsI ypaBHEHHEM IIEPBOTO
HOPsiJIKa [0 BPEMEHH, BOJHOBOe ypasHeHue (1) Broporo mopsinka. Jljisi ycTpaHeHUsT 9TOr0 PacXOXKIEHUs B
cxeme KBaHTOBaHUs [efizenbepra-/Iupaka ncxonar u3 ['aMuiIbTOHOBA TOIX0/A K KJIACCHIECKOH MexaHuKe [3].
ITocsienoBaTenbHas IPOIEyPa KBAHTOBAHNUS TADMOHUYIECKOIO OIS CJIeJyeT 3TOH cxeMe KBaHTOBaHUs [4],
KOTOpasl UCXOJUT U3 CYIIECTBOBAHUS JIBYX KAHOHMYECKUX (KBAJIPATYPHBIX) EPEMEHHBIX P U ¢, OIUCHIBAIOIIAX
3TO HOJIE U CBA3aHHBIX COOTHOIICHUEM

0
~ &Q (7)

B sagade o kBanTroBaHun DM 1moJisi ocraercst pemmuTh JBe pobsembl. HaiiTu KaHujgara Ha POJib
UMITYJIBCA W 3AIMCATh MAMUJIBTOHUAH JIJIsT MOJIBI.

Vuarem, yro DM nosie umeer nossipusainmio. B cuiny nonepeanoctu DM noseit (div E = div H = 0)
MOKHO OTPAHUYIUTHCS PACCMOTPEHHUEM JBYX MOJISIPU3AINi MTOJIEH, TEPIEHIUKYISIPHBIX BOJTHOBOMY BEKTODY.
1711 yIpOITieH ST BBIKJIAIOK Jlajiee CIUTaeM, ITO OCh Z HAIIPaBJIEHA BJIOJIb BOJHOBOIO BEKTOPA K, 4TO ITO3BOJISET
pacCMaTpHUBATh ABe pasnuuHble nonsapusamuu {E;, B,,0} u {B,, E,,0} nesasucumo. B kaxzoMm u3 stux
CIIydaeB 3JEKTPUIECKOE TI0JI€ CBI3aHO C BPEMEHHON MPOU3BOJIHON MArHUTHOTO ITOJIS:

_ikB, = % (082 /01) . nan B, ~ (i/w) OE. /o (8)

LOrmernm, aTo mpu mepexoze K mpeneny L — 0o MbI HEPEXOIUM B (5) oT cyMMHpOBaHWs K HHTETPUPOBAHUIO, BBOJS INIOTHOCTD
COCTOSIHMIT MOJI, KOTOpasi OIPeJIe/IsieTcss KaK UHCJIO COCTOsiHMiA B obbeme dok.
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Ipenmonaraercs, 9To B 3TUX HEPEMEHHBIX FAMUJIBTOHAAH CUCTEMBI MOXKET ObITh BBIPAXKEH CyMMOM
JIByX CJIAra€MBIX, [IEPBOE U3 KOTOPBHIX MPOIOPIAOHAILHO (p)z, U €r0 MOXKHO OTOXKJIECTBUTH C «KHHETHIECKOIT
3Heprueii», a BTOPOE IPOMOPIUOHAIBHO ((])27 U €ro MOYKHO OTOXKJIECTBUTH C «IOTECHIMAJIBLHON SHEPrueii».
VupiME CJIOBAME, TAMU/JILTOHAAH MOXKHO MPUBECTU K BUJY IaMUJIBTOHUAHA TaPMOHUIECKUX Kojiebanuit H =
p? + w?q?. Hanee, cieays nporeype KpanTosanus (cM. [4, 6]), STUM epeMeHHBIM CTaBATCS B COOTBETCTBUE
oneparopsl P u §, a ux ckobke Ilyaccona {p, ¢} craurcs B coorBercrBue ux kommyrarop ihi{p, ¢} — [, {|.
Tak Kak JjIs KAHOHUIECKUX IIepeMeHHbIX {p, ¢} = 1, 1o [p, 4] = ih.

W3 ypasuenus (8) ciemyer, uro kommoreHTs! n10g1€eii E u B cBs3ansr coorHomenunem k B ~ (1/¢) OF /Ot,
T.e. coorHomterneM (7). VIHBIMI CJI0BaMU, 3T TI0JIsi MOIYT IPETEH/I0BATH HA POJIb KAHOHUYECKUX II€PEMEHHBIX.

