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IHoBepXHOCTHBIE IUIA3MOHBI ¥ AU pakIus
IUIOCKHMX BOJIH B METAJVINYECKHUX IJIEHKAX
U rpaeHOBBIX CTPYKTYpPaxX

Hasunosuu M. B., Konecor I'. H., Casmun K. A.

Y Unemumym usuru, Capamosckuii 2ocydapemeennviii ynusepcumem
Capamos, 410012, Poccuiickas ®edepayus

Mony4eHo: 27 anpenst 2021 r.
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Annomayun: Paccmompensvt snekmpuieckue u MAacHuUmHvle NOBEPXHOCTIHbIE NAA3MO-
Hbl 8 CMPYKMypax ¢ OUINEKMpUHecKUMU U Memaniudeckumy CROAMU Ul JUCmamu
epagpena. Ilonyuenwvl ycnosus cyuecmeosanuss 0Opamuoll u npamoli 80H, MeOJleHHbIX U
ObICMpLIX NAAZMOH-NONAPUMOHOS8. Paccmompenvr makoice naasmonvl u ougpaxyus
NAOCKUX 80K 0I5 CLOSL 2UNEPOOTUYECKO20 Memamamepuand.

Knrwouegvie cnoga: ougparyus, memaiiuveckas nieHka, epaget, niasmonsl, eunepbo-
JUYeCKUll Memamamepudal.

Jna yumuposanus (FOCT 7.0.5—2008): TaBumosuu M. B., Kotecor I'. H., Casnuu K. A.
[ToBepXHOCTHBIE MITa3MOHBI M AU(PAKIIUS IOCKUX BOJH B METAITMYECKUX MJICHKAX U
rpadeHOBBIX cTpyKTypax // NTHPOKOMMYHHKAIUOHHbIE U PaIHOJIEKTPOHHBIE TEXHOJIO-
run. 2021. T. 4, Ne 3. C. 167—182.

Hna yumuposanua (FOCT 7.0.100—2018): JTaBunosu4, M. B. [ToBepxHOCTHBIC
TUTa3MOHBI ¥ AM(PAKIUS TUIOCKUX BOJH B METAJUIMYECKHX TUIEHKaX U rpadeHOBBIX
crpykrypax / M. B. JlaBunoBuy, I'. H. Konecos, K. A. Casnun // UnpokoMMyHUKaIH-
OHHbIE U painodieKTpoHHbIe TexHomorun. — 2021, — T. 4, Ne 3. — C. 167—182.

1. Introduction

The slow surface plasmons in metallic films and along metallic surfaces
are usually considered without dissipation, so the dielectric constant of metal is
real and negative. In this paper we consider the symmetric lossy plane-layered
structures with metallic and dielectric layers and two-dimensional conductive
films or two-dimensional electron gas with tensor conductivity. We use as exam-
ple the graphene conductivity tensor, and for metallic layers we use the Drude-
Lorentz model. We also introduce the surface conductivity for thin metallic and
dielectric films. The goals of this paper are to get the conditions for existence of
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forward and backward waves, to get the conditions for existence of fast and low
surface plasmons (SPs) and to determine the connection of dispersion equation
(DE) or SP existence with the plane wave diffraction without reflection.

2. Problem Statement

The forward and backward plasmons are possible in symmetrical struc-
tures without dissipation [1-3]. As in [1-3] the dissipation is not considered,
here we show, that there are also in dissipative structures. If the phase and ener-
gy movement directions are matched, the plasmon is forward, but if the other
case — backward. We take dielectric permittivity (DP) of metal in the form

&w)=5, - /(a)2 _ ia)a)c), &)=, -’ {? ~ioo,), where interband transi-
tions and the polarization of the lattice are taken into account in ¢ . We will
continue to assume this value is real, characteristically up to optical frequencies.
Then the metal model without dissipation corresponds to the zero frequency of
collisions @, =0. The backward surface plasmon (SP) in this case corresponds
to the anomalous negative dispersion. In the case @, # 0 it is impossible to

classify backward surface plasmon (BSP) by anomalous negative dispersion or
negative group velocity (GV). In this case, the SP character (backward or for-
ward) is determined by the direction of the Pointing vector relative to the

movement of phase. We consider the DP ¢, as real, i.e. we not take into ac-
count the dispersion and therefore dis_sjpation. There are the ratios:
k? +k2+k? =kZe(w) in metal and k? +k? +k? =kiz, in dielectric for the finite
along the y-axis structures. If there is vacuum instead dielectric, that &, =1, and

we denote. We also consider the symmetric on y functions based on the type
cos(k,y) and use the decompositions

L . L R
The upper index “e” corresponds to E-SP (TM-waves), for which H _=0. The
Superscript “h” corresponds to H-SP (TE-waves), for which H, =0. Subscript
“@” corresponds to an electric wall at the center E, =0, i.e., the taking of the
sine in (1). Subscript “m” corresponds to the magnetic wall, i.e. taking the co-
sine. For example, the amplitude A; corresponds to even function E, of z. Fur-
ther, we use the value k, =7z/w. In the case w—>oo the relations are accurate,

and the structure of the plane-layered. With a large but finite width we get some
approximation working better than more w/t. Strictly, these structures can be
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analyzed by the method of integral equations defined on the cross section, using
the metal decomposition of type (1) for functions with different
K, =(2n-1)z/w and k,, =,/kie—k—kZ . For completeness we should add

the functions with k,, =(2n-1)z/t and k , =/k?s k2 —k2 . We consider that
k, =k —ik]. In dissipative structures the SP forward if k’k; >0, and backward
t, if klk!<0.We introduce normalized to the impedance of the vacuum
Z, =11, 15, Wave impedance p° =k, /(k,e) for the E-SP and p" =k, /k, for H-
SP in the metal. For dielectric we do the substitution & — &, and denote imped-

ances 3¢, 5". For vacuum we do the substitution & —1 and denote o5, oo, The
propagation constants also denoted by the symbols e and h. For SP with an elec-
tric wall in the center the normalized input impedance at the border of the metal
film 1is p"(t/2)=ip“" tan(k,t/2), therefore, the dispersion equations (DEs)

are pl" —ipt"tan(k,t/2) and correspond to even components (with respect to

z-components) and odd with respect to one z-component. Typically, these SPs
are classified as the even with respect to the transverse component E,, H,, and

are called symmetric [1]. For SPs with magnetic wall in the center of the metal
film 1 the normalized input impedances at the border are

pEM(t/2)=—ip®" tan(k,t/2), and the are DES p" = —ip" /tan(k,t/2). This
DEs are called antisymmetric. For structure 2 the input impedance p"(t/2)
should be transformed to the thickness of the dielectric:
Cnlitan(k,t/2)]" +ip®" tan(k,d
) = @ 12)= e 2 2 i tanla). @
P iptitan(k,t/2) tan(kzd)
The DEs (2) describe the odd (the sign “+”) and even (“—) SPs. Des for struc-
ture 4 are obtained from (2) by substitutions of the parameters of metal on the
dielectric parameters and vice versa. The DEs for hollow waveguide 3 without
dielectric are resulted from the conditions p®" = p{"[itan(k,,t/2)]". It is very

interesting if there are the dielectric films on the wide walls of the waveguide 3.
This case corresponds to DE (2) in which one must change the properties of a
metal and vacuum. Let us denote the input impedance of all structures on the
last partition of boundaries as . If boundary is bordered by vacuum, the DE

can be written as
ke = koy1- [ ] (3)

The upper sign in (3) corresponds to E-SP and lower — to H-SP. If the boundary
is bordered with metal, then
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K =k L-[e@)or F K =koy1-[o]” - ()

Denoting p" = p'+ip", we see from (3) that that in the dissipative struc-
tures (o’ >0) the E-SP is forward if the input impedance is inductive ( p" >0),
and it is

0.0
T W L U M M ) ) L)
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

k' /k
x""p

Fig. 1. Forward (curves 1, 3, 5) and backward (symbol B, curves 2,

4, 6) plasmon-polariton branches for electric antisymmetric (1, 2, 3,

4) and symmetric magnetic (5, 6) of the plasmons in the layer of 50
nm (1, 2), 100 nm (3, 4) and 10 nm (5, 6).

