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Rooted in the 1920's years corpuscular-wave duality of quantum theory still there remain irreconcilably-
contradictory as to the interpretation "of photon by the particle", how and "micro-particle by the allegedly wave". So,
are still convinced that the experimentally observed non-classical Compton effect (reduction in the frequency of elec-
tromagnetic waves when nonlinear scattering by particles) has only explanation Born's in terms corpuscular mecha-
nism of the "elastic" scattering of the "photons-particles" on the "electrons-particles". Inhesion same by all particles
specific waves of matter "(waves de Broglie ), however, undermines of their dotted-corpuscular interpretation. De-
scribed here is purely wave mechanism of the Compton effect completes this discord owing to detection of electro-
magnetic nature of waves the of Compton and de Broglie, which still hidden from us in the interference caustics of
different elasticity near the surface of the microparticles. This explains the true cause "of the wave manifestations” in
the behavior of different microparticles.

1. Seeming "helplessness of wave mechanics"” in the explanation of the Compton effect. Quantum
mechanics deals with the "point-like micro-objects" with unknown structures, no one knows how they to
exist in an unstructured non-reactive "emptiness" space-time. Each of these micro-objects (most often
this: the electron, proton, neutron and photon) today represented "material point" with an abstract mathe-
matical attributing it of inert and of the wave manifestations. Irreconcilable contradictions dualism of the
"quantum mechanics" of the first half of the 20" century, today the vast in majority of cases are com-
pounded by increasingly all taking root by interpretation of the wave processes with the attended listed
above of the "dotted-microscopic objects". As such, the "quantum physics" has become a "math of non-
representable processes", and her apologetics falsely shows off; that "non-representable phenomena" sup-
posedly is a major quality of understanding of reality.

In the modern interpretation of the effect Compton effect, which forcing study the already the fifth
generation people in all university physics textbooks, however, remains today such recognition of help-
lessness "wave mechanics" [1, 1:0]: "... in Compton effect the light behaves as a particle with a definite
energy, and well-defined of the momentum. Explanation described experimental data based on the wave
theory of light, seems to be absolutely impossible". Now we will dispel this misconception by showing
that in the explanation of the Compton effect of the wave interpretation not only exists, but and reveals
the latency of the wave reasons, seeping through "dotted-corpuscular" formalism of mathematics.

Delving deeper into the bowels of a microscopic device "elementary particles", of the wave
interpretation finds around them aether-of the wave caustics nonlinear electro-magnetic oscilla-
tions by Compton and de Broglie, which are observed in experiments [2]. In this case falling on a
particles from outside electromagnetic of the wave flow is not required to attribute the corpuscular
properties of "photons-particles", and himself particles, of scattering these of the wave-flow, is
not required to attribute properties of the "wave-particle" because all wave processes reveal them-
selves straight their by real names of waves of aether. "Mechanistic" presenting of the Compton
effect only seems simple, if we ignore the demagoguery of imposing on the electrons' of the wave
parameters ", and on photons — of imposing inert qualities as y particles.

As can be seen from the diagram Compton's (Fig. 1), the photon-ball F elasticly affects by the
wave the momentum p,=A/A on an electron at rest e,(/=0), by deflecting it on the angle ¢ relative to
the vector p, and to giving him the speed V”, and himself is scattered at an angle 0 relative to the path
of its initial wave propagation along the X-axis. At this case, the "photon-ball" acquires after scatter-
ing a new of the wave-energy (/1) state of F’, which is characterized, as before, of the wave momen-
tum p'\=h/A' with increasing wavelength A'> A and with decreasing frequency v'<v oscillations light
wave. In the experience of the Compton is changing only purely wave characteristics of the initial
radiation, and inert (rest mass of the "particle"-photon) is not even mentioned (they how would does
not change), so that in the differential solution for effect of Compton the mathematical fiction of
"photon-particle" more is hiding the real causes of the apparent prosperity of disputed mechanistic
explanations.




Submission of an electron with a ball of not charging inertial mass m.. seems more obvious
("charge" of an electron=e in a mechanistic model of the two balls in the calculation of Compton
does not appear), but its wave properties remain hidden in de Broglie-process with of the wave-pulse
p—=h/2s. This acquired from a collision with a photon pulse is present in the form of a formal expres-
sion of mechanistic pulse p=me,- V"’ in the scattering of the electron, but in the mathematical trans-
formations, in finally, he destroy self.

Fig.1. Scheme "corpuscular" pulses scattering shaping photon p', and electron p,' in
the Compton-effect after the interaction of the primary pulse p, photon F with inertially
the repose of the electron e,: ¢ and 6 — scattering angles, respectively, of the electron &'
and the photon F’ with respect to the direction X, by defined the primary momentum
action of p, of the photon.

This theory was later repeatedly used by other scientists (see, eg, [1, 10s-110; 357-389]), and in-
cluded in textbooks and reference books on physics (see [3, 702-705]), as a unique case explanation by
a purely "mechanical model" of a complex nonlinear wave phenomena of nature. That little-noticed
fact that "a purely quantum-mechanical model" of the elastic collision of two balls twice not de-
manded the during the implementation of the algorithm for calculating two the parameters of the
scattering of two "balls": in one case — of the charge of the "electron-ball", in another — of the rest
mass of the "photon-ball", it seems, still does not bother anyone. Moreover, it did not help the scien-
tists and from making by them 90 years ago, a "sentence" that supposedly "from the position of the
wave theory of this phenomenon is inexplicable" [1, 10s].