Tak Kak rpaHUYHBIE YCJIOBUS BBIIOJJIHSIOTCS I KAXKJIOH MOJIBI, TO AHAJN3 UX MOBEJIEHUSI MOYKHO
MIPOBOJUTH Ha IIPUMepe OJIHONU U3 MO/,

NHTeHCHBHOCTD (9HEPIHs) 3JEKTPUIECKOr0 HoJist paBHa [5]

1 1 [e'S) [e'S) [e's) [eS)
877('E2 = 327 E Emum + E E;;I/u;‘n/ E Em//um” + E E,:,L///u:nn/
m=—o00 m/=—o0 m/'=—o0 m'"=—o0o
00 o) [eS) [eS)
1 > Epunm >, Eprtumr+ >, Epun Y, Eful
_ m=—o0 m''=—oo m=—00 m'"=—oco
- ) 00 0 0
327 4 Z E* u* Z E o, 4 Z E* u* Z E*  u*
, m’ ¥m/ , mHm , m’ “m/’ y m/ m
m/=—o0 m'’'=—o00 m/=—o0 m''=—o0
r =) 2 00 2
* )k
1 Z Enum, + /Z Em/um’
_ m=—o00 m/=—o0
327 & &
+ Z EmE;kn///umujn/// + Z E:n/Em//u;kn/Um//
L m,m'""=—oo m/=—o0

Toryma raMUTBTOHNAH TIPUHUIMAET BHT [1]

1
cH=—— [ (E(t,z) E* (t,2) + B(t,2) B*(t,2)) dV
L 1 —17.—1
= 16n E, uy, ‘B, B , * 9
167 2 £ Em /V U W dV + 2= > 0k Kt B B /V (V X wp) (V x wl)dV (9)

v \%
= — E_E' + B, B)= H,,.
167T m( m—m + m m) Zm m

T8

I/ITaK, MbI UM€eM TaMUJILTOHUAH 1M-Oi MO/IBI:

H, = 81 (E, B + B, B.) = ~ (EMET + B, B} ) . (10)
™

CqI/ITaH I10JIEBBIE OHepaTOpr 3p1VII/ITOBbIMI/I, nmMeemM:
1% N2 N2
H, =— (E ) (B ) . 11
o |(Ba) + (B )

s xBanTosanus DM mosist BBemeM SpPMHUTOBEL omepaTopst moneit B, u B,,. Ina monst {E,, B, 0}
9THU OLEPATOPHI CBA3aHbI OIIEPATOPHBIM YPABHEHUEM, sABJISIOIIMCS aHAJIOrOM ypasHeHnus Makcsesuta (8).

Hepexo;lﬂ K KaHOHUYECKUM IIepeMEeHHbIM

0B, ..
p=1 ot = wBy = By = p/wv (12)
zammieM ramusibronuan (11) B Buje
Ve (a) 4 1 [v\1
H,, = — (E) (B ) = 52 52 2 — _ _ = (2 222 . 13
" 877{ =) TPy 87Tw2(q+p/w) oV ar 2(p—|—wq) (13)

Hamee mepeiizeM K 6€3pa3MepHBIM ITEPEMEHHBIM
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VAT 1 o v/

T = b= (15)
w A hw Y
B KOTOPBIX FAMUJILTOHAAH BBITVIAIAT KAK TAMIJIBTOHMAH KBAHTOBOTO JIMHEHAHOIO OCHIJIIATOPA:
hwV
L2 | a2

B coorsercrBuu ¢ Merogom kBanToBanus leitzenbepra-lupaka [4] ckobku Ilyaccona aByx mepeMeHHBIX

_ (0A 9B 0A OB
{A,B} = (%Tp — Tp%) , TJie T,p - KAHOHUYECKUE KOOPJIMHATDI, 3AMEHSIIOTCSI UX KOMMyTaTopoM. JLst

KaHOHNYECKUX IMepEeMEHHbIX CKOOKU HyaCCOHa PaBHBI €IMHUIIE, a COOTBeTCTByIOH_[I/Iﬁ KOMMYTaTOD

(&, #] = ih. (17)

Beeniem nasiee omepaTopbl POXKIEHUST U yHAUTOXKeHus [1]

a=(h+if) V2= % (EL + z'By) : (18)
it = (& —i7) V2 = Véiﬁ (Ew - z‘By) . (19)

OKOHYATEJILHO FAMU/IBTOHAAH [IPUHAMAET 3HAKOMBIHA BHJL
X i 1.
Hy, = hwp | @) G + 5[ , (20)

a IIOJIEBBIE OIIEPAaTOPbI BhIpazKalOTCsd 9epel3 ollepaTOPbhl POXKICHNA U YHUYITOXKEHNA KaK

. o .
Em = W (a+ aT) s (21)
By:—l W(G_QT) (22)

AHaJIOrTIHBIM CITOCOOOM KBaHTYeTCd U BTOPasdA MOJA.