Puc. 1. [psimast (xpussie 1, 3, 5) u o6paTHas (cumBoi B, kxpussie 2,
4, 6) IIa3MOH-TIOJISIPUTOHHBIE BETBH JJISI DJIEKTPUIECKHX
aHTHCHMMeTpHYHBIX (1, 2, 3, 4) 1 CHMMETPUYHBIX MarHUTHBIX
(5, 6) mmazmonos B cioe 50 uM (1, 2), 100 5M (3, 4) 1 10 5M (5, 6)

backward, if the impedance is capacitive (p”" <0). Since the input impedance

depends on the square of the wave number (3), the following inequality must be
preserved for this type of E-SP. It is convenient to take the positive direction in
the direction of the movement phase, i.e. k/®" 0. Then for forward E-SP

p">0 at k"®" 5o, and for backward one ,"<o at k" <g. For H-SP (3) and
the second of the relations (4) we see that H-SP is direct when p” <0 and back-
ward when p”" >0, because the impedances in they DEs are replaced by admit-
tances. Indeed, for E-SP we input complex number z =1-p'? + p"? —2ip'p", Which
stands under the sign of the square root. The branch of root specified by condi-
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tion Re(ﬁ)> 0 Yyields the above conditions. For the first equation (4) we have

7= I::I-_(plgl+pﬂgﬂ) (gp p!gﬂ)]

—2i(p's" + p"e"\ep" — p's").
Here &' <0, £">0, p'>0. Obviously, SP is forward, if Im(z)<0, and back-
ward if Im(z)>0. Because &p"—p'e" <0, for a backward SP it is required

n_n

". Let consider the simplest case of E-SP
along  the dielectric  waveguide  with  metal plates. Here
p=pt =k (egko ) fitan(kets2)]". We write kst/2=i8 =ity/(k¢ f —kZe, /2 and
consider the SP as slow, i. e. k’* >k,./z, , While the loss is small: 6 =¢'-i¢",
0" <<¢ . Then in the odd case
. §’sin(2§’)—§"sinh(2¢9”) §’sin(2§’)

p /p = ~! H ~!/ ~” H ~! ~ ~/ H ~I ~!/ '

6'sinh(20")+6"sin(26') ~ (26" +sin(26" o

This condition is satisfied for the slow SP near the plasmon resonance at the
frequency o, =w,/\/s_+1, for which the ratio |¢/|/&" is not very large, because
at o~ w, We have

’

&

_o0le o )"
& o +al(s +1) w,
The typical values are ¢ ~10-20, w,/®, ~10°-107°. In the even case

ﬂ" 0’sm(29 )+ 6?”smh(2¢9 ) —§’sin(2§’)
oo S|n(249 ) 49’smh(26"’) (25'—sin(2§'))§”
therefore, the inequality cannot be.

3. Results
Consider the DE for the metal strip waveguide. We have the DEs:

& —gtanh (6’ & tanh (5)
tanh & tanh
", & —tanh?( , 1- gtanh (6)
1—tanh2(0) 1-tanh?(9)
Here @ is following from the same formula, but Wlth DP of metal. In the

absence of dissipation we have ¢<0, and SP k¢, is infinitely slow at the fre-

quency where g”tanh?(9)=1, i.e. at w=aw,, <w,/\/s +1. This frequency
decreases with decreasing t. In pursuit of this frequency from below always
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£ > tanh?(9). Above this frequency there is the forbidden band of bandgap. Be-
hind her in the field 0< & <1 the polariton fast: k&, ~ k,ve[l—s(1—&)/(2tanh?(0))),
and near the frequency of the plasmon resonance @~®, we have

ke ~ ko =koyJ@b 1P =5 P is weak slow at low frequencies, where
k¢ <kt . A strong slowdown beginning to emerge near the frequency

o, =w, /s +1 where tanh?(9)=¢? =1. At the approach to it from below the
dispersion is normal and performed &* >tanh?(). It's made in the case o> a,,
but the dispersion is anomalous: the retardation decrease with the increase in
frequency. Higher it the dispersion becomes anomalous and negative. At the
frequency ®,/\e, -1, where =1, the polariton becomes fast. If you are not
getting comprehensive , i becomes leaky, there are radiation losses. At the con-
dition w>a,l e -1 the term tanh?(¢) is complex, the polariton becomes leaky,
and the losses arise. In the point »_ the dispersion curve is not differentiable.
Consideration of losses leads to its differentiability, the slowdown in the neigh-
borhood of frequencies o, is finite, and GV goes through infinity and changes
the sign. This is also the case for k;, lower @, and in the bandgap the propaga-
tion occurs for k¢ with anomalous negative dispersion. Polariton k{, may not
be slow and surface. SP is very slow k) at low frequencies, when
—stanh?(9)>>1 and tanh?(9)<<1. However, at these frequencies one should take
into account the dissipation. SP has forward and backward portions of the dis-
persion branches. It has no component g and does not interact with the longi-

tudinal electron beams.
SP k¢ for structure 2 can be backward when the dielectric layer trans-

forms the inductive impedance to the capacitive Fig. 1. A suitable analytical
condition is quite cumbersome, so here it omitted. Really thin metal film wave-
guides of the type 1 and 2 should be considered in some dielectric medium with
DP &. To do this, in all relationships you should make the change
k, — k =k,~/z . Then the direct SP moving in the film 1 and greeting on your
way the strip of section 2, when the waveguide 1 is overlaid with dielectric
plates with a DP ¢, can get the focusing if he becomes the backward. It should
be noted that the initiation of SP by the finite source, e. g. a laser beam through
a prism gives divergent SP, which, after such metalens will be converging. It

should be noted that for the waveguide 3 the above obtained relations are exact
in the approximation of perfectly conducting narrow walls.
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4. Conductivity of 2D Structures

