NON-RELATIVISTIC ELECTRONICS

TRANSITION RADIATION OF AN ELECTRON CROSSING
AN INTERFACE BETWEEN A DIELECTRIC AND A LAYERED
SUPERCONDUCTOR

Yu.O. Averkovl, V.M. Yakovenkol, V.A. Yampol 'skii®?
' A.Ya. Usikov Institute for Radiophysics and Electronics of the National Academy
of Science of Ukraine, Kharkov, Ukraine;
2y, N. Karazin Kharkov National University, Kharkov, Ukraine
E-mail: yuriyaverkovi@gmail.com

We investigate the transition radiation of an electron crossing an interface between a dielectric and a layered su-
perconductor. The electron’s direction of motion and the orientation of the superconductor’s layers are perpendicu-
lar to the interface. The analysis of the radiation patterns reveals the strong anisotropy of the radiation intensity dis-
tribution with respect to the azimuth angle in the interface plane.
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INTRODUCTION

As is known, the transition radiation effect, i.e. the
effect of radiation of a uniformly moving electron due
to its transition from one medium into another, was dis-
covered by V.L. Ginzburg and I.M. Frank in 1945 [1].
Since then the numerous papers have been written on
the subject (see, e.g., [2 - 6]). Nowadays a good deal of
attention to the transition radiation effect is caused by a
large number of its applications. For instance, the transi-
tion radiation is used in high-energy physics to the de-
tection of charged particles [2]. The electron bunch
bombardment of the solids [6] and transit of the bunches
through diaphragms [8, 9] allow to generate short high
power pulses which are widely used for radiolocation.
The transition radiation also finds application in investi-
gation of two-dimensional electron systems which are
the basis for many up-to-date electronic devices [10,
11]. Besides, the radiation of modulated electron beams
crossing a boundary of a plasma-like medium is a very
effective method for generation of surface electromag-
netic waves [12 - 13].

The characteristic properties of the transition radia-
tion of both the electrons and electron bunches crossing
anisotropically conducting interfaces such as wire
shields have been considered in [14 - 16]. Specifically,
the possibility of obtaining an elliptical polarization of
electromagnetic waves has been shown. V.E. Pafomov
in 1959 first proved the possibility of excitation of the
electromagnetic waves with negative group velocity
with the aid of the Vavilov-Cherenkov radiation in the
medium which possesses negative permittivity and
negative permeability simultaneously (so-called left-
handed medium) [17]. Namely, he first demonstrated
that if an electron moves from a vacuum into the me-
dium, the maximum of the intensity of the Vavilov-
Cherenkov radiation is in a vacuum. A similar effect
occurs when an electron crosses an interface between a
vacuum and a uniaxial anisotropic conducting medium
(e.g., layered superconductor) in the case where the
conducting layers are parallel to the interface [18].

In the present paper we theoretically investigate the
transition radiation of an electron crossing a layered
superconductor in the case where its layers are perpen-
dicular to the interface. Specifically, it turned out that
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unlike the results of work [18], in our system the excita-
tion of the electromagnetic waves with negative group
velocity in the layered superconductor is principally
impossible, i.e. the energy flux density vector in the
superconductor does not form an obtuse angle with the
direction of the electron motion. In addition, we have
found that energy flux distribution of transition radia-
tion exhibits a strong anisotropy on azimuth angle in the
interface plane.

1. STATEMENT OF THE PROBLEM AND
BASIC EQUATIONS
Let the structure under study be comprised of the di-
electric (the region with index 1) with permittivity &
and the layered superconductor (the region with index
2) with dielectric permittivity given by the diagonal

permittivity tensor with components &, =¢,, = &4,
g,, =&, (Fig. 1), where
Eub =£(1—72/52+i7/2vab/5), (1)
£, =£(1—1/52+ivc/5). 2)
Electron R
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Fig. 1. Geometry of the problem