ITonesnrie OI1epaTophI B O6H_IGM CJIydae ABJIAOTCA CylVIMOfI II0 BCeM BO3MOXKHBLIM BOJIHOBBIM BEKTOpaM U
COOTBETCTBYIOIIUM IOJIAPU3AIAM:

27 hwy, . £ A
Ere = Zmpz \/T (umﬂlam,a + um,aajn,a)’ (23)

27dem —1 (st ~ *
B,. = Zm,a 1/ Tkm (af, weurlUm o + @, ccurlus, ). (24)
Ermo = \/27hwn, |V (25)

nMeeT CMBICJI BEJIMINHDBI JIEKTPUYIECKOr'O I10J1d Ha OJWH (bOTOH.

Bejmuuna

KsanroBanune DM B cpejie npejcrasiisier coboii 60jiee TPYIHYIO 3a/1a4y. JTH TPYIHOCTH, BOSHUKIIIIE
ele Ipu KJIaCCHIeCKOM paccMoTpeHuu DM roseit B cpejie, CBA3aHbI ¢ TEM, 9TO IOJHBIA MaMHJIBTOHUAH
HEBO3MOXKHO MPEJICTABUTH B BUJIE CYMMbI FaMUJILTOHUAHOB cpejibl 1 DM mosia. T. o. B mpucyTcTBUE BelecTBa
OTJIEIHHO OTIPEJIeJIEHHBI TeH30D IHEPTUU-UMITYIbca DM mosist He coxpansiercsi. ToJbKO 00Ul TEH30P SHEPrUn-
UMITYJIbCA TIOJIsT M BEMIECTBA NUMEET OHO3HAUYHBIN (DPU3UIECKUN CMBICI, U TO, KAK €ro PACIPEeEeSISATh MEXK Ly
«3JIEKTPOMATHUTHON» YaCThIO U «MATEPUAJBHON» YaCThIO, 3aBUCUT OT IPEIIOYTEHNs UCCaemoBaress. Tak
B cBOMX paborax MUHKOBCKHil [5] OlpenesiniI IIOTHOCTh UMILYJIbCA CBETOBOM BOJIHBI, HMEIOIIEH IIIIOTHOCTh
sneprun U kak g = (n/c)U = |D x B| = (n?/c?) |E x H|, B 10 Bpems kak AGpaxam [6] onpezessist ee Kak

g=U/(nc) = |E x H| /c?

HecoBnasienne stux pe3yabTaToB BeJIO K JBYM PAa3JINYHBIM BBIPAXKEHUSAM JJIsi TEH30DA JHEPIHUU-
nmiysibca DM mostst. C rex mop 6bLIO OIMYOJIMKOBAHO MHOXKECTBO PA0OT, B KOTOPBIX BBICKA3BIBAJIACH APTyMEHThHI
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3a Ty mwm apyryo dbopmy (em. [7] u mpusenennsie TaM cebutkn). B padorax Ilaitepsc mokasamn, aro (em. [8]) Hu
0JIHO U3 BbIPasKEHUIt He ABJISIeTCs IPaBUIbHLIM. JIpyrUMH CI0BAMH, 3JIeKTPOMArHATHAA JaCTh U MaTepUaabHast
YaCTb B IOJHOM MMIIYJIbCE MOTYT OBLITh PacHpeeeHbl IIPOU3BOILHO, IOKa UMIIYJILC OCTACTCA HEN3MEHHDIM.