In thin metal layers (films) || <d there are slow surface plasmons (SP) of

the electric type in case of presence in the plane of symmetry z = 0 of the mag-
netic wall, and the slowdown increases with decreasing thickness d. For appli-
cation the films with a thickness of a few nanometers are interesting. In the case
of the plane of symmetry of the magnetic wall electric E-SP slower (lower fre-
guency plasmon resonance ws) than E-SP electric wall in the center z=0 of the
film [1, 5, 6]. In the approximation of absence of dissipation E-SP with electric
wall has two branches, suitable to the frequency below (with normal dispersion)
and the top (with the anomalous negative dispersion). The latter case corre-
sponds to a backward wave [1]. However, when we have a dissipation, the
branches are closed, and in the vicinity of the plasmon resonance ws both from
the bottom and top SP are direct, and the loss during the motion along the x-axis
high: k!(w,)=~k.(@,) [5, 6]. The polarization is always possible to choose so that

ky=0. For forward SP k:k; >0, and for the backward one k’k’ <0, i.e. the energy
(attenuation of waves) moving back to phase because k =k —ik’. We denote

the film thickness t = 2d. A conductive film is two-dimensional, if its thickness
is significantly less than the mean free path (t <<,) and penetration depth of the

electromagnetic wave (¢<<¢ ). Usually in this case also t<<J, where A is the
wavelength in vacuum. This structure is called two-dimensional electron gas
(DEG) and describes a two-dimensional (surface) conductivity o=, where ¢

is the bulk conductivity of the solid sample, which determines the current densi-
ty J=c¢E. In view of the above the DEG is described by the surface current
density j, is determined by the conditions J(r;,v)=Js(rs)o(v)= oEs(rs.0)5(v),
where the index S indicates the projection of the vector on the surface of the
film, and v is the normal coordinate is counted from it. From the point of view
of electrodynamics such film has not a finite transverse size, and the volume
integral is reduced to surface one. The conditions for DEG depend on the tem-
perature, frequency, purity of the sample, the surface of the film and are usually
granted for good conductive metals with thicknesses from a few to tens of na-
nometers. Usually the DEG films are located between the dielectric layers or on
such layer. The use of bulk materials conductivity or permittivity for estimation
of DEG parameters is an approximation. A rigorous approach requires the solu-
tion of complex quantum tasks including borders and dielectric layers, because
the density of states, frequency of collisions, the number of modes of conductiv-
ity, defining the conductivity o, substantially change it at small thicknesses, so
that the ratio o=¢t is strictly true for thick films. However, there is a natural
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DEG structure, e. g., graphene [7-11], graphenes [12] and some others. For gra-
phene o is defined in several works [7—11] based on the approach of Kubo-
Greenwood and the method of dynamic Green’s functions. Tensor dynamic
conductivity of graphene when exposed to a plane monochromatic wave is de-
termined by the integral in momentum space [7—11]. His approximate evalua-
tion on the part of the Brillouin zone in the vicinity of two Dirac points in the
approximation of linear dispersion E(p)=-tv.|p|, p=#q, v, ~c/300 leads to a

simple formula Kubo [5]: 6=6intatiner Where

i (@, 41,0, T )= , )
= —2ie’k,T[zn* (@ —im, )] In(cosh(u/(2k,T)))
O-inter(a)’ H, @, 'O) = (8)

= —ie? 1(arn)In([2| - (0~ i, )1 [2] + (0 - i, )

For (7) and (8) the Fermi-Dirac function f(E)=[exp(E — z, )k T +1]* is used
in with u. is the chemical potential. To take into account the spatial dispersion in
[11] under the approximation of Bhatnagar-Gross-Krook (BGK) with account of
drift current and the relaxation time approximation (RTA) model for tensor

conductivity are given. The BGK model gives the conductivity tensor with
account of spatial dispersion. The RTA model gives some differ results.

5. Plane Wave Diffraction

Let consider the located in vacuum conductive DEG film, the center of
which is located at z=0. Let an electromagnetic wave E(t,r)=E, exp(ict —kr) in
vacuum, in which k* =kZ, falls at the considered film with tensor surface con-
ductivity 5 = £/z, where z,=/u,/, =120z Q. The magnetic field is determined
by the same dependence with amplitude H.=kxE./Z, \We solve the problem by

two ways. The first is based on electrodynamic Green's function (GF). The se-
cond will use the mode matching technique. The wave creates in the film the
surface current density Js(X,y), which we write using the volumetric current

density in the form J(x,y)= Js(x,y)d(x). We take the scalar GF [13], denoting
R=r—r» R=|R|=VX2+Y?+Z?, X =(x=X), Y=(y-y) 2=(z-2), k. = ks —k2—ki? .
GF is the decomposition on non-uniform plane-wave, including evanescent
ones in the case k;”+k;* >k;. We have an electric vector-potential, equal to the
integral over the surface from G(r-r)J,(r;), Where we have moved from the

volume integration to a surface integral over the infinite plane (x,y). In force of
local link 3 (x,y)=6E4(x,y) the integral is calculated explicitly and has the form:
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A(r)=6E.g, g =exp(—ikx—ik,y—ik,|z])/(2ik,). Here Es is the amplitude of the to-
tal tangential electric field on the surface. Hence, we find the tangential electric
E, :(VV-A+k02A)/(ia)go) and magnetic fields H, =vxA of diffraction with am-
plitudes Epy (1) = Efypa exp(— ikxx—ikyy—ikz\z), were

£ kf(a E,+0,E )+kxky(0'yXEx+0WEy)—k§(O'XXEX+O' Ey),

XX —x Xy -y Xy
xd

2wekK,
E - k;(O’WEy +0'yxEx)+ kxky(O'xyEy +o,E )— koz(<)'WEy +0'yXEX) i
v 20ekK,
Further we believe oy,=ayx. The amplitude of the full field on the tape is equal to
the sum of the respective amplitudes of the incident and diffracted fields:
E, =E, +E,, E, =E,, +E,. These conditions lead to a system of linear algebra-
ic equations (SLAE) with has two unknown amplitudes E, and E,: AE=E,,
E=(E.E,), E =(EpEp), allowing to express the full amplitude using the am-
plitude of the incident field. As a result E, = AJE,, + AJE,,, E, = AJE, +AJE,,,
where we have introduced the matrix elements of the inverse matrix A:

A, = [ (2 K2 e, —k k& 2Kk, ) A, =[(k2—K2 ), —kk &, J(2koK, ).
For the rest of the coefficients matrix we should make the change x <> y. When
choosing a polarization Eq=0, i. e. along the x axis and in the normalization Ex,=1
we have the reflection coefficient R = E ,, transmission coefficient T=1+R , and

the coefficient of transformation of the orthogonal polarization Q = E- The solu-

tion to the problem of diffraction takes place if the matrix of SLAE is not a special,
i.e. det(A)¢ 0. We have the relations R=-1+A; = -1+ a22/det(A), Q=A;,
which we can present or in the following forms:

_ k? (O’XXA;; + axyA;xl)+ kxky(ayxAzx1 + O'WA;XI)— kOZ(JXXA;(l + nyA;xl) ,

R 206K,
o Kl s i)k oA+ o A)Kilo, A+, L),
206k,

The condition det(A)zo is the dispersion relation (DR) for surface plasmons
along the film. It determines the dispersion k, = f(k,,k, ), or @ = o(ks) believing
that DR resolved relative to the wave number ky. Because of the Fresnel equa-
tions we have k, =/k2~k? -k’ . Because the frequency is real, we have the condi-
tion 1m(f(k,.k, ))=0. Therefore we have two real equations to determine the two
complex quantities, for example, k. and k, (equation Fresnel allows you to
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choose any pair components of vector k). The goal is to get the dependencies
k, =k, (ky): k, =k,(k,). However, in the DR these values relate and depend on

directions of phase and energy. Let SP has the complex surface wave vector
k, =k —ik?, the real part of which (indicated by bar) forms an angle ¢ with the

x axis. The direction of phase movement is determined by the unit vector
Ne, =K /K, where k¢ =|ki|=k*+k?*. Then k,=k{cos(p), k| =k{sin(p). The
unit vector n,. =kg/kg defines the direction of motion of energy that moves in
ks

the direction of attenuation of the wave. Here k¢ =|ks|=1/ki*+kJ* . Also we have
Noe =§/\§, where S is the integral of the Poynting vector along the transverse

coordinate z. The specified relationship exists not only for the surface plasmon,
and (as a limit) for deriving polariton. In the General case kOE¢k0pand

Koe # V4 /‘vg

, where v, =V, a(k) is the vector group velocity (GV). Because of

dissipation the Leontovich—Lighthill-Rytov theorem [14] is not performed, and
the GV does not define the movement of energy. Let the energy direction is de-
termined by the angle  relative to the x axis. Then k] =kZ cos(y), k! =ksin(w).