Here, we introduce the dimensionless parameters
@=wlo,, v,=470,/(cw,;y*) and v, = 470, [(cw,),
¥ =A./Ap >>1 is the current-anisotropy parameter, A,
and A, are the magnetic-field penetration depths along

and across the layers, respectively. The relaxation fre-
quencies v, and v, are proportional to the averaged

quasi-particle conductivities o, (along the layers) and

o, (across the layers), respectively, w, =(8=D.J,/ hg)l/z
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is the Josephson plasma frequency, e is the electron
charge, D is the period of the layered structure, J, is

the critical Josephson current density, & is the inter-
layer dielectric constant. All media are supposed to be
nonmagnetic. We define our coordinate system so that
the dielectric occupies the half-space y <0, the layered

superconductor occupies the half-space y >0, and the

z -axis coincides with the crystallographic ¢ -axis of
superconductor. An electron moves uniformly in the
dielectric along the y -axis at a velocity v <<c¢ (where

¢ is the speed of light in a vacuum) and crosses the
interface. The electron-charge density n(F,) is deter-
mined by the formula

n(7,1) = es(x)5(v - yr)5(z), 3)
where §(x) is the Dirac delta function. The electromag-

netic fields of the electron are expressed in terms of
Fourier integrals

E"f(?,t):_[ff(l;,a))exp [i(lgf—wt)]dl;da), @)
f=1,2 is the
k= (kx , ky k. ) The Fourier components for the elec-

where number of the medium,

tric and magnetic fields of the electron in the dielectric are
Slo—k,v) )

ie a)51\7/02 -k

277 k* —(w/c) e

E(F.0)-

— (7 E o =T
H; (k,a)):?‘vxE1 (k,a)). (6)
The corresponding field components in the super-
conductor are
. (-. ) ievkxkyAl ( )
sz k,a) :—mé‘w—kyv (7)
e (7 ). ievA,
£ k0= o g dlo-ky)l  ®
ievk k,

E;Z(IE,Q))Z —m§<w—kyV), (9)

ik )= 25 x DS (k. ) (10)
C
where Dj; (Ig, a)): € ik (0)ES, (Ig, a)l
2
w
A =k -—&,, (11)
2 2 2
w w [0
A, =[ky ——zgabJ[kz——ngJ—kj—z(gc—gab), (12)
C C C
) _p2_ @
A =k -Zg,, (13)
2
A = k2e, 1 (k2 k2 e, - C;)_zgabgc. (14)

The radiation fields we express in terms of the fol-
lowing Fourier integrals

E,(F.t)= _[Eg(l?,w)eXp[i(l?,B+k4yy—a)t)]d/2da), (15)
where IZZ(kx,kz) is the wave vector in the xz

plane, p= (x, y) is the radius vector in the xz plane.
We assume that the radiation field in the dielectric is the
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superposition of the ordinary and extraordinary electro-

magnetic waves with components (El(;’),El(;),Ol
(), 120, 110)) and (£(0, £, EE) (11le), 10 0),

respectively. From the Maxwell equations we attain the
following relationships between the Fourier components
of electric and magnetic fields of o and e types:

o) (= ke o)z
El(y)(/c, a))= —FEI(X)(K, a)), (16)
¥
HEY (. 0)= 2= B 7.0, )
ok,
0)(= Kk, ro) (=
Hl(y)(/(, w)= %El(x)(lf, o), (18)
ky + ki
HYF.0)=-SSEOR0) (19
ly
k
EY (¢,0)= %E{f) (%, 0), (20)
ky + ki
EOF0)=-= L EORe), e
- k (=
HO(%,0)= —% p 1]: £ E (K, 0), (22)
Xz
Hl(;) (1?, a)) = fglEl(f) (1?, a)), (23)
where k&, = —,la)zgl / ?—«?. In the layered

superconductor the radiation field we represent as the
superposition of electromagnetic waves of o and e
types with following Fourier components:

0)(= ke o) (=
EY)(k.0)=- o EP (%, ), (24)
2y
. k k .
HY) (7, 0)= =205 B (R, ) (25)
2y
o iy kz o iy
HYR0)= 50 Fe)  6)
k2 4k
HY(F.0)= S22 R 0) @)
® kY
9
ES)($,0)= k—y EY (%, o), (28)