Hawuboutee mociteoBaTeIbHBIN TOIXO/T /1 KBAHTOBAHUS TIOJIS B CpeJie, M3BECTHBIN HA JTAHHBIH MOMEHT,
COCTOUT B OJHOBPEMEHHOM KBAHTOBAHUH JIEKTPOMAIHUTHOIO I110Jisl U nojisipu3anuu cpedsl [9]. Opnako s
peaim3aIiui TaKoil CXeMbl KBAHTOBAHUST HEOOXOIUMO 33/IaTh HEKOTOPYIO MOJIesib cpeibl. OHON U3 CaMbIX
MIPOCTBIX U HAMOOJIEe YACTO UCIIOIH3YEMbIX MOJEJIEH Cpejibl SIBJISETCS MOJe/Ih ocnmliaTopoB Jlopenna. Ona
[IPEJIIIOJIATAET, UTO CPe/ia MPEJICTABIIsIeT cODO0i paclpeesI€HHbIE B IPOCTPAHCTBE TADMOHUYECKUE JTUIIOJIHHBIE
OCIIMLITOPHI. Pejtakcariust cpeibl OUChIBAETC He (DEHOMEHOJIOIMIeCKIMY KOHCTAHTAMHY 3aTyXaHW, & CBSI3bIO
pe3epByapa (HOHOHOB C KayKIBIM OCIIIJISTOPOM CPebl. | aMIIIBTOHIAH CUCTEMBI «II0JI€ + OCIMJIJISITOPBI CPEJIbI
- pe3epByapbl» SIBJISIETCS] SPMUTOBBIM TaMUJILTOHUAHOM B3aUMOJEHCTBYIONIX TAPMOHIYECKUX OCIIIISTOPOB,
KBAaHTOBaHUE KOTOPOrO IIPOM3BOJMTCS CTAHIAPTHBIM OOPAa30M Yepe3 BBeleHHe OlEePaTOPOB POXKJIEHUS U
yHanuToxKeHusi. CobCTBEHHBIE MOJIBI TAKOM CUCTEMBI IIPEJICTAB/ISIIOT CODON KOJIJIEKTUBHBIE KOJIEOAHMS [TOJIS U
CpeJibl, KOTOPbIe MOXKHO TIOJIydUTh ¢ HOMOIIbIo nponeaypbl Pano muaronaymzanuu [10]. OmHako, MOCKOIBKY
cobCTBeHHbIE KOJIe0aHUsl IIPECTABISIOT OO0l CBsi3aHHbIe KOJie0aHusl 110/ U cpeibl (IOJISPUTOHBI), [IPH
TAKOM TOJXO/IE TPY/HO BBUIEJUTH UMEHHO KoJieGanust mois [11].

B crarndyeckoM (KBA3UCTATHYECKOM) CJIydae IOJIsi HOJINHSIIOTCS He ypaBHeHusiM Makcsesia, a ypas-
nennsaM [lyaccona, aro ycyryOsser mpobeMy KBAHTOBAHUS ILJIA3MOHHBIX KOJIEOAHUIA, JTJOKAJIM30BaHHBIX Ha,
nanouacrune. Kaxk ussectno [12, 13|, craruyueckue nosisi, nopqauHsiomuecs: ypasuenuto [lyaccona, siBiasgoTCs
KJIACCHYECKAMU U He KBAHTYIOTCs. DJIEKTPUIECKOE W MATHUTHOE IMOJIs TIOIIUHAIOTCS PA3JINIHBIM, He CBSI3aH-
HBIM MeXJ1y co0oii ypasHeHusiM. KBasucraTnieckoe sjieKTprIecKoe T10J1e BMecTo ypaHeHus (1) noquunseTcs
ypasaernio V - (¢E) = 0. Takum 06pa3oM, UCIOIB30BATh MATHUTHOE OJI€ KaK KAHOHUYIECKYIO [IePEMEHHYT0
y2Ke He yIaeTcs.

Bce ckazaHHOE BbIIIe OTYACTH CIPABEIJINBO U I KBA3UCTATUYECKUX II0JIei. 3a1a9a 0 HAXO0XKIEHIH
JIEKTPUIECKOTO U MAarHUTHOI'O IT0JIell, KaK U B CJIydae CTaTUKU, pa3jesideTcsl Ha JBe He3aBUCUMble 3aJa49l, 1
npuMeHeHne ypasHenusi (12) masnoadbdexrusHo.