At the same time ks = x.k, +Y,k,, and complex DR is splitting into two real ones:
Re(det(A))=0, Imldet(A))=0. By setting the direction of the surface plasmon
n, =kj /K|, calculating the Poynting vector S and adding these two real equa-

tions by the third n. =S/, it is possible to define the k;, k!, and the complex

wave vector kg =kgn, —ikin . Its real partk; is the phase constant along the mo-
tion direction, and a negative imaginary part k:determines the energy flow and

attenuation in the direction ne. If n,ne >0, then the direction of movement of

phase and energy form an acute angle, and the plasmon is forward. If n,ng <0,
then the direction of movement of phase and energy form an obtuse angle, and
the plasmonis is backward. If ¢ =y than SP is forward kiki>0. If y=ptx,
then kike <0, and plasmon is backward. In this case ¢ is scalar, and you can al-
ways choose the x axis so that k,=0. Some results for E-SP are given in Fig. 2
for graphene film using the spatial dispersion model based on BGK approach
and without one. Fig. 3 presents the reflection and transmittance for hyperbolic
metamaterial (HMM) layer [15, 16] with different angle ¢ between normal and

anisotropy axes.
For the problem of diffraction the values k and k, are real and determine
the angle ¢ of inclination of the plane falling to the axis x: ¢ = arctan(k, /k, ).
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Fig. 2. Deceleration n’ of E-SP for graphene film at T=300 K,

depending on the circular frequency (eV): u.=0.3 eV, ¢=1 (curves
1); uc=1eV, e=1 (2); uc=1eV, ¢=3 (3) with spatial dispersion (solid
curves) and without (dashed curves).
Puc. 2. 3amennenune n’ E-SP st rpadeHOBO# MTeHKH

npu T = 300 K B 3aBHCHMOCTH OT KpyroBoii 4actotsl (3B):

pc = 0,3 3B, € =1 (kpusbie 1); pue = 1 3B, e=1 (2); p. = 1 3B,
€ =3 (3) ¢ mpocTpaHCTBEHHON AnCTIepcHeil (CIIIOMHbIE KPUBBIE)

n Ge3 Hee (IUTPUXOBBIE KPHUBEIE)

While defining the scattered field value g - [kz_kz_k2 is real, because
z 0 X y

kf+k7 <ks. When you go to task about free waves, since non-selfadjoint
boundary value problem, the values k,, k,, k, become complex. Such waves
should be considered quasieigen and gliding [4, 17], since the leakage from dis-
sipative two-dimensional film is impossible (the structure of the volume and
there is no stored energy). The reliance of exp(~ik,|z|) this means that k! <0, i. e.
the phase and the energy from both parties are moving from a vacuum to the
film. This condition is necessary to impose for choice of branches of the root.
Leakage is only possible from the active film, for example, from non-

equilibrium (“pumped”) graphene with o’<0. Writing k, =k -k =w,
w=u+iv=k?+k* —ki* +2ikik!, we have k;:—\/i\/u2+v2+ui/2, k;’:i\/i\/u%vz—ui/z.

For forward plasmon the point w lies in the upper half plane of complex plane, if
SO u=k2+k!2—k2 <0 (slow plasmon) the root gives k” >0 (surface plasmon). If
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u=ks +ki* —kg >0 (fast plasmon) it is also surface: k”>0. In active film with for-

ward plasmon (condition kgks <0) the wave is leaky (with k! — Vv )20
) and antisurface (k” <0) since the point w lies in the lower half-plane. The case
of the backward surface plasmon in dissipative structure (k;k? <0) is character-

ized by the fact that energy flows into the stricter and phase is leaking. In this
case k! >0, and you should take the wave surface: k’ > 0. This case differs from

the active one by change of sign k,. The case of backward plasmon in active
structure is characterized in that it emerges at an obtuse angle to the motion of
the phase along the surface. In the paper [5] the relations for waves generated by
external wave of surface current in the form of a plane are obtained. They imply
that the slow wave current creates a surface electromagnetic wave and the fast
wave of current — antisurface leaky one, i.e. only quick wave of current radiates.
These ratios significantly differ from the above considered: the current is as-
sumed to be specified (incident) and dissipation are not considered. In our case,
the problem is self-consistent and with dissipation.

In a thin dielectric film with thickness t and the dielectric constant (DC) ¢
you can enter the current density of the polarization J, =i®z(s(@)-1E and the

corresponded surface current density Js =J,t. This suggests that the film has
electric conductivity o° =ime.t(e(@)-1). The result does not depend on the nature

of the film. In the case of metal it may be the DC of metal in the form of Drude-
Lorentz £(@)=¢,—@?/(&® ~iow,). The value £ —1 describes the polarization of

the crystal lattice and interband transitions. Similarly, a thin magnetic (e. g.
ferrite) films can be described by the magnetic conductivity 6" =iwut )~ ')

and by surface current of magnetic polarization (magnetization) Js =¢"Hs. For

E-wave, we can neglect the transverse component and to calculate the field out-
side the film based on these formulas and surface current Js =Xdtlo, &P (-ik,x)

(consider the motion along the x-axis). Then the wave is surface, if K, >K, (slow
current wave), and it is leaky antisurface [17], if kK« <Ko, i.e., during the fast

wave of current. These results, however, when dissipation is not quite accurate:
you must enter the radiation dissipation ki >0 in accordance with what the ob-

jective should be self-consistent. Dissipation shifts the frequency of the transi-
tion from slow wave to the fast, which demonstrates the importance of dissipa-
tion for the classification of waves.
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Fig. 3. Dependence of reflection coefficients P (solid curves) and
transmission T (dashed curves) of the angle of incidence ¢ for the
structure of the HMM with d = 420 nm, t,, =ty = 20 nm, &= 3 for
different values of a: o. = 0 (curve 1), o = /12 (2), a = 7/8 (3),
a=m/4 (4), o =73 (5).

Puc. 3. 3aBucumMocTs k03 dunneHToB oTpaxenus P (cruronnsie
KpHBbI€) U NportyckaHus T (IITpUXOBBIE KPUBBIE) OT yIja MajeHUs
¢ st cTpykTypsl MM ¢ d=420 um, t,=t;=20 uM, g =3 s
pasnu4HbIX 3HaYeHui o: o = 0 (kpuBas 1), o = 1/12 (2), 0=n/8 (3),
a=n/4 (4), o=m/3 (5)
For diffraction we choose the y axis perpendicular to the plane of inci-
dence. In the incidence of the p-polarized wave (E-wave), it has a projection E, ,

and in the fall of the s-polarized wave it is E,, . In the first case we put E, =1,
and then the reflection coefficient is equal to diffraction amplitude R, =E, or

has the form R, =T, ~1=-1+a,/det(A), R =T, ~1=—1+a,/det(A)

6. Conclusions

We have discussed the symmetric and antisymmetric plasmon-polaritons
in symmetric metal-dielectric and graphebne structures. In contrast to the cus-
tomary classification in this work it is carried out by the parity-odd longitudinal
component (E, for E-SP and H, for H-SP). Accordingly, the even (Symmetric)

E-SP corresponds to the magnetic wall, and the odd one — to electric one. It is
shown that the inductive input impedance at the border of the vacuum structure



DAVIDOVICH M. et al. Surface Plasmons and Diffraction of Plane Waves... 181
JABUJIOBUY M. B. u np. IloBepXHOCTHEIE IIITa3MOHBI X TU(PPAKIUS UIOCKUX BOJIH...

leads to the forward SP, and a capacitive — to the backward SP. That allow one
to synthesize the surface metalenses. Dissipation leads to the possibility of
propagation of plasmon-polaritons in bandgap zones, and in this case the anom-
alous negative dispersion does not mean a backward plasmon [6, 7], Fig. 1. The
SPs are very slow if the surface input impedance is highly reactive, what for E-
SP (3) means: 1-p}7 + pi? >>2p0|onl, P <<|phl, |oh|>>1. The impedance
approach allows us to obtain DE for both singlet graphene [18] and layered gra-
phene-dielectric structures.