We have a rare opportunity to illustrate the well-known disadvantage of the phenomenol-
ogical of the models (on example corpuscular mathematical model of the Compton effect). By
giving well consistent with the experience of mathematical estimates of the effect, they are miss-
ing out of the field of vision (when mathematical transformations) whole cascades of thin inter-
mediate processes, without mentioning, that the phenomenon is not physically well understood.

2. Mechanistic solution Compton's. We consider the solution of this problem by the book Born's
[1, 387-389], 1s formed on the basis of relativistic expressions of mass m. and momentum p. electron and
quantum-mechanical expression of the momentum p, electromagnetic waves (EMW).

me=me, (1-V’/Y "% p=mo Vi p=h/d, (1)

where m,.,=m(V=0) — rest mass of electron; v, v' and 4, 1' — frequency and wavelength of the in-
cident and scattered photons, respectively; V' — electron velocity in the laboratory frame of refer-
ence, which, according to [2], the quasi-resting in aether; ¢ and /& — constants (the speed of light
in vacuum, and the Planck constant). From the law of conservation of energy in a system of in-
teracting objects: meocz +hv= mecz + hv', we obtain [1]:

(mec’)? = - (v = V') + 2 Me, 7 h-(v = V') + (), )



and from the law of conservation of momentum in the system of interacting objects, recorded for
the squares of pulses: (m.-V)*=(p,—p,")’, we get:

(me-Vec)* = h*-(v* +v* = 2-v-v'cosO) . (3)

Subtracting equation (3) from (2), we note that the squares of the falling (4-v/c)* and scattered
(h-v'/c)* of the pulses photon are destroyed, and as a result we are obtain the curious equation:

(Me,c’)* = 2-2v-v'(1 = c080) + 2- Mo’ h-(v — V') + (me,c) . 4)

In his left and right sides the members with of the rest mass of the electron cancel each other (ac-
cording to the rules of mathematics), regardless of what the nature of the rest mass "charge"-
scatterer (electromagnetic, like y any "charged" particles, or other origin). From (4) with obvi-
ously follow the well-known formulas of shift in the "red" side of the frequency photon V', of the
value of the frequency shift Av=v—Vv', and corresponding increment of the wavelength of the
scattered photon AA [1, 387-389]:

v'=v-{l +e&(l —cosB)} " ; (5
Av =ve(1 —cos0) ™ ; (6)
AL = Ae(1 = cosh) , (7

where A=h/mec and ve=c/h=m.c’/h —respectively, the Compton wavelength and frequency of the term
Compton's (for an electron 7w=2,42-10_10 cm, and v~1,25 107 Hz); e=v/v.; Av — frequency shift, and
AM — increasing the wavelength of a photon under Compton scattering. Note, the ratio ¢/A=v. to so far
not recognized by frequency EMW of the term-Compton's, generated by one or another the particle on
the surface, due to reactive coupling by bowels of particles with to aether.

3. Hidden wave processes in the Compton effect. Consider in accordance with Fig.2, well-known
in physicist and a widely used technique the process of so-called radio heterodyne conversion (increase
or decrease) the frequency of any external electromagnetic wave in a nonlinearly-excitation of medium
frequency converter. This phenomenal process, firstly, according to [2, 4, p2], is the relic a fundamental
ontological process aimed creation of complex of corpuscular forms with of the wave natural surround-
ings of existence. Secondly, such an interpretation of the caustic wave forms around the micro-particles
is very convenient example for understanding mechanical-geometrical diagrams explain the Compton
effect in the language of the pure of the wave transformations. We call it by relic because all wave rota-
tional processes, manifested by an observer of reality, are residual consequences (with levels of resid-
ual energy from 10* to 10° V) reduction of the fundamental frequency of vibration of essential onto-
logical of depths Logos Planck's a frequency of about 10* Hz (and by self-energy 10%* eV) to the fre-
quencies of the corpuscular Compton-terms v. with frequencies of ~10*+10* Hz, [4, p.2].

Delving further into the essence of the phenomenon of the heterodyning frequency electromagnetic
waves, it should be noted, that of the frequency converter is essentially nonlinear of system, in which the
output amplitude responses Sout(Pre, p), 1S showing in Fig.2 at the outputs (3-6) of converter, depend
nonlinearly on the amplitude of input actions p(v). Namely property nonlinearity of the internal material
environment and her discretely-quantum of structure makes frequency converter by the multiplicator of
the wave processes, which creates the sum-differences combination (vtV'..) of the spectral diversity in the
form of the wave and corpuscular of the "fragments of elastic interaction" mput of the frequency photon,
with the frequencies of their own rotations Compton's (V.= vc) and de Broglie's (V"= Vi) 1n the near-
surface zones of charged particles. Electronic (or protonic) Compton-flash Diffuser refers to the active
converters frequency, so as the role of the heterodyning vibrations, excited of nonlinearity Sy, in Comp-
ton-zone 2' around the particles (diameter ~107'° cm ), performs the "Compton-wave". Her length, for
example for an electron, is well known: A.=0,0242 A [2, 70s].
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Fig.2. The principle of the one-steps of non-linear transformation (heterodyning, "Raman scattering") of
frequency of wave action {for example, a photon of frequency v, of carrying momentum p(v)}, by non-linear
elements (semiconductor devices, environments, particles, but never "field"), having a non-linear characteristic

internal of reaction to any external of the wave action: v — frequency of the external of the wave action; V'ye —
frequency of the heterodyning (i) the pathogen non-linearity converter; 3+6 — combination of frequencies

[vEV'ye | at the output of the converter.