X

o 2K
ab X Y e)(~

£ - = Fx ) (29

kxkz 2x( ) ( )

JAC,

o) (= w K

Ay

X

B (7, 0)= -

&

257 (R, 0), (30)

z

1Y F)= Loy E 0 E0) (D

where
ké(;) = ,/a)zgab/cz —x7, (32)
K =\oe [ k2 e k2 ey, (33)
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From the continuity conditions for the tangential
components of the electric and magnetic fields at the
interface we derive the following expressions for the
total radiation fields in the dielectric:

io Q) +a30,

B, (%,0)= 120+ 6 (34)
¢ Aosw
E, (f,0)=—2—x
Ckl_vAOSW (35)
x[(ask, +a,k. ) O, +(ak, —a,k,) 0, |,
E,. (;E, w):ﬂw (36)
¢ Aosw
Hh(/?,a))zall:va) (7 0)x
) (37)
(k> + k2
[ ek e, —ar, (k2 + )]—u .
ak,
H,(%,0) [k +Z k JEH(K ) (38)
1
H,. (70)= -akc ~E,, (F,0)x
™y (39)
x| a, (k] +k} kk+‘z ,
I: l( x ) :| alkly Ql
where
k)~ k
Q= _kxkz %ﬁ)l)_y, a, = _kxkz (gab — & )9 (40)
1y"2y
as =kz2(5ab—51)+5abk1y(k1y_k£ey))> (41)
2 2
Ol @ 4 @
o, = k) (—zeab —kfj—kb{—zsl k2 j (42)
C C
Aosw = a0, + 304, 43)
eck
Q1 = = X

2 voe kA AAY

2
XH:A(O)A(e) — &, [kz _i)_zg
2
—%k@gl {A(")A(e) —e A, [kz —Z’—zgcﬂ +

+2AY (A -5, )}
eck k,,
27 v A A A

X

2

X {VA(O) (A(e) A )(Cco—z &

2
vk {A(”A(e) —e A, [kz —“’—zgcﬂ -
C

DEup () AO) ( Ale) _
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.y
(45)

2 2
2 @ 2 2,2, @

Al =k —0—281, k :kx+kz +v—2. (46)

In order to derive the spatial and time dependencies
of the total electromagnetic fields in the explicit forms,
we need to integrate expressions (34) - (39) with respect
to k, and k, by means of the stationary phase method
for two-dimensional integrals [19]. According to this
method, we obtain following stationary points:

ko =2, sin 9sing, (47)
c

k.o = 9\/2 sin$cos @, (48)
¢

where 4 is the angle relative to the y -axis, ¢ is the

azimuth angle in the interface plane (see Fig. 1).

To calculate the energy losses by the electron to ra-
diation in the dielectric we find the energy flux of the
total electromagnetic wave in the dielectric across the
remote hemisphere using the following time-integrated
Poynting vector:

(5)=Cre [0 °6.0)].

Eventually, we will get the following expression for
the spectral density H(E, 9, go) of the radiation energy

(49)

(in units of II,=e’/c) per unit solid angle
dQ =sin9d9dep averaged over all transit time of the
electron:

(,9,4)=27",@" cos® Ix
xRe{[ (@,9,9)H; (@,9,4)-

~E.(@.9.9) H,,(@.9.¢) |sin sin g+
+ B, (2.9.9) H,,(2.9.4)- (50)
~E,(2.9.4) H; (2.9.4) ]sin Scos g -

—[E,ZW $)H,, (5.9.4)-
E (@,.9.¢)H, (2,9,4)

E j(5,9,¢)), H, j(5,3,¢) are dimensionless

|—'v

cos 3} ,

where
Fourier components for the radiation fields (in units of
e/w; ) given by equations (34) - (39) and expressed in
terms of dimensionless frequency @ with due account
of equations (47), (48).