Also we have considered the diffraction of a plane wave on the described
by surface conductive films and plane-structures containing such films. The
DEs and formulas for the parameters of the scattering have been received. In the
general case of anisotropic conductivity the modes are hybrid.
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1. BBenenue

Co3manue MUPOKONOJIOCHBIX YCHIIUTENEH B IMaa3oHe 4acToT OJMU3KUX
K TeparepioBOMy B HACTOSIIECE BpeMs SBISICTCS aKTyallbHOU 3anaveil. Hanbo-
Jiee TIEPCIIEKTUBHBIMU B DTOM CMBICIIE SIBIISIOTCS THPOPE30HAHCHBIE TPUOOPEHI.
[IpuHNIHT paboOTH TaKUX MPUOOPOB OCHOBAH HA THPOPE30HAHCHOM B3aUMO/ICH-
CTBUU 3JICKTPOHHOTO MIOTOKA C AJIEKTPOMArHUTHBIMU MOJISIMHU. A 3TO Mpeamnoia-
raeT HaJlM4he CHIFHOTO MAarHUTOCTATHYECKOTO MOJIsi, OCOOCHHO IMPH TMPOIBH-
JKeHUu B OoJiee BBICOKMI YacTOTHBIN nuama3oH. Ho gake WCIosib30BaHWE
CBEPXIPOBOJIAIINX 3JIEKTPOMAarHUTOB HE MO3BOJISET CO3/aBaTh YCHIIUTENN IS
TEPareploOBOro 4acTOTHOTO juamna3oHa. OJHUM W3 CHOCOOOB NMPOHHUKHYThH B
STOT AMAIla30H YacTOT sIBIsieTCS paboTa Ha rapMOHHMKAaX TMPOYACTOTHI M HC-
ITOJI30BAHUC BI)ICOKOOp6I/ITHI)IX DJICKTPOHHBIX ITYHICK. OI[HaKO 31€Ch UMCIOTCA
cBou TpyaHocTdu. C yBEIMYEHUEM HOMEpPA TAPMOHHUKH T'MPOYACTOTHl YBEIUUH-
BaeTCs ¥ a3UMYTaIBHBIN HHIEKC CHHXPOHHOTO TuTia 7E-BonHEL. [Ipu 3TOM Mak-
CUMaJbHOE 3HAYCHUE TOMEepEeYHON cocTaBsitome BU mons Bce Omke mpu-
OnmkaeTcss K BHyTPEHHEH MOBEpXHOCTH BOJHOBOA, a PallyC BPAILCHHS JIEK-
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TPOHOB B BBICOKOOPOUTHOU rupo-JIBB yBenuunBaeTcs B COOTBETCTBUU C yBe-
JUYEHUEM HOMEpa T'apMOHMKHA THpPOYACTOTHI, T. K. YMEHBIIAETCS 3HAYCHHE
MarHUTOCTATHYECKOTO mojs. Ho oka3wpIBaeTCsi, 9TO 3TO MPUBOTUT K HEOOXOIU-
MOCTH YBEJIIMYCHHS TOKA 3JIEKTPOHHOTO MOTOKA 1is 3()(hEKTUBHOTO B3aUMO/ICH-
CTBHUS €r0 C BPALIAOIIMMCS 3JEKTPOMArHUTHBIM IOJIEM, T. K. KO3((UIIUEHT
CBSI3W DJIEKTPOHHOI'O IIOTOKA C JJEKTPOMATHUTHBIMM BOJIHAMH YMEHBILACTCS.
Tax mpu pabote Ha 4-if rapMOHHKE TUPOYACTOTHI [1, 2] BenWYMHA TOKA COCTaB-
nsier 86 ammep npu HanpsbkeHud 103 KUII0BOJIBT, YTO COOTBETCTBYET MOIIHO-
CTH 3JIEKTPOHHOI'O TMOTOKa mopsajka 9 MBT. Oxujaercs, 4TO ¢ yMEHbIIEHUEM
a3uMyTaidpbHOrO MHACKca BU-mons OyaeT yMeHbIIaThCsl M BETMIMHA TpebyeMo-
r'0 TOKa IEKTPOHHOT'O TIOTOKA.

2. Pe3yJbTaThl pacueToB

s pacueToB Mcmojb3oBaiack mporpamma Gyro-K [3, 4], B xoropoit
ypaBHEHHUS! BO30YXIEHUS JJIEKTPOHHBIM ITOTOKOM HEPETYJSPHOTO BOJIHOBOZA
CTpOATCSL HA OCHOBE MeToja mpeoOpazoBanus koopauHaT A. I'. CBeurHukoBa,
KOTOPBIM OCHOBaH Ha 3aME€HE 3a/1a4M BO30Y>KAECHHUs HEPEryJIiPHOrO BOJIHOBOIA
3a/a4ueld BO30YKIEHHS PETryJSIPHOTO BOJIHOBO/A C €AUHUYHBIM PaJNyCOM. JTOT
METO/]I TIO3BOJISIET UCKATh PEILICHHE BOJHOBBIX YpaBHEHUH B BUJE pPa3IOKEHHIM
o cucreMe 0a3uCHBIX (QGYHKIMH PErysipHOTO LUIMHIPUYECKOTO BOJHOBOJA.
Jna pemenns ypaBHeHm MaxkcBemna ObIT WCMONB30BaH MeTon | amepkuHa,
KOTOPBIH TakKe Ha3bIBAETCS METOJOM opToroHanuzanuu. Kosddunuents: pas-
JIOKEHUS TIOJIS 10 COOCTBEHHBIM 0a3MCHBIM (YHKLUSAM ONPEACISIIOTCS B 3TOM
METOZAE M3 YCIOBHS OPTOTOHAIBHOCTH HEBSI30K ypaBHEHUH COOCTBEHHBIM Oa-
3UCHBIM (DYHKITUSIM PETYIAPHO BOTHOBOZA. | paHWYHBIE YCIOBHSA Ha OTKPBITHIX
KOHI[aX BOJTHOBOJA OTPENENSIIOTCS IS KaKJOW MOJBI PEryJISIpHOTO BOJTHOBOAA
OTIENIBHO, YTO yCTpaHsIeT HEKOPPEKTHOCTh 3aJaHMs T'PAaHMYHBIX YCIOBHM IS
MOJTHOTO TIOJISI, KaK 3TO MPOMCXOAUT MPH UCTIOIB30BAHUU «PIC»-TEXHOJIOTHH.