st mr060it kommonenTsl ¢ DM mosist TpyIHO MOA0OpaTh HUUIECKYIO BEJIMIUHY, CIIOCOOHYIO UI'DATH
pOJIb €6 KMHETHUYECKOW HEpruu. DTO CBSI3aHO C TE€M, UTO B CJIyIae KBA3UCTATUKHU XOTs MOJIS U 3aBUCAT
OT BPEMEHH, HO, TAK KBAa3WCTATUKA IIPEJIITOJIAraeT, ITO JJIUHA BOJHBI MHOTO HOJIBIIE pa3Mepa CHCTEMbI, TO
BpEMEHHBIE [TPOU3BOJIHbIE MHOI'O MEHBIIE TTPOCTPAHCTBEHHBIX, TAK KaK IMEPBbIE OMPEJIE/ISIFOTCS 1acTOTOM
(T.e. JJIMHOMN BOJIHBI), & BTOPBIE - PAa3MEPOM BKJIOueHus. [IpeHebperas BpEMEHHBIMU IIPOU3BOIHBIMU, MbI
MIPUXOJUM K YPABHEHUSIM CTATHKH. B YacTHOCTH, Mas BKJIAJT B PACCMATPUBAEMBIE SJIEKTPUIECKUE SBICHUS
WHJTyITIPOBAHHOIO MATHUTHOTO T0Jisi. Kak ciie/icTBre, OTCYTCTBYIOT COOCTBEHHBIE PEIIeHUsT B 33/1a9€e O BO3-
Oy2KJIeHUN 9acTUI] CyOBOJIHOBOTO pa3Mepa. T.e. Takue pereHust, 9To IIPU HyJIeBOM BHEIITHEM TI0JI€ CYIIECTBYIOT
Kosiebanust. EMHCTBEHHOE UCKIIOUEHNE — 9TO CJYUYail OTPUIIATENBHON JUJIEKTPUIECKON IPOHUIiaeMocT. B
9TOM CJIydae CYIIECTBYIOT 3HAYMEHUS JIMIJIEKTPUIECKON TPOHUIIAEMOCTH, KOTJ[a Ha OIPEJEIEHHON 9acToTe
OTKJIMK Ha BHEIIHEE [OJIe MOXKET MMeTh IoJioc [14], u KosebaHust (Pe30HAHC) BOSHUKAIOT HE3aBHCHMO OT
pa3mMepa cucreMbl. Takue BemecTBa HA3bIBAIOT IIa3MOIOI0OHBIMH.

Huzke nost 1m1a3Moii MBI MOHUMAaeM CUCTEMY 3JIEKTPOHOB M MOHOB. JIJjIst TPOCTOTHI MBI OyJIeM HCIOJIb30-
BaTh NPUOIMZKEHNE CBOOOIHBIX 3JIEKTPOHOB, T.€. CIMTATh, UTO B CUJIy OOJIBIION PA3HOCTH MACC 3JIEKTPOHOB H
MOHOB TIOCJIEJIHAE CUATAIOTCA TMOKOSIIAMUACS, & SJIEKTPOHBI JIBUTAIOTCS, HAXOASACH B CPETHEM JIEKTPUIECKOM
ToJ1e, CO3AHHBIM 3apsaaamu 060oux 3HAKOB. OOBITHO PACCMATPUBAIOT KBA3WHEHTPAIBHYIO TIA3MY, T.€. CIUTAIOT,
9TO CPEJHUE IJIOTHOCTH HOJIOKUTEIBHBIX U OTPHIATEIBHBIX 3aPsI0B COBIIAJIAIOT U CPEIHEE JEKTPUICCKOE
1oJie paBHO Hy/0. 110/ JeficTBUEM BHENIHETO 3JIEKTPUIECKOTO MO/ 3JEKTPOHBI HAYMHAIOT HAIIPABJICHHOE 110
HOJIIO IBUZKEHHUE, YIPYTO PacCenBasiCh Ha MOHAX, YTO IPUBOJUT K KOHEYHONH MHMMON YaCTH JIN3JIEKTPUIECKOL
[IPOHUIAEMOCTH (JIEKTPOIIPOBOJHOCTH ).