2. ANALYSIS OF THE SPECTRUM

Let us analyze the dependences of the spectral den-

sity H(E, 4, go) on the tilt angle 9 and the azimuth an-

gle ¢. Hereafter, we will make use of the following
parameters of the adjacent media:

g =1, £6=16, y=200, v, =0, v.=107. (51)

Fig. 2 shows the ¢ dependence of II for a number

of ¢ values at @ =0.7, B =v/c=03 (the electron

enters into the superconductor). In Fig. 2 curve 1 corre-
sponds to @ =90°, curve 2 is for ¢ =60°, curve 3 is
for ¢ =30, and curve 4 is for ¢ =0°. As seen from
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Fig. 2, at ¢ =90° the maximum of the spectral energy

density is located at . ~ 90°.
Physically this implies that radiation energy flux at
9 ~90° is directed at a grazing angle to the interface.

N w B
1 1 1

11, 10 (in units of e’/c)

0 15 30 45 60 75 90
9 (degree)
Fig. 2. The dependences of H(S) for a number
of @ valuesat @ =0.7, =03
It easily seen from Fig. 2 that the maximum of the
spectral energy density decreases and shifts towards
lower values of the angle ¢ with decreasing the angle
¢. Note that at angles ¢~0° and @ ~90° the radiation

field is TM polarized. At ¢ ~ 0° the radiation field has
components (O, Ely,Elz), (Hlx,0,0), while at ¢ =907 it
has components (Elx,Ely ,0), (0,0, le). At angles
0° <@ <90° the radiation field, as mentioned earlier, is

the superposition of o and e polarized waves and pos-

sesses all components of the electric and magnetic
fields.
The dependences of T1() for a number of frequen-

cies w at ¢ =0°, B =0.3 are shown in Fig. 3.
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Fig. 3. The dependences of H(S) for a number
of @ values at p=0°, f=0.3

In Fig. 3 curve 1 corresponds to @ — 0, curve 2 is
for @ =0.1, curve 3 is for w =0.5, curve 4 is for
w=0.8, curve 5 is for =1, curve 6 is for w =2, and
curve 7 is for @ =10. From Fig. 3 it follows that at
¢=0° and the low frequencies (@ —0) the maximum of
the spectral energy density is located at 3 ~90°. As the
frequency further increases, the maximum decreases and
tends to a certain minimum value at @ =1 (curve 5). At
@ >1 the value of the maximum grows with the in-
crease of the frequency and tends to the limit at @ >>1
(curve 7).
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Fig. 4 presents the analogous dependences at
©=90°, f=023.
In Fig. 4 curve 1 corresponds to @ — 0, curve 2 is

for o =2, and curve 3 is for @ =10.
5
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Fig. 4. The dependences of H(19) for a number

of @ values at p=90°, B=0.3

0

The dependences demonstrate that for all frequen-
cies, which have a physical meaning, the maximums of
the spectral energy density are directed at very large
angles close to 90° with respect to the normal to the
interface.

It is worthwhile to consider the Vavilov-Cherenkov
radiation generated by the electron in the layered super-
conductor. As suggested earlier, the electron enters into
the superconductor. In this case, the excited bulk elec-
tromagnetic wave in the superconductor has extraordi-
nary polarization and we can write the following exact

2
formula for ké;) :

2 2 2
k)" =ReklS)” +ilmk{)", (52)
where
2 2 "o
@2 4| o 2 Eap 2 ;2 €€
Rekzey =& —- . —= > —k; -k “—;, (53)
¢ €] "
2 ’ n ’
2 ) & g el
mk{)" = sl = —k2 = |4k 24 (54)
¢ €] €]
g:lb,c =Re gub,c ’ g:z’b,c - Imgab,c (55)

From equations (52) - (54) it becomes evident that
the excited extraordinary electromagnetic wave is a ho-
mogeneous one over the frequency range where

2
£ly <0, &.>0 and the condition Rek{” >0, in
principle, can be satisfied. It is seen that over the same
.- 2 . .
frequency range the condition Imké? >0 is satisfied

as well. Using the equations (52) - (54), we can easily
demonstrate that over the frequency range where