B pesynbraTe MBI moslydyaeM cUCTeMY OOBIKHOBEHHBIX Au((epeHIInatb-
HBIX ypaBHEHUH i1 KO3((HUIIMEHTOB pa3IoKeHHs, 3aBUCSIINX TEHEPh TOJIBKO
OT IPOZIOJILHOM KOOpAMHATHL. Takoi Moaxox Mmo3BojsieT MpeoOpa3oBaTh TPEX-
MEpHYIO 3aJ1auy BO30YKICHHUsI HEPETYIISIPHOTO BOJTHOBOJIA B OHOMEPHYIO 3a/1a-
yy. OMHuYecKkne MoTepyu B CTEHKAaX BOJHOBOJAA YUHTBIBAIOTCA Ha OCHOBE Ipa-
HU4HBIX ycnoBuid ykuna — JleonTroBu4a. J{1s1 caMOCOTIIacOBaHHOTO PELLIEHHS
3aaun BO30YKICHHS HEPETYJISIPHOTO BOJHOBOJIA AJIEKTPOHHOM ITOTOKOM HC-
MOJIb30BAJICS] UTEPALTMOHHBIN METO/I ITOCJIEN0BATENbHON HMXKHEHN pelakcalluu.

B pesynbraTe morncka onTuManbHONH KOHCTpyKimu rupo-JIBB mis pabo-
yeil Moxbl TE4; 1o 3Ha4UeHMsIM pagnyca BOJHOBOJA, MArHUTOCTATUIECKOTO I1O-
75, TOKa 3JIEKTPOHHOTO TOTOKA, MUTY-(PAKTOpa U YCKOPSIOIIEro HANPSIKECHUS
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ObUTM TIONyYeHBI ciefylomue mapaMeTpsl rupo-JIBB: yckopsiomee Hampske-
mne — 103 KB (Bp = 0.5542), snexrponnsiii Tok — 87 A (o = 0.0646), nuty

2nb
tbaktop — 1.447, HOPMHUPOBAHHBIA paaUyC BOJHOBOJA g=i=5.4332,

0
noeH? (z) 1.7588:10"B,[T]
®, 2nf, [HZ]
sppunment ycunenus K, = 34 JI6. UHterpanpHble XapaKTepUCTHKU JTAHHOM

rupo-JIbB nmpusenens! Ha pucyHke 1.

Ha xpuBoii 2 (mpoduiie BOJHOBOJA) CEPhIM IIBETOM OTMEUYEHBI 00JacTH
BOJIHOBOJIA C IOIJIOINAIOIINM MOKpbITHEM. DparMeHTanys MOrIOMAOIIETO MT0-
KpbITHs no3Bosinaa nossicuTs KIIJI rupo-JIBB.

W3 pucynka 2 cuemyer, 4To IOJIoOCa YCHJIEHUs AaHHOHM rupo-JIBB co-
craBiseT 11 %, HO mpu 3TOM MOTEPU MOILIHOCTH JOCTUTAIOT AJIs 3aJaHHOU Ya-
ctothl 60 I'T1 5 % OT MOLTHOCTH AIEKTPOHHOTO TTOTOKA.

Ha pucynke 3 nmokaszaHo, 4TO MakCUMaJIbHOE 3HaUEHHUE HANPSHKEHHOCTH
3JIEKTPOMArHUTHOTO OIS HAOI0JaeTCs TOJBKO B KOHIIE BOJTHOBO/IA.

benplM NOyHKTUPHBIM IIBETOM Ha pUCYHKE 4 TIOKa3aHa OKPYXKHOCThb
Ha4YaJIbHOT'O paclpeecHHs JIEKTPOHOB B BEICOKOOpOuTHOM JIBB.

ITpu noucke ontUManbHON KOHCTpyKimu rupo-JIBB Ha BomHe TEy; [5]
OBUI MOJTyueH CIEAYIOIIUH pe3yibTaT. BennunHa TOoKa 3JIEKTPOHHOTO MOTOKA

coctaBmsia 3.2 A (a =il I, =0.73723:10°1 [A] = 0.00235}, yCKopsIomiee
c

MAarHuTOCTaTU4eCKoe ImoJjie [ =

=0.28012, xo-

Yo_ h- L —0.446 |, muara

© (195740, +1)

Hanpsixenue cocrapuio 60Ks | 4 =

o 2mR
dakrop =V, /V, =1., mopmupoBanHBIi pammyc BoNHOBOMA § = /‘L_W =
0

3.0844, HOPMHPOBAHHOEC 3HAYCHUE MAarHUTOCTATUYECKOTO oJIs
eH"(z) 1748-10.B[

T] =0.5251, HopMupoBaHHas UTHHA TIpHOOpa
@, 27 f,[Hz]

F(z) =20

2
I = ”T:_W =277, xospdument ycmenus — 40 dB.

MoIIHOCTh 3JIEKTPOHHOTO TOTOKA Mpu pabore Ha mojne TEj cocraBuia
192 kBT, B TO Bpems kak npu padote Ha BoiHe TE,; 3Ta BenmunHa paBHsIIACh
9 MBT, uto B 47 pa3 GoJbliie, ueM TpeOyeTcs st padoThl Ha BosiHe TEy;. MH-
TerpajbHbIC XapaKTEPUCTUKU I pacCYMTAaHHOTO BapuaHTta rupo-JIBB mokasza-
HBI Ha PUCYHKE 6.
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Puc. 1. ©yHKIUS TPyIITHPOBKY 11O IIEPBOH FrapMOHUKE pabodell 4acTOTHI, 2 — POQHIb
BoJTHOBOZIA /(27), 3 — cpeZiHee 3HAYCHHUE MOTIEPEUHON CKOPOCTH 3JICKTPOHOB, 4 — CpeHEe
3HA4YCHUE Pajyca BPALICHHUS IECKTPOHOB, 5 — HOPMHPOBAHHOE 3HAUYCHHE MarHUTOCTATHIECKOTO
1ost, 6 — HOPMHPOBAHHOE 3HAUCHUE aMIUTUTY Il SJICKTPOMArHUTHOM BOJHBI Hyy, 7 —
snexTponublit KI1JI, 8 — Bonnoso# KIT/.

Fig. 1. Function of grouping by the first harmonic of the operating frequency, 2 — waveguide
profile g/(2m), 3 — the average value of the transverse electron velocity, 4 — the average value of
the electron rotation radius, 5 — the normalized value of the magnetostatic field, 6 — the
normalized value of the electromagnetic wave amplitude Hy;, 7 — electronic efficiency, 8-wave
efficiency
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Puc. 2 YactorHas xapakrepuctuka ['upo-JIBB, BBepxy — anexrponnsrii KIT/I,
BHU3Y — BosHOBOI KIIJI.

Fig. 2. Frequency response of Gyro-TWT, top — electronic efficiency, bottom — wave efficiency
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U

Puc. 3. Pactipenenenue Momyist HaIpsKEHHOCTH 3J1€KTPOMAarHUTHOTO MOJIS
B TIPO/IOJIEHOM CE€UCHUH BOJTHOBOJA.

Fig. 3. Module distribution of electromagnetic field
in the longitudinal cross section of the waveguide
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Puc. 4. IlonepeuHoe pacnpeseneHre MOy sl HAPSDKEHHOCTH MEKTPOMArHUTHOTO TIOJIS
B KOHIIE BOJTHOBOA MOJIBI Hay;.

Fig. 4. Transverse distribution of the electromagnetic field intensity modulus
at the end of the waveguide mode Hy;
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Puc. 5. HonepeqHLIe HOPMHUPOBAHHBIE CKOPOCTH DJIEKTPOHOB.
Fig. 5. The normalized transverse velocity of electrons
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Puc. 6. ®yHkims (ha3oBoil rpyNIIHUPOBKHU AIIEKTPOHOB, 2 — paJIdyC BOJHOBOAA, 3 — HONEpeYHast
CpelHsIsl CKOPOCTD AJIEKTPOHOB, 4 — CpeHUN pauyC BPALEHUSI IEKTPOHOB, 5 — AIEKTPOHHBIN
KII, 6 — BomaoBo# KIT/.