B mpocTeitimem Buje Teopusi IUAIEKTPUYECKON MpoHUIaeMocTn Obuia passuta pyme [15, 16]. B
paMKax 9TOH TeoOpoWH CyNECTBYIOT YaCTOTHI, KOIJIA JIEHCTBUETIbHAS YAaCTh CTAHOBHUTCS OTPUIATEHHOI.
JleHrMoop 1oKa3aJi, YTO B TAKOH cHCTeMe JlaXke IIPU OTCYTCTBUU BHEITHETO II0JIsl IPU HYJIEBOM 3HAYEHUH
JUIJIEKTPUIECKON ITPOHUIIAEMOCTH BO3MOXKHO BOZHUKHOBEHUE JTOJITOKUBYIINX (DIYKTYAIWil, CBSI3aHHBIX C
JIOKAJIbHBIM Pa3/IeJIEHNEM 3aPsiIOB U, IO CYIIECTBY, IPEICTABILAIOMMIX COOOI MPOIOJIbHBIE KOJLUIEKTUBHBIE
KoJsiebanus y1eKTPoHOB. st onmcanus rakux durykryanuii JlenHrMopoMm GblI BBeIeH TepMUH «ILIa3MoHy [17].
TakuMm obpazom, B cucteMe 6e3 BHEIHErO TMOJI MOTYT ObITh 3apsibl U TOKU, CBSI3aHHDLIE YpPaBHEHUEM
coxpaHeHHsl 3apsijia, UMerorero sug de/0t = V - j, aro HanomuHaeT cooTHomrenne (7) U BeessieT HaJIeXly Ha
BO3MOXKHOCTb KBaHTOBaHMs. [losiBIsieTcss BO3MOYXKHO BMeCTO ypaBHeHuit MakcBesiia KBAaHTOBATH ypaBHEHME
Herorona, kak, COOCTBEHHO, IOCTYIIAIOT IIPU KBAHTOBAHUU TAPMOHUYIECKOT'O OCIIUJLISTOPA.

WTak, npeAmnosoKuM, 9TO B HEKOTOPBIT MOMEHT BpeMeH! BO3HUKaeT HebosbInas cheputteckas GIyK-
Tyalusi B pacipejenenun 3apsija. [lycrs BHyTpr 00bemMa 9TOil (DJIyKTyalumu 3JIEKTPOHBI CAMOIIPOU3BOIBHO
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CMECTHJINCh B OJIHOM HAIIPABJICHHH Ha HEKOTOPOE PACCTOSHUE T, U HA IIOBEPXHOCTU Chephl 00pa3oBaJCsH
HOBEPXHOCTHBIN 3apsy (en) zcosy. Takoe pacupeesenne IOBEPXHOCTHBIX 3aPs1/[0B SKBUBAJEHTHO PACIIPEJIe-
JIEHHIO TIOBEPXHOCTHBIX 3apsijIOB HA, JUAJIEKTPIUIECKOM IIape ¢ OJHOPOIHON nonspusanmeir P = enx [18]. Kax
u3BecTHO [18], ssekTpuueckoe nojie E BHYyTpHu Takoil BcoMoraresibHON cdepbl paBao —4wP/3. YunrsiBas,
aro P = nex = nd, rae d — AUNIOIBHBIA MOMEHT MOJIEKYJIBI, I3 KOTOPOIl COCTOUT BCIIOMOTATEIbHAS JTAIJIEK-
Tpudeckas cdepa, HOﬂyqaeM uro d = nex u ypasuenue HbioTOHA /Uil JBUXKEHUsI JIEKTPOHA & = eF /m,

MOXKHO IIepenucaTb B BUIE dt2 = 62 (—47’(%)
€

d*d,  Ame’n
2~ 3m, ™

(26)
CoryiacHO TOMY ypPaBHEHHIO JIUIOJIBHBIH MOMEHT Oy/IeT COBEpIIATh FapMOHUYECKHE KOJIeOaHUs C
JaCTOTON wy; = \/4me?n/3m. DToMy IBHKCHHIO COOTBETCTBYET MAMU/ILTOHUAH

H = (d(dplQ)/dt)Z + “12>Z2d12)l

OdeBuIHO, 9TO ITOT JAUMOJBHBII MOMEHT PABEH CPEIHEMY JUIOJIHHOMY IJEKTPUIECCKOMY MOMEHTY
daykryarun. VIMeHHO ABM2KEHTE STOTO AUTOMLHOTO MOMEHTa MEL B OymeM KBaHTOBaThH. [L1s1 9TOrO BBEIEM

TaK Ha3bIBAEMbIE KBapPATypPHDLIE OIEPATOPDI Qm =d, n P,=d ( ) /dt. KoMmmyTanuonHoe COOTHOIIEHEe
MOKHO TOJIy9UTh, TIepexojis oT ypasHenuii Hpiorona k ypaBuenusim Lamusbrona-$ko6u [3]. Iomyuatonmecs
pu 3toMm ckobkn Ilyaccona, cormacuo Jlupaky u 3aMEHSIIOTCSI KOMMYTaTOPOM {dpl, ( ) / dt} = ih [4].