& <0, €. >0 the real and imaginary parts of kégy)

are simultaneously positive. Physically this implies that
the Vavilov-Cherenkov radiation generated by the elec-
tron entering the layered superconductor cannot be re-
versed, i.e. the energy flux density vector cannot form
an obtuse angle with the direction of the electron mo-
tion. In other words, the superconductor does not be-
have like a left-handed medium. On the other hand, in
case where the layers of the superconductor are parallel
to the interface the reversed Vavilov-Cherenkov radia-
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tion is possible [18]. Hence, the orientation of the su-
perconductor layers with respect to the interface plane
plays a critical role for the formation of the reversed
Vavilov-Cherenkov radiation.

Let us consider the case where the electron escapes
from the layered superconductor. In this case, the
above-described characteristics of the transition radia-
tion hold true. At the same time, the Vavilov-Cherenkov
radiation can escape from the superconductor and its
dependences of T1(&) are shown in Fig. 5.

0.6

1

™ 2

o
~
|

IT, 10” (in units of e’/c)
[=]
(S

o
=)

15 30 45 60 75 9

9 (degree)
Fig.5. The dependences of H(Q) for a number of ¢
values at @ ~1.81, f=-0.3

(=}

In Fig. 5 curve 1 is for ¢=0°, curve 2 is for
9=0.1°, curve 3 is for ¢=0.2°, and curve 4 is for
@ =0.3° Tt is seen that the Vavilov-Cherenkov radia-

tion escapes form the semiconductor at very small an-
gles ¢. So, we can say that the almost all Vavilov-

Cherenkov radiation is mainly concentrated in the yz -

plane.
In order for the Vavilov-Cherenkov radiation to

arise, the condition k;ey) = /v must be satisfied. This

condition allows one to derive the following representa-
tive values of the azimuth angles A, the radiation fre-

quency vy » and the electron velocity f:

e

tan® o < <1, (56)

<
|5ah|

Wyen ~ [1 - (5ﬂ2 )_1 }1/2’

where 3% >1/g. The numerical estimates of the condi-

(57

tion kéi) =w)/v for the abovementioned parameters of

the system show that the Vavilov-Cherenkov radiation
exists over the narrow range of frequencies A@ oc 10™
in the vicinity of @y =1.81 at f=-0.3. These cir-

cumstances are regarded to be new as compared to the
known results obtained from the analysis of the transi-
tion radiation in the case where an electron crosses an
interface of two isotropic media [2].

It is worthwhile to empbhasis that the electron excites
not only the above-considered bulk electromagnetic
waves, but also the so-called oblique surface electro-
magnetic waves (OSWs) in the interface plane. The
properties of the OSWs have recently been investigated
in [20, 21]. Indeed, the value Aggy in the denomina-
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tors of equations (34) - (36) corresponds to the disper-
sion relation of the OSWs Angw = 0. In order to derive
the spatial and time dependences of the OSW fields in
the explicit form, we need to integrate the expressions
(34) - (39) with respect to k,, k., and @ taking into
account the poles of the integrands in equations (34) -
(39). We will consider the case of the OSWs excitation
by means of the transition radiation effect in a subse-
quent paper.

zo

CONCLUSIONS

The problem of the transition radiation of an elec-
tron moving along the normal to the interface between
an isotropic dielectric and a layered superconductor has
been theoretically examined. It has been assumed that
the layers of the superconductor are perpendicular to the
interface. At azimuth angles 0° < ¢ <90° the radiation

field of excited bulk electromagnetic waves is shown to
be a superposition of the ordinary and extraordinary
electromagnetic waves. At angles ¢ ~0° and ¢ ~90°

the radiation field becomes TM polarized. At ¢ =0°

the position of the maximum of the spectral energy den-
sity varies with frequency over a wide range of the tilt
angle 9. At ¢ =90° the position of the maximum of

the spectral energy density is close to ¢ ~90° for all
frequencies which have a physical meaning. It has been
established that for the case under study the Vavilov-
Cherenkov radiation generated by the electron entering
the layered superconductor cannot be reversed. In the
case where the electron escapes from the layered super-
conductor the Vavilov-Cherenkov radiation is mainly
concentrated in the plane that comprises the normal to
the interface and the crystallographic ¢ -axis. Besides,
the so-called oblique surface electromagnetic waves can
also be excited along with the bulk waves.