Fig. 6. Electron phase bunching function, 2 - waveguide radius, 3 - average transverse velocity of
electrons, 4 - average electron rotation radius, 5 - electronic efficiency, 6 - wave efficiency

Puc. 7. Ilonepeunoe pacnpeenaeHne MOy HAPSDKEHHOCTH MTONEPEYHON COCTaBIAIONIEH
9JIEKTPOMArHUTHOT'O MOJIsI B KOHIE BOJIHOBOA MOAbI Hyp;.

Fig. 7. Transverse distribution of the modulus of the strength of the transverse component
of the electromagnetic field at the end of the waveguide of the Hy; mode

N3 storo pucyHka cnenyet, uto anekTponnbiid KIIJ[ aToit rupo-JIBB co-
craBisier 23 %. 3amerum, 4To OOJBIIAs YacTh BOJHOBOAA (KpHBas 2) MMeEeET
norsomtaroniee BY none mokpeitue. OHO OTMEYEHO CEPhIM LBETOM, B OTJIMYHE
OT MEIHOH MMOBEPXHOCTH, KOTOpasi Ha PUCYHKE UMEET YePHBIN I[BET.

Ha pucynke 7 GesnbIM IIBETOM OTMEUEH pajinyc BpaIeHHUS 3JIEKTPOHHOTO
[IOTOKA OTHOCHTEJBHO OCH MPHOOopa. MOXKHO OTMETUTB, YTO AJIEKTPOHHBIN TOTOK
MIPOXOJUT B €III¢ JIOCTATOYHO CHIIEHOM DJICKTPOMArHUTHOM II0JIe, YTO U o0ecrie-
YHBaeT XOPOoIIlee B3aNMOACHCTBHE IIEKTPOHHOTO ITOTOKA C ITOJIEM BOJTHBI T Ej;.
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Puc. 8. HacrotHas xapakrepuctuka rupo-JIbB, pabotaromieii Ha BonHe TE>;.
Fig. 8. Frequency characteristic of the Gyro-TWT operating on the TE,; wave

ITonoca ycunenns nanHoi JIBB cocraBmser 12,6 %, 9T0 HEMHOTO BHIIIIE,
yeMm nipu pabote Ha TEy4, HO cpenuuii KI1/] HeckobKO MEHbIIE, T. K. 31€Ch HET
TaKo# (hparMeHTaNNH MOTIIOMIAIOIIETO MMOKPBITHS, KaK B MPEABAYIIIEM BapHaH-
Te rupo-JIbB.

Puc. 9. Pactipeenenne MOy sl HAMPSHKEHHOCTH 3JIEKTPOMATHUTHOTO MOJISI
B I[IPOAOJIBHOM CE€4Y€HHHU BOJIHOBOJA.
Fig. 9. Module distribution of electromagnetic field in the longitudinal cross section
of the waveguide

UntepecusiM mpexactasnsiercss cpaBHeHue rupo-JIBB, paboraromeil Ha
mone TE, c JIBB, paboratomieii Ha Mojie TE,; 4TO O3HAYAET YBEIMYCHUS PaJlv-
yca BOJIHOBOJIA TTOYTH B 2 pasa.

U3 pucynkoB 10, 11 cienyer, 4to Ha 1apMOpPOBCKOH opOute hopmMupy-
10TCs 1Ba (Da30BBIX CryCTKa 3JEKTPOHOB, KaK W JOJDKHO OBITH IpH paboTe Ha
BTOPOl TaApMOHHKE THPOYACTOTHI.

Hcxons u3 pucyHka 12 MOKHO clienarh BBIBOJ O TOM, 4TO cperuuii KI1J]
MOYTH TaKOH ke, 4TO U npu padore Ha Moae TE,;, HO TOJOCa YCUIICHHS CYILe-
CTBEHHO MeHblIe U cocTasisier 3.35 %.
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Puc. 10. MHTerpansuble XxapakrepucTuku rupo-JIbB s moas TE,;.
Fig. 10. Integral characteristics of the Gyro-TWT for the TE,, mode
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Fig. 11. Phase trajectories of electrons for the Gyro-TWT with the TE,, mode
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Puc. 12. YacroTHas xapaktepuctuka ['npo-JIbB, paboratomeii Ha BoHe TE ).
Fig. 12. Frequency characteristic of the Gyro-TWT operating on the TE,, wave

2Z=27180

Puc. 13. Pacnipenenenue MoIyIsl HAPSDKEHHOCTH 3IEKTPOMArHUTHOTO MOJIS
B MPOJIOJIBHOM CEYEHUU BOJIHOBOAA JUJIsl BOJIHBI TFE5).

Fig. 13. Module distribution of electromagnetic field in the longitudinal cross section
of the waveguide for the TE,, wave
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oY Puc. 14. [lonepedunoe pacnpeneneHne MOy st
N RN ) HAIMpPSHKEHHOCTH TOTIEPEYHON COCTABISIONIEH
\-.\_/" ‘ N 3JIEKTPOMArHUTHOTO T0JIS B KOHIIE BOJIHOBOJIA
mobl Hyo.

o — Fig. 14. Transverse distribution of the modulus
( of the strength of the transverse component
N of the electromagnetic field at the end

of the waveguide of the Hy, mode
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3. 3akiaroueHnue

ComnocraBieHue NONYy4YEHHBIX PE3yJbTaTOB PAacueTOB TPEX BAapHAHTOB
I'upo-JIBB no3BonsieT cenars CaeAyOIHUe BEIBOABL.

1. Ectp mpuHIMnuanbHas BO3MOXKHOCTH cosfanusi rupo-JIBB, pabora-
IOLIMX B 00/1aCTH MUJUJIMMETPOBBIX JJIMH BOJIH, 32 CHYET PabOThl HAa TAPMOHHUKAX
THPOYACTOTHI.

2. HaunmydmmMm BapuaHTOM sIBJsIETCSl paboTa Ha BTOPOW TapMOHHKE T'-
poYacToTHl U MOAE BOJHBI 1E7;, 4TO oOecreunBaeTcs XOpownM Koadduuen-
TOM CBSI3U 3TOIl BOJHBI C BEBICOKOOPOUTHBIM AJIEKTPOHHBIM ITOTOKOM U TI03BOJIS-
er npu koddpdunmente ycunenus 40 n1b umerp monocy ycuneHus ~12 % wu
cpexanM BotHOBBIM KIT/T 15 %.