laMubTOHMAH »Ke IpUMeT BUJ TaMUJIBTOHMAHA KBAHTOBOT'O TAPMOHUYECKOTO OCITAJIISITOPA H==L —|— ”ZQ

dpl,
OIIPEJIETIEHNIO, KOMMY TAIIMOHHOMY COOTHOIIEHNUIO [§, p] = i. Ha oCHOBaHMM 3TOr0 MOXKHO BBECTH OIIEPATODBI
POXKJIEHUS U YHUYTOXKEHUS

MO TINHSATOIINECS, IO

OTKyzma mosydaeM KaHOHIMUECKHE HepeMeHHbIe § = 4/ 22 + dpl up= hw »

q—ip . q+p

AT —
o= 122 4, = L2F 27
d \/5 d \/i ( )
" IIOJIYYIUTDH 'aMUJIbTOHUAH B BUIE
B o | o
H = 58 (52 + ) =t (@haa +1/2) - (28)

YT00bI 3aKOHIUTD TPOIIE/IyPY KBAHTOBAHUS ILJIA3MOHA, MBI JOJKHDBI IPUPABHATEH SHEPTUIO JTUTIOJIHHOTO
MoMeHTa dp; K SHEPIUH IUIA3MOHA fwp;. IT0OBI HAMITH 3Ty SHEPIUIO, MBI MOXKEM HafiTH 3JI€KTPUYECKOe IIOJIe,
CO3JIaBaeMOoe ITUM JIAIIOJIEM, U IPUPABHATH SHEPIUIO ITOT'O JIEKTPUYECKOr0 OISl K S9HEPIUU OJHOI'O KBAaHTA.
JIAI0/IBbHBIIT MOMEHT OJTHO3HAYHO OIPEIE/ISeT JIEKTPUIECKOe TI0JI€ BHYTPU U CHAPYKUA HAHOYACTHUIIHI.

—dpl/a?’, r<a
(3 (ndpl) n-— dpl) /3, r>a
OHEPrumo 3TOro moJjs HeoOXOAUMO IPUPABHATL K 9HEPTUU OSHOTO KBAHTA,
By — L g3 38m(w) E _ 1 9( Em I(em (W) BrlE
= gz J 1 (em (W) + Eq (r)* = & f r|Eq (r)[?
%

+o [ dPrey0 (w) |Eq ()]* + = d raout (W) |Eq (r)].

Vin Vout

E;(r) = (29)

* _ *
IIpunumas o BHuManue, uro EY (r) = —Vob,

[ &reipm (W) Eq (r) (-Veh) + &= [ dPreou (W) Ea (r) (=V}) =

in Vout
= ] 6V (e (@B @) ¢t g [ @V (o (@) Ba () g3
_L'n' fan2<P2 (mEq in (r) €in (W) — nEq,out (r) €out (w)) =0,
Q

HOCJIeJIHAE J[Ba, CJIaraeMbIX B IpaBoil yactu (30) paBHBI HYJIIO, ¥ MBI IIOJIyYaeM

T Ow

8w wfﬂ a3 ad’

2
0
1 9 (ein (w)) /d3r|Ed (r)|2 i2<wpl) i?ﬂ4ﬂa3 B i?ﬂ (31)

Vin
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IIpu nosryvennn mocseneii OMEHKN MBI HE YIUTHIBAIONIEN TOTJIOMIEHUS] B METAJLJIE U HCIOJIH30BAJII
Teoputo JIpye s MU3IeKTPUIeCKoi IpoHUIiaeMocTn MeTaswia [15]

() 2 , (32)

Em(w)=1-— 2

9TO, y4IUTbhIBad (30), Ja€T BEJIMIUHY JJUIIOJIbHOI'O MOMEHTa Ha OJUH KBAaHT, PaBHYIO

dy = \/hwya® = | /30w, V/dn, (33)

HMJIN OKOHYaTEJIbHO

o

pl = dg (dji + dd) . (34)
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PLASMON QUANTIZATION
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Abstract
The algorithm of local plasmon quantization is discussed.

Key words: plasmon, quantization of quasi-static fields
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