REFERENCES

I. V.L.Ginzburg, .M. Frank. Radiation of a uniformly
moving electron due to its transition from one medium
into another // Zhurnal eksperimentalnoi i teo-
reticheskoi fiziki. 1946, v.16, Nel, p.15-28 (in Russian).

2. F.G.Bass, V.M. Yakovenko. Theory of radiation
from a charge passing through an electrically inho-
mogeneous medium // Soviet Physics Uspekhi. 1965,
v. 8, No 3, p. 420-444.

3. V.L. Ginzburg, V.N. Tsytovich. Transition radiation
and transition scattering. Bristol, Eng. New York,
NY: «A. Hilger», 1990, p. 433.

4. M.L. Ter-Mikhaelyan. Electromagnetic radiative
processes in periodic media at high energies // Phys-
ics-Uspekhi. 2001, v. 44, Ne 6, p. 571-596.

5. K.Yu. Platonov, G.D. Fleishman. Transition radia-
tion in media with random inhomogeneities // Phys-
ics-Uspekhi. 2002, v. 45, Ne 3, p. 235-291.

6. B.M. Bolotovskii, A.V. Serov. Features of the transi-
tion radiation field // Physics-Uspekhi. 2009, v. 52,
Ne 5, p. 487-493.

7. V.A. Balakirev, N. Onishchenko, D.Yu. Sidorenko,
G.V. Sotnikov. Broadband emission from a relativis-
tic electron bunch in a semi-infinite waveguide //
Technical Physics. 2002, v. 47, Ne 2, p. 227-234.

19



8. LI. Zalubovskii, Yu.A. Bizukov, V.I. Muratov,
V.D. Fedorchenko. Transition radiation of coherent
electron bunches // Reports of National Academy of
Sciences of Ukraine. 2000, Ne 10, p. 66-70.

9. V.N. Bolotov, S.I. Kononenko, V.I. Muratov,
V.D. Fedorchenko. Transition radiation of nonrela-
tivistic electron bunches passing through diaphragms
/I Technical Physics. 2004, v. 49, Ne 4, p. 466-470.

10. N.N. Beletskii, S.N. Khar’kovskii, V.M. Yakovenko.
Transition radiation of electromagnetic waves by a
charge crossing a two-dimensional electron gas // Iz-
vestiya vuzov. Radiofizica. 1983, v.26, Ne9,
p- 1149-1153 (in Russian).

11.Yu.O. Averkov, V.M. Yakovenko. Transition radia-
tion of nonstationary waves by an electron bunch
that crosses a two-dimensional electron gas // Prob-
lems of Atomic Science and Technology. Series
“Plasma Electronics and New Methods of Accelera-
tion”. 2006, Ne 5, p. 10-14.

12.1.A. Anisimov, S.M. Levitskii. Excitation of the sur-
face waves by the modulated electron beam falling
normally on the plasma border // Radiotekhnika i
elektronika. 1986, v. 31, Ne 3, p. 614-615. (in Rus-
sian).

13. V.M. Yakovenko, I.V.Yakovenko. On transition
radiation of surface polaritons by a modulated flow
of charged particles // Radiofizika i elektronika
(Kharkov). 2001, v. 6, Ne 1, p. 97-102.

14.K.A. Barsukov, L.G. Naryshkina. Transition radia-
tion on an cylindrically anisotropic conducting plane
/I Izvestiya vuzov. Radiofizica. 1965, v.8, Ne5,
p- 936-941.