3. Pabora Ha Oojiee BBICOKHMX pamHaNIbHBIX MOIaX, Hampumep, 1FE»o,
YMEHBIIIAET MT0JIOCY YCUJICHHS B JAHHOM ciiy4ae Oojiee 4yeM B 3 pasa.
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Annomayun: Paccmompenvl ocobennocmu neneHeayuu B030YWMHBIX CYOO8 nymem
oyenxu yacmomul [onnepa, 6o3nuxaroujeli npu nepuooUteckom Kpy208om cuumoleaHuul
PaouocueHanos, NOCMynanwux om paouoCmaHyuti 6030VUIHBIX CYO08 HA KONbYegyIo
AHMEHHYIO pewemKy agmomamuyeckozo paouoneieneamopa. lloxkazamnvl 603M0xCHO-
cmu popmuposanus u usmepeHus uacmomovl Joniepa npuHuUMaemuvlx paouoCusHaos,
npeocmagieHbl OCHOBHbLE UCXOOHble OaHHble OJisi NOCMPOeHUs Npediazaemo2o 8apuaH-
ma usmepeHus neieHea 6030VUHbIX CYy008 ¢ UCHOYHUKamMu paduousnyyerui. Ilpugede-
Hbl Pe3yabmamsl OYeHKU OONYCIMUMBIX BETUYUH PACCMOSAHUS MeHCOY COCEOHUMU dle-
MeHmamu u paouyca Koibyd aHMeHHOU peuwemKu, a maKdice 4y6CmeumenbHOCmu pas-
Hocmu @asz u yacmomvl JJonaepa paouocusHaio8 coCeOHUX 31eMeHMO8 K U3MEHEHUIO
HANpAasieHus Ha UCMOYHUK PAOUOUSTYYEHUSL.

Knrouesvie cnosa: asmomamuyeckuii paouoneieHeamop, 030yuiHoe cyoHo, 00niepos-
CKULl punomp, UCMOYHUK PAOUOU3TYYEHUs, KO2EPEHMHOe HAKONLeHue, neieHe, paouo-
cueHan, cmanyusi paouocessu, yacmoma Jfoniepa.
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Abstract: The features of aircraft direction finding are considered by estimating the
Doppler frequency that occurs during periodic circular reading of radio signals coming
from aircraft radio stations to the annular antenna array of an automatic direction
finder. The possibilities of forming and measuring the Doppler frequency of received
radio signals are shown, the basic initial data for constructing the proposed variant of
measuring the bearing of aircraft with radio emission sources are presented. The re-
sults of estimating the permissible values of the distance between neighboring elements
and the radius of the antenna array ring, as well as the sensitivity of the phase differ-
ence and the Doppler frequency of the radio signals of neighboring elements to a
change in direction to the radio source are presented.

Keywords: automatic direction finder, aircraft, Doppler filter, radio emission source,
coherent accumulation, bearing, radio signal, radio communication station, Doppler
frequency.
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1. BBeaenue

Ha rpaxmaHCKMX W TOCYAapCTBEHHBIX a’poapomax PD m 3a pyOexom
JUTSL OTIEPAaTUBHOW OILIGHKHW HAIPaBJICHHS JBIKEHUS BO3AyHIHBIX cynoB (BC)
IIMPOKO HCIONB3YIOTCS aBTOMaTndeckue paauoneneHratopsr (APII) L

! denepanbHbie aBHaNMOHHbIE IPaBHIa. PasuoTexHIUeCKOe 0BECIeueH e TI0IeTOB 1 ABHAIIHOHHAS
35eKTpocBs3b. Ceprudukanmonnsie TpedoBanust. M.: 1999 r. https://docload.ru/Basesdoc/6/6495/index.htm
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poHuKa, GOTOHHKA, IPHOOPOCTPOCHHE U CBs3b (2.2)

ITpu nomomu APII onpenensercss yroa B TOPU3OHTAIBHOW MJIOCKOCTHU
MEXJy HampaBieHueM pacnoyioxkeHns BC B BO3AYIIHOM NPOCTPAaHCTBE U
HaInpaBJIcHUEM Ha MarHUTHBIH CeBep OTHOCHTENBHO TOukH cTossHus APII (me-
nenr BC). Ilenenr BC ornennBaeTcst myTeM paJHOICICHTallik UCTOYHHUKOB pa-
muon3nyuenus (MPU), ycranorneHHbIX Ha BC 1 M3TyJaromux paJuoCUTHAJIBI B
nIuarnaszoHe yapTpakopoTkux BoiH (YKB), mpuemasivu kanamamu APIIL.

CyIIecTBYIOIIME aBTOMATHYECKHE PaJHOICICHraTOpbl 00eCIIeYnBaIOT
mMepenne menenara BC, o0opynoBaHHbIX cTaHmmsiMu paguocesasu (CP), pabdo-
taronmx B auamnazonax YKB 100—150 MI'ty u 220—400 MI'1t 2,

Ilenenrn BC, usmepennsie APII, oToOpaXkaroTcsl HA HHIUKATOPE KPYro-
BOro 0030opa KomIniekca cpeactB pykoBojacTsa mojieramu (KCPII), naxonsie-
rocs Ha pabodeM Mecta (PM) pykoBOAMTENS MOJIETOB HA KOMaHIHOM JUCIIET-
gepckoM nynkre (KIT) aspoapoma. Benmmunuel nenenroB BC mucmeTduepom
WK PYKOBOJHUTENIeM MosieToB repeaarorcs ¢ K/IT aspoapoma Ha GOPT COOTBET-
ctBytouux BC mpu nomoru cpeacts paguocssizu PM KCPIT KITI 3,

B ocHOBy npuHIUIA JaeicTBHS HanOojee MHUPOKO PacIpOCTPaHESHHBIX
APII monoxxeH npueM paauoCUrHaioB, uziydaembix OoproBeiMu CP BC, Ha
3JIeMEHTHI (BHOpPATOPhI) aHTEHHBI, UMEIOIINE HEeHAPaBJICHHbBIC CBOMCTBA B TO-
PHU30HTAIBHOM TUIOCKOCTH M PACIIOJIOKEHHBIE 10 KOJIbIY W B IIEHTPE aHTCHHBI
APII, ¢ mocenyromumM aHanu30oM (a30BBIX COOTHOIICHUH MPUHSATHIX CUTHAJIOB
[1]. Axamu3 (ha30BBIX COOTHOIIEHUM TPUHATHIX CUTHAIOB B APIT MOXeT BBI-
MIOJIHATBCS, HAIPUMED, IMyTEeM Pealn3alii KOPPeIIIUOHHOr0 HHTEPPEPOMET-
pa. OCHOBHOM HEJIOCTATOK TaKOro MOJIX0jJa — BO3MOXKHAasi HEOJTHO3HAYHOCTh
oleHKH (a3, HU3Kask MOMEXOYCTONYMBOCTD, a TakKe OOBIYHO HEBBICOKAS TOY-
HOCTb U3MEPEHUSI BEJIMYHMHBI MTEJICHTA.

B pabore npepnaraeTcs BBIMOIHATh OJHO3HAYHYIO TOUHYIO PaJIUOTCIICH-
rarmro BC, o6opynoBannsix CP, myTem oreHKH 4acToThl Jlomiepa, BOZHUKATO-
e mpu OBICTPOM TEPUOJINYECKOM KPYTOBOM CUHTBIBAHWW CUTHAJIOB, IIPUHU-
MaeMBbIX HEHANpPaBJICHHBIMH JJIEMEHTaMH KOJIBIIEBOM aHTEHHOHN pemieTkd, 0e3
HEOOXOJMMOCTH HCIIOJIb30BAaHUS IICHTPAILHOTO JIEMEHTA.

2. OcHOBHBIE HCXOJHbIC JAHHbIEC

IIpemmaraemerii Bapuant u3meperus nenenara BC ocHoBaH Ha OIEHKE 4a-
crotsl Jlomnepa curnana MPU, npuHrMMaeMoro 3jaeMeHTaMu IPUEMHON aHTEH-
Hbl APII, Bo3HUKarOIIEH BCIEACTBUE ABYX MPUUUH:

2 DF 2000. ABToMaTHueckuii paguonenenrarop. hitps://img.artlebedev.ru/everything/azimut/ booklets/
DF2000_rus.pdf
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