Filing on the "mnput 1" of such a system of the electromagnetic oscillations with a frequency v
(and it and 1s a photon) leads, first, to non-linear distortions of the primary oscillations with frequen-
cies v and V', and the appearance on the "outputs 5 and 6" of their harmonics 2v, 3v, ... and 2V,
3V ... Secondly, arises multiplication of latter (i.e. py: p'w.) with the advent on "outputs 3 and 4"

converter, respectively, of the summ (v+Vv'..) and difference |(V—V'..

original frequency of the wave processes .

frequency components of the

If now, the oscillation with converting of the frequency (vtVv'..) to reapply on the input of another
frequency converter with frequency heterodyning v".., then on the outputs of the sum and difference
components (similar to 3 and 4 in Fig.2), we obtain the result of double frequency conversion. {(viv'.)t
v"w}. This is of basics of radio-engineering nonlinear frequency conversion v any EMW.

)
p=h/A

P=h/Ac

Vc — Compton-heterodyne

Fig.3. Of the wave a principle pulses shaping "Compton-de Broglie's" scattering of a photons on
an electron e’(pe", Pc, pgrg,) after: 1) interaction of the primary photon F(v) with inertial-acceleration of the electrons e ' to
the magnitude pulse p."=m."-V"; 2) of first Compton-conversion frequency v to the frequency (v+vc); 3) of second de
Broglie-conversion frequency (v+vc) into the frequency (vtvctvs). ", ¢pe — angles electron scattering e", respectively,
without the Compton rotation and with its of account, and 6 — angle scattering of a photon after the double conversion.

Today, multifold conversion frequency is widespread in modern of synthesizers with heterodyn-
ing frequency in receivers with electronic tuning, in which the number of such frequency conversion



may be several dozen. Namely a phenomenon of dual-conversion frequency photon on the "charged"
particles (on electron or proton), which is by the microscopic systems of non-linear transducers, under-
lies of the wave mechanism of Compton-scattering of electromagnetic wave. Below I will show how
two successive stage of frequency conversion v of a photon , the first of which heterodyning powerful
electromagnetic oscillation of Compton V'w=v=me,-c*/h (with energy ~ 10° eV), and the second — by
electromagnetic oscillations de Broglie v"uw=Vu,=nico V"-c/2h (with energy ~10+10° eV), give Comp-
ton-shift wavelength (or frequency) under the scattering EMW by particles.

On Fig.3 is shows in a dissociated form of two stages of a single process of the frequency trans-
formations in the "clash" of the wave (a photon of frequency v) with a charged particle. In the near zone
2' diameter ~. to (the electron is ~ 10 cm) from the surface of the particle at rest being accomplished
the first "pure Compton" frequency conversion v to the frequency of the external wave [vtv | due to het-
erodyne frequency Compton's v=m.c’/h. After him, the particle begins to move at the speed Vi, by ex-
citation at a frequency of de Broglie (in zone ~10°® cm).

In the intermediate zone 2" by diameter ~A,, y the surface of the particle (for electron he is
~10° cm), is accomplished the second "pure de Broglie" frequency conversion [vtv,| from the
first conversion. It is carried out using a heterodyne on frequency of de Broglie vi,,=meo: Vi, -c/h and
leads to a more complex Raman spectrum |vtv tv,,, one combination of which obeys law Comp-
ton. Let us more details consider of the wave processes of two-step conversion of the photon frequency in
adjacent zones 2 ' and 2 " around the particles, which are a kind of ether-dynamic by the micro-reactors of
the pumping nonlinearity in these areas.

4. Electromagnetic of processes Compton's and de Broglie on the microparticle. Falling in the
vicinity of these nonlinear zones 2' and 2" photon F with frequency v of its own wave process, as a
result of the nonlinear interaction with these of the aethereal aura non-moving of the electron,
firstly, by heterodyning frequency to the frequency v of the photon giving sums combinations
(v+ve) and, secondly, transmits momentum p,=m,"-V" of the "resting electron" for inertial motion
at a speed V'. As a result, the quantum kinetic reaction non-decremental Compton interactions in
the zone 2' of particle with the aether, around particle appears stationary de Broglie non-linear of
the wave zone 2" of electromagnetic waves in the aether with a frequency v, action and momen-
tum pe.,=h/As.,.

This is a post-collisional acquisition movement in the aether converts the electron in the
second frequency converter is relatively kinetically excited in the vicinity of its aetherial zone 2"
(radius ~107° cm) on frequency a second heterodyne of de Broglie Va,=#nte,Va,-c/h (see Fig.3). In
the result already emerging after the first act of converting the sum-combination (v+v.) secondary
transformed (heterodyning by frequency vs,) into more complex sum-and-difference frequency
combinations:

V"= (VHVtVe). 3)

One of the oscillations in combination (8) exactly matches Compton-shift the frequency of pho-
ton, which known from experiments. We will prove this in a brief analysis of the wave model of
the Compton effect, which more fully described in [2].

Corresponding manner a modified vector diagram, completely continuity with the tradi-
tional diagram of pulses by Compton scattering, is represented in Fig.4. According to this chart
and of the law of conservation of momentum of the photon, electron gets from photon, momen-
tum (p"), equal to the vector difference between its (of photon) pulses before (p) and after (p') of
acts scattering :

p"=Ip—p| = {(WA) + (L) = (21 /AN)-cos0} 9)
V' =cp"lh = {(v’ +v* = 2-v-v'-cos0)} 2 .



Fig.4. Wave-corpuscular pulse-forming network of photon scattering p’ and the electron
(p'"" and ps.), at the Compton effect after the primary interaction of the photon F with inertial
of the electron e, without account Compton-rotation (p'’), and with account of the Compton-
momentum pec, corresponding to its Compton wavelength A=h/m,c; @", Qs — angles elec-
tron scattering e', respectively, without accounting Compton's rotation and with its account,
and 6 — angle photon F’ scattering.

Compton's wavelength A. in modern physics — this is "thing in itself"'. With Compton's wave not
bind any of the electromagnetic processes. She is serving in a mechanistic model of an ideal elastic col-
lision of two balls (of photon and electron) by abstract mathematical tool for the selection of the some
of the wave characteristics for the object "electron-wave" A=h/m,-c, which would give the experimen-
tally corresponding increase in the wavelength of the scattered photon by AA=A.(1—c0s0). Mechanics-
mathematical transformation of Compton's did not indicate on the nature of the electromagnetic wave
with the frequency of the Compton-process vi=c/A=m,.-c’/h. We firstly find of the electromagnetic na-
ture of the Compton wavelength directly from consideration of the non-linear heterodyning frequency
electromagnetic oscillations of the photon, which not can be not electromagnetic oscillation.

According to the vector diagram in Fig.4, heterodyning Compton-momentum p.=h/A. is always
orthogonal to the velocity vector of the electron (to linear inertial momentum of an electron, by ac-
quired from a wave hitting a photon). This assumption is justified by the fact that emerging from the
bowels of charge electron three-dimensional rotational excitation of the aether in the form of Coulomb-
zone gradient (with a potential gradient of hyperbolic type ~1/r) as-time and determine the fine struc-
ture of the electromagnetic interaction (attraction and repulsion type Coulomb law, magnetic interac-
tions, etc.). Contact of this of electromagnetic process of dynamic reaction of the quantum of rotator-
"charge", having three-dimensional Spinor-rotation her neutral dense subsoil, of excitatory by this rota-
tion around the "charge" gradient-zone 2" of the "Coulomb-de Broglie" of interaction, is one of the
most important revelations of the considered by-new of the wave model, explaining the old "corpuscu-
lar" formula of the Compton effect.

Summing over the vector diagram momenta p" u p. (including, that p" L p.), we obtain the total
momentum of an electron (denoted his by p'=p.. ) after the "of the wave hitting" photon:

pe=p +pd = (WA + (WNY + (W) = RK*/AL)-cosB} 2. (10)

It is known [1, 774], with the momentum of the particle ps,=m-V;,,, which is located in iner-

tial motion with speed V., associated of the wave the process with de Broglie wavelength

Ase=h/mV .; him corresponds to a certain frequency electromagnetic oscillation v u,=mcV,,./h.
Thus, from (10) we obtain an expression for the frequency of de Broglie:

Vie = CPu/h = (V2 HV2 v, 2 — 2-\/-\/’-cos€))”2 , (11)

rjae Ve =me-clh . (12)



5. Synthesis of the scattered photon frequency by the "of the wave model" of the Compton effect.
From the law of conservation of momentum of the initial photon |p| in the sum of scattered pulse
Y. p=|p|=const. and taking into account all operating in the scattering of intermediate (py 1 p") and the out-
put pulses of the photon (p'\=p') and electron (p'=p;), can be written in impulsing form:

P'e=pw.=(@—-p")*pc, (13)

or in the "of the wave" form:
hve,/c = (hvic — hv'lc) + hvdc (14)
Vgrg,:(V —V'+Vc) 5 (15)

from which we get the expression for the sum-and-difference combination frequency conversion
in the Compton effect:

V'=(V+Ve— Vi) , (16)

was to be proved {see "pure radio engineering" formula (8) for the double conversion of the photon}.

The first time we bind such fundamental of the wave concepts of physics, as a manifesta-
tion of some of the wave properties of microparticles, with concrete of rotary electromagnetic
processes, occurring in the "near field" fine-structure relationship 1/137 of aetherial neighbor-
hoods near microparticle-rotator. From the above of the wave model Compton-effect is seen, that
such "indeterministic structure", as a "wave-particle", actually, is a complex torsion system of
gradients density aether near near the surface of the particles, which is produced from several
closed material flow nondecremental exchange of "stuff" super-dense of substance particles on
small-dense the substance of the aether and back [2, 4].

Now we have to substitute in (16) double conversion of the photon explicit expressions for
the heterodyning of frequencies: from (12) — for the Compton frequency (v¢) and from (11) — for
the frequency of de Broglie (v..), and then solve it with respect to frequency v' scattered photon.
Here is a brief series of successive transformations (16):

Vie =(V+ve—V') (17)
Viee =(V+ve— V) =V + v+ v+ 2vve— 2w — 2v'V,) . (18)

We substitute in (18) the expression of the square of the frequency of de Broglie (11):

v v v = 2.vvicosd = (Vi + v+ v+ 2vve — 2vv' = 2V'v) . (19)
Solving (19) with respect to frequency V', we obtain the well-known Compton's formulas (5-7),
which are now deduced on a "pure"-wave representations of acthereal aura y electron, as of non-

linear of converter with two internal frequencies (vc u vs,) by heterodyning frequency of the photon v
to the Compton-frequency V"

v'=v-{l +&(l —cos0)} " ; (20)
Av =ve(1 —cosf) " ; (21)
AN =Ae+(1 — cosB) , (22)

where we using the notation from formulas (5-7).



Conclusion

Detection by me of the wave interpretation of the Compton effect shows, that the dualisms
manifestations of the "particle-wave" y classical particles and the "wave-particle" y classical
electromagnetic wave not is by the ontological a consequence of indeterminacy nature of things
and waves, as proposed to interpret the quantum processes by Bourne [1]. More than likely a
temporary manifestation of latency of dualism of waves and of things, which is a consequence
of failure of our knowledge about their micro-structural devices in reality [2, 4, 5].
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YxopenuBLmiics ¢ 1920-X ronos KopITycKyJIpHO-BOIHOBOH Jyami3M KBAHTOBOM TEOPUH JI0 CHX TIOp OCTaET-
sl HeNPUMHUPHMO NPOTHBOPEUMBBIM KaK B TOJIKOBAHMH "(hOTOHA YacTHIIH", TaK 1 000K "MHKPOYaCTHUIIBI BAT-
Hoit". Tak, 10 cux Top YOKIIEHBI, YTO SKCIEPUMEHTATIEHO OOHApY)KEHBIN Heraccudeckuil a¢gexr Komrrrona
(CHIDKEHHME YacTOThI WIEKTPOMArHUTHBIX BOJIH TIPY HEJIMHEHHOM PaccessHUM Ha YacTHLIAX) MMeeT TOIBKO BopHOB-
CKOE OOBSICHEHHE B TEPMUHAX TOUEUHO-KOPITYCKYIBIpHOTrO "yrpyroro" paccestHust "'poroHoB-gacTHIl'" Ha "ueKTpo-
Hax-vacTvrax"". I IprcyIHocTs sxe BeceM dacTriaM "crielpHueckiX BoH MaTepri’' (BOJH ae-bpoiiist), HarpoTus,
TIOJPBIBACT TOYEUHO-KOPITYCKYIIAPHYHO MX TPakToBKy. OIMChIBAEMbIiA 311€Ch YHCTO 8071HOBOU MeXaHm3M pdexra
KomrrroHa 3aBepiiiaet 310t pasiia/] 00HapyKeHHEM JIEKTPOMArHATHOM nprporp! y BorH Komrrona 1 ie-bpois,
JIO CHX TIOp CKPBITOH B MHTEP(EPCHIIMOHHBIX KayCTUKAX Pa3HOM YIPYrocTH BOJM3M HMOBEPXHOCTH MUKPOYACTHLL.
3710 00BSACHAET UCTHHHYIO HPUUHHY "BOJIHOBBIX IPOSIBIICHHIA'' IOBEICHNS Pa3HBIX MUKPOKOPITYCKYIL.

1. Kaxcywasaca "becnomownocme onnosou mexanuxu” npu obwvsachenuu s¢pgexma Kovnmona.
KBanTOoBass MexaHuka orepupyer ¢ "TOYEUHBIMM MHUKPOOOBEKTAMH' C HEM3BECTHBIMH CTPYKTYpaMH,
HEBEZIOMO KaK CYIIECTBYIOIIMMU B OECCTPYKTYPHOH '"ycTOTE" HEPEAaKTUBHOTO MPOCTPAHCTBE-BPEMEHHU.
Kaxpiit 13 3TX MUKPOOOBEKTOB (Yallle BCETO 3TO: JIEKTPOH, MPOTOH, HEMTPOH M (POTOH) MpeCTaB-
JBSHOT "'MaTepHaIbHOM TOUKOM" ¢ aOCTPaKTHO-MaTeMaTUYECKUM IPUITUCHIBAHUEM €l MHEPTHBIX U BOJI-
HOBBIX IposiBNIeHHI. Herpumuyprmblie TpoTHUBOpEUrs TaKoro Ayaln3Ma "KBaHTOBOM MEXaHUKU'" NEpBOM
1oJI0BUHBI 20-TO BEKa CEro iHsI B TOIABJISIOIIEM OOJIBIIIMHCTBE CITy4aeB yCyryOIsitoTcst BCE OoJiee yKo-
PEHSIFOLIMMCS. BOJTHOBBIM COJIEPYKAHUEM TPAKTOBKHU IPOLIECCOB C YYAaCTHEM MEPEUHUCIICHHBIX BbIIIE "TO-
Ye4HBIX" MUKPOOOBEKTOB. B Takom Buze "kBaHTOBas (pu3mka" mpeBparuiach B "'MaTeMaTUKy HEMpe-
CTaBHMBIX TIPOIIECCOB", a €€ armosioreTnka (pairbmBo OpaBUpPYyeT, YTO "HEMPEACTABUMOCTD' SIKOOBI SIB-
JISIeTCSl HEOThEMJIEMBIM KaueCTBOM MOHMMAaHHUS PealbHOCTH.

B coBpemennoit bopHoBckoii TpakToBke 3ddexra KoMnroHa, KOTOpyrO BHYIIAIOT YK€ MATOMY
TMIOKOJIEHUIO JTIOJIEN BCE YHHUBEPCUTETCKUE YU€OHUKU (DU3UKHU, TEM HE MEHEe, CEroJIHs COXpaHseTcs Ta-
KO€ TIpU3HaHKE OECTIOMOIITHOCTH "BOHOBOM MexaHuku' [1, 110]: "...6 agpghexme Komnmona ceem ee-
0ém cebs1 KaKk wacmuya ¢ 6noJIHe ONPeOeeHHOU SHepaUueli U BNOJIHE ONPeoesieHHbIM UMNYbcom. Obvsic-
HeHUe ONUCAHHBIX ONbIMHBIX OAHHBIX HA OCHO8E BOJIHOBOU MeOopUuL céemad, Nno-6UOUMOMY, AOCOTIOMHO
Hego3moxcHo". Mbl pa3BeeM ceiuac 3To 3a0iyXAeHue, J0Ka3aB, YTo NpU 0O0bACHEHUU >PdeKTa
KomnTona BosHOBast MHTEpHpeTalys HE TOJIbKO CYILECTBYET, HO BCKPBIBAET JIATEHTHOCTh BOJIHO-
BbIX IIPUYMH, IPOCAYUBAIOIINXCS YEPE3 TOUEUHO-KOPIMYCKYIISPHBIN (OpPMATTU3M MaTeMaTUKH.

VYrny6nssich B HeJlpa MUKPOCKOIIMYECKOTO YCTPOICTBA "31eMEHTapHBIX YacTUll", BOJHOBAs
MHTepHpeTalys 00HapyKMBAaeT BOKPYT HUX 3(HPO-BOJHOBBIE KAYCTHUKU HETMHEWHBIX 3JIEKTpPO-
MarHuTHBIX kKosieOanuii Komnrona u ne bpoitns, kotopeie Habmogar0Tcest B onbitax [2]. Ilpu sTom
MaJaroleMy U3BHE HA YaCTHILIbI JIEKTPOMAarHUTHOMY BOJIHOBOMY ITOTOKY HE TPeOyeTCsl IPUIHChI-
BaTh KOPIYCKYJSIpHbIE CBOMcTBa "(HOTOHOB-4acTHI', a PAacCCEUBAIOLIUM 3TOT BOJIHOBOW IMOTOK
yacTuiaMm He TpeOyeTcsl MPUIUCHIBaTh CBOMCTBA "BOJIH-4acTHL", T.K. BCE BOJHOBBIE IIPOIECCHI
0oOHapy>K1BaroT ce0s MPSIMO CBOMMHU BOJIHOBBIMU HMEHAMHU PEATIbHBIX BOJIH d(Upa.

"Mexanuctuyeckoe" npencrapienue 3ddexkra Komrnrona kaxxercs IpoCThIM, €CIH OTBIICUBCS
OT J€Maroruy HaBS3bIBaHUSI AJIEKTPOHAM "BOJIHOBBIX MapaMeTpoB", a (OTOHAM KBa3H-WHEPTHBIX
kadecTB yactuiibl. Kak BumHo u3 cxembl Komnrona (puc.l), ¢poton-map @ ynpyro BO3AEHCTBYET
BOJIHOBBIM UMITYJIbCOM pPy=//A Ha TIOKOSIIIUANCS 3JIEKTPOH €o( F=0), OTKIOHSS ero Ha yroJi () OTHOCH-
TEJILHO BEKTOpa py U cooOlIias eMmy ckopocTh V7, a cam paccenBaeTcst 1oJ1 YriioM O OTHOCUTENbHO
TPAEKTOPUX CBOETO TIEPBOHAYAIILHOTO BOJIHOBOTO pacrpocTpaneHus BA0ib ocu X. [Ipu sToM "map-
¢doToH" nproOpeTaeT nocie paccesHusi HOBOE BOJIHOBO-3HepreTryeckoe (4v") cocrosinue D', xapak-
TEpU3yeMoe, MO-IIPEKHEMY, BOJIHOBBIM UMITYJILCOM p'v=h/A’ ¢ Bo3pocuIel IMHOW BOJHBI A' > A 1
MOHMKEHHON 4acTOTOH V'<v KosiebaHHii cBETOBOI BoJIHBL. B onbiTe KoMnToHa H3MEHSIOTCS TOJIBKO
YHUCTO BOJIHOBBIE XapaKTEPUCTUKU NEPBOHAYAIBHOTO M3JIy4€HHs], a HHEPTHBIE (Macca MOKos "Jac-
TUII'-POTOHA) JaXke HE YMOMUHAIOTCS (Kak Obl HE M3MEHSIOTCS), TOATOMY B AuddepeHmraIibHoM




pewenuu Juis 3¢ddexra Komnrona matematuyeckast Oyragopus "doroHa-yacTuibl" OOJbILIE CKPbI-
BaeT UCTUHHBIEC IPUYUHBI KQKYILErocs 0J1aronorydus TAKOro CIOPHOTO OObSCHEHUSL.

[IpencraBienue AMEKTPOHA IIAPOM C He 3aPAHCEHHOU UHEPMHOL MACCON M KKETCS 00JIee oue-
BUJIHBIM ("'3apsa” AMEKTpOHa=e B MEXaHMCTHUYECKON MOJIENH JIBYX 11apoB B pacuétax Komnrona He ¢u-
TYPHUpPYET), HO €r0 BOJIHOBBIE CBOMCTBA OCTAIOTCS CKPHITHIMU BOJIHOBBIM IpolieccoM Jie bpoiinst ¢ Bos-
HOBBIM MMITYJTECOM Pe=F/As. ITOT MPUOOPETAEMBINA OT CTOJIKHOBEHHS ¢ (POTOHOM MMITYIIHC (POPMATTHHO
MPUCYTCTBYET B BUJIE MEXAHUCTUUECKOTO BBIPOKEHUS] UMITYIIbCA Pe=Heo' V' TIPU paccessHuM 3J1eKTPOHa,
HO B MaTEMAaTUYECKUX MPE0OPa30BaHUAX OH COKPAIIIACTCS.

Puc.1. Cxema "KopryckynsipHOTro" (OpMHUPOBAHUS HMITYJIBCOB paccestHus (oToHa
p'y 1 snektpoHa p, npu 3¢pdexre Komnrona mocne B3aMMOAEHCTBHS MEPBHYHOIO UM-
myneca p, poToHa @ ¢ MHEPIMAIBHO YIIOKOSHHBIM DIICKTPOHOM €,. ¢ U 0 — yriisl pac-
CesHUs, COOTBETCTBEHHO, 3JIEKTPOHA €' M (oroHa D' OTHOCHTENIBHO HamnpaBieHus X,
3a/1aBacMoOro IepBUIHLIM UMITYJIbCOM ﬂeﬁCTBHH Dv (bOTOHa.

Ota Teopusl B MOCIEAYIOIMIEM MHOTOKPAaTHO paccMaTpyBaiach JAPYIMMH y4EHBIMHU (CM., Ha-
npumep, [1, 10s-110; 387-389]) 1 BolLIa B y4EOHUKU M CHPABOYHUKHU 10 du3uke (cm. [3, 702-705]), Kak
YHUKaJIbHBIN CiTydail OOBSICHEHUS C MOMOIIIBIO YUCTO "MEXaHUCTUUECKOW MOJIENTU" CII0KHOTO HEJ-
HEIHO-BOJIHOBOTO SIBJICHUSI TPUPOAbI. TO Mano3aMeTHOE OOCTOSITEIhCTBO, YTO "YMCTO KBAHTOBO-
MEXaHUCTHUYECKAst MOJIENb" YIIPYroro CTOJKHOBEHHUS JBYX IIAPOB IBAXK/IBI HE 3aTpeOoBalia Mo X0y
peanu3anuy aaropuT™Ma pacuéra ux paccesiHus AByX napamerpoB "MmiapoB": B OJIHOM cCilydyae — 3apsi-
Jla mapa-3JIeKTpoHa, B APYrOM — MacChl TIOKOs mapa-poToHa, MOX0XKE, 10 CHX MOp HUKOTO HE CMY-
maet. boee Toro, 0HO HE MPEIOCTEPETIIO YUEHBIX U OT MPU3HAHUS BBIHECEHHOTO UMU 90 JieT ToMy
Ha3aj "MpuroBopa', 4To AKOObI "¢ nozuyutl 601H060U Mmeopuu 3mo seieHue HeoowvicHumo" [1, 10s].

VY Hac ecTh peakas BO3MOXKHOCTb MPOWIIIOCTPUPOBATH XOPOIIO M3BECTHBIM HEIOCTATOK
(heHOMEHOJIOTHYECKUX MOJICIBHBIX TEOPHH (KaKOBOW OKa3ajach MPHHSTAs CEroJIHS BCEMHU KO-
MyCKyJIsipHas MaTeMaThueckas Mojaeins 3¢ dexra Komnrona). [laBas corjacyroiuecs: ¢ OnbITOM
MaTeMaTH4eCKue OICHKU 3P deKTa, OHU YIMYCKAIOT U3 TOJIs 3peHust (TP MaTeMaTHIEeCKUX Tpe-
00pa3oBaHUsX) IEJIbIE KacKaJbl TOHKAX IPOMEKYTOUHBIX MTPOIECCOB, 0€3 YITOMUHAHUS KOTOPHIX
SIBJICHUE OCTAETCS (PM3MUECKH HE TIOHATHIM JI0 KOHIIA.

2. Mexanucmuueckoe pewenue Kovnmona. Mpl pacCCMOTpUM pEIIEHUE 3TOW 3a7a4u 110 KHHUIEe
Bbopna [1, 387-389], BBINOJHEHHOE HA OCHOBE PEIATHUBUCTCKUX BBIPHKEHUN MAcChl me U UMITYIbCA P
ANIEKTPOHA ¥ KBAHTOBO-MEXAHUUECKOT0 BBIPAKEHHS UMITYIIbCA Py, AJIEKTPOMArHUTHOM BOJIHBI (OMB):

me=meo(1- V2 /Y2, p=meV ', p=h/A, (1)

re Meqo=me(V=0) — Macca moxos MEeKTpoHa; v, V' U A, A' — yacToTa M JAJIMHA BOJIHBI HAJIETAOIIIE-
ro 1 paccessHHOro ()OTOHA, COOTBETCTBEHHO; /' — CKOPOCTh 3JIEKTPOHA B JIaDOPAaTOPHON cucTeME
oTcuéTa, KOTopasi, COTJIacHO [2], KBa3uynokoeHa B 3Upe; ¢ U I — KOHCTAHThI (CKOPOCTh CBETA B
BakyyMe U nocrosinHas [lmanka). M3 3akoHa coXxpaHeHUsI YHEPTUH B CHCTEME B3aUMO,ICHCTBYIO-
X OOBEKTOB: meocz +hv= mecz + hv', momyuaewm [1]:

(Mme?)2 = B-(V = V') + 2+ Mool ho(V = V') + (Meol?), )
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a W3 3aKOHA COXPaHEHHsI UMIYJIbCAa B CUCTEME B3aWMOJICHCTBYIOMNX OOBEKTOB, 3alTMCAHHOTO
2 2
JUTSL KBaJIpaTOB UMITYJIbCOB: (m.-V)=(py—p,')”, momy4yaem:

(me-Vec)* = h*-(v* +v* = 2-v-v'cosO) . (3)

2
Berunras paBenctra (3) u3 (2), 3amMeqaeM, YTO COKPAIITAFOTCS KBaJpaThl UCXOAHOTO (/-V/c)” 1 pac-
2 R
cessHHOTO (/1-V'/c)” mMITybcoB (POTOHA, TIPUYUEM, B UTOTE TIOJTY4aeTCsl JTFOOOIIBITHOE PABEHCTBO:

(MeoC”) = 2-H*v-v'(1 = €080) + 2 Meoc” - h-(v = V') + (meoc?)* . 4)

B ero neBoii u npaBoil yacTsIX 4iI€Hbl C MAacCOM MOKOS JEKTPOHA B3aUMHO YHHUTOXAITCA (110
MpaBUJiaM MaTEMAaTHKH) BHE 3aBMCHMOCTH OT TOTO, KakOoBa IMPHpPOJA MacChl MOKos '"3apsa'-
pacceuBatens (JIEKTPOMarHUTHasA, Kak y BCAKOM "3apsyKeHHOM" yacTHIIbI, UM MHOTO MPOUCXO-
xaeHus1). M3 (4) ¢ O4eBHIHOCTHIO CIEAYIOT 3HAaMEHUTHIE (OPMYIIBI CABUHYTOW B "KpacHyr0"
CTOPOHY 4acTOTHI (JOTOHA V', BETUYMHBI YACTOTHOTO CABUTA AV=V—V', U COOTBETCTBYIOIIEE UM
MpHUpalieHe JUTMHBI BOJHBI paccestHHOTO (GoToHa AA [1, 387-389]:

v'=v-{l +e&(l —cosf)} " ; (%)
AV =v,(1 = cos®) " ; (6)
AL = A (1 — cos0) , (7)

e A=h/MeeC M Ve A= Th — COOTBETCTBEHHO, KOMIITOHOBCKAS JJIMHA BOJIHBI M YaCTOTA KOMIITO-
HOBCKOTO TepMa (JIJIs1 SJIEKTPOHA 7\‘.(:2,42'10_10 oM, a \/.<=1,25-1020 1y); €=V/Vi; AV —4aCTOTHBIN CIIBHT,
a A\ — yBeNMYCHHUE JIMHBI BOJHBI (DOTOHA MPH KOMITTOHOBCKOM PAaCCESTHUH. 3aMETUM, OTHOIIICHHE
¢/,=V¢ 10 cUX Top He mpusHaércs yactotoir OMB-Tepma Komnrona, renepupyeMoii Toil mim MHON
YaCTUIICH Ha CBOEH IOBEPXHOCTH O1aro/1apsi peakTUBHOM CBSI3U HE/IP YaCTHIIBI ¢ Hepamu ddupa.

3. Ckpuimvie 6o1Ho8ble_npoyeccyl 8 dgexkme Komnmona. PaccMoTpuM B COOTBETCTBUH C
pHC.2 XOPOILIO M3BECTHBIN (PU3HMKE U MIMPOKO NMPUMEHSIEMBI B TEXHHKE PaJUOCBSA3U IPOLIECC T.H.
reTepOIMHHOTO NpeoOpa3oBaHusl (MOBBIIIEHUS WM NOHM)KEHUS) YaCTOTHI JIFOOOTO BHEIIHETO 3JIeK-
TPOMArHUTHOTO KOJ€0aHUS B HEJIMHEHHO-BO30YXKAEHHOW Cpede YacTOTHOTO TpeoOpa3oBaTels.
OTOT (heHOMEHATBHBIN MPOIIECC, BO-TIEPBBIX, COTIACHO [2, 4, «2], sBisieTcs QyHIaMEHTAIbHBIM pe-
JIUKMOBbIM OHTOJIOTUYECKUM IPOLIECCOM HANPABIEHHO20 CO3UOAHUS CNONMCHBIX KOPHYCKYIAPHBIX
dopm ¢ 601HOBbIM OKpYIHCEHUEeM TIPUPOJHOTO CYILIECTBOBaHMS. Bo-BTOPBIX, Takoe TOJIKOBaHUE Kay-
CTUYECKUX BOJHOBBIX ()OPM BOKPYI MUKPOUYACTHUI] OKa3bIBA€TCS BECbMa yJI0OHBIM IIPUMEPOM O(U-
3UYMBAHUSI MEXAHO-T€OMETPUYECKON cxeMbl 00bsicHeHus 3(pdexra KomnroHa Ha si3bIke YUCTO BOJI-
HOBBIX IpeoOpa3zoBaHuil. Mbl €ro Ha3bIBAEM peluKmoebiM IOTOMY, YTO BCE BOJIHOBBIE POTALIMOH-
HBIE TIPOLIECChl MPOSBICHHOW i HaOMojarens AEHCTBUTENBHOCTU SBISIIOTCS OCMAMOYHbIMU
CITE/ICTBUAMHE (C yPOBHSIMH OCTAaTouHEIX dHepruii oT 10% 1o 10° 9B) peaykumu GyHIaMeHTaNbHO#
YaCcTOTHI OHTOJIOTMYECKOTO KoJieObaHus (hUPHBIX HENp TUIaHKOBCKoro Jloroca ¢ yactoTon ~10" 1y
(n cobcrBenHol snepruit 10™ 5B) K YacTOTaM KOPITYCKYISPHBIX TepMoB KomnToma ¢ gacTotamu
ve~107+10% Iy [4, «2].

VYriryOnsiach Jajibliie B CyTh SBJICHUS] T€TEPOJIMHUPOBAHMUS YACTOThI AIEKTPOMArHUTHOW BOJIHBI,
CIIeITyeT OTMETHTb, YTO YaCTOTHBIN MPeoOpa3oBaTeb SBISCTCS MPUHIMITHATIBHO HeIUHEUHOU CUCTEMOMH,
y KOTOPOI BBIXO/IHbIE aMIUTUTY/IHbIE OTBETHBIE PEAKIIUHU S, (Pr , P), TOKA3aHHBIE HAa PUC.2 HA BBIXOJIAX
(3-6) mpeobOpazoBaresi, HEMMHEWHO 3aBUCST OT aMILUTUTYJ BXOJHBIX BO3JICUCTBHUI p(V). VIMEHHO c6oii-
CMB0 HeuHelHOCmy BHYTPEHHEW MaTeprualIbHOM Cpellbl M €€ TMCKPETHO-KBAHTOBAs CTPYKTYpa JejacT
npeoOpa3oBaresb YacTOThl MYJBTUILIMKATOPOM BOJIHOBBIX IIPOLIECCOB, MOPOKAAIOLUIMM CyMMAapHO-
pasHOCTHBIE (VEV') KOMOMHAITMOHHBIE Pa3HOOOpa3usl CHEKTPAIHLHOTO COCTaBa B (JOpME BOJHOBBIX U
KOPITYCKYJIIPHBIX "OCKOJIKOB