15. B.M. Bolotovskii, A.V. Serov. A possibility to pro-
duce elliptically polarized transition radiation //
Technical Physics. 2004, v. 49, Ne 8, p. 1028-1034.

16. Yu.0O. Averkov, V.M. Yakovenko. Transition radia-
tion of modulated electron beam traversing the wire
shield // Telecommunications and Radio Engineer-
ing. 2011, v. 70, Ne 4, p. 353-366.

17.V.E. Pafomov. On transition radiation and the
Vavilov-Cherenkov radiation // Zhurnal eksperimen-
talnoi i teoreticheskoi fiziki. 1959, v.36, Ne6,
p- 1853-1858 (in Russian).

18.S.N. Galyamin, A.V. Tyukhtin. Electromagnetic
field of a charge traveling into an anisotropic me-
dium // Physical Review E. 2011, v.84, Ne5,
p. 056608(16).

19. MLI. Kontorovich, Yu.K. Murav’ev. The derivation
of the laws of reflection of geometrical optics on the
basis of the asymptotic treatment of the diffraction
problems // Zhurnal tekhicheskoi fiziki. 1952, v. 22,
Ne 3, p. 394-407 (in Russian).

20.Yu.O. Averkov, V.M. Yakovenko, V.A. Yam-
pol’skii, F. Nori. Conversion of terahertz wave po-
larization at the boundary of a layered superconduc-
tor due to the resonance excitation of oblique surface
waves // Physical review letters. 2012, v. 109, Ne 2,
p- 027005(5).

21.Yu.O. Averkov, V.M. Yakovenko, V.A. Yam-
pol’skii, F. Nori. Oblique surface Josephson plasma
waves in layered superconductors // Physical Review
B.2013,v. 87, Ne 5, p. 054505(8).

Article received 06.03.2013.

INEPEXOJIHOE U3JIYUYEHUE 2JIEKTPOHA, IEPECEKAIOIIEI'O TPAHUILY PA3JIEJIA
JAUDJEKTPUKA U CJIOUCTOT'O CBEPXITPOBO/HUKA

10.0. Agsepkos, B.M. Axoseenko, B.A. Amnonsvckuil

HccnenoBaHo nepexoaHoe H3IyUeHUE UICKTPOHA, IEPECEKAOIero rpaHully pa3esa AUdIEKTPUKa U CIOUCTOTO
CBEpXMpOBOAHKKA. HampaieHue ABMXKCHHUs 3JCKTPOHA M CIOHM CBEPXIPOBOAHHKA OPHEHTUPOBAHBI MEPIICHIUKY-
JSIPHO TPaHUIle. AHANN3 AHarpaMM HATPABICHHOCTH M3IY4CHHUS MOKA3all CHIbHYIO aHH30TPOINHUIO €0 HHTCHCHBHO-
CTH IO a3UMYTAJILHOMY YIJIy B INIOCKOCTH TPAHULBI pa3felia Cpe.

NMEPEXIJIHE BUITPOMIHIOBAHHS EJJEKTPOHA, SAKA MEPETUHAE MEXY MOJLTY
JIEJIEKTPUKA I IIAPYBATOI'O HAAITPOBITHUKA

10.0. Agepkos, B.M. Hkoeenxo, B.O. fAmnonscokuii

JocmimkeHo nmepexiaae BUIPOMiHIOBAHHS €NEKTPOHA, SIKAH TePEeTHHAE MEXY TOJUTY TieIeKTPHUKa 1 IIapyBaToro
HaAMpoBigHUKA. HampsaMoK pyXy eNeKTpoHa i Imapu HaJIpOBIIHUKA OPIEHTOBAaHI MEPICHAWKYISPHO i€l Mexi.
AHai3 miarpaM CIpsMOBAaHOCTI BHIIPOMIHIOBAaHHS TIOKa3aB CHJIbHY aHI30TPOIII0 HOTO iHTEHCHBHOCTI IIOJI0 a3UMY-

TAJILHOTO KyTa Y IUIOMIMHI MEXI IMOJLTY CEePEeIOBHIII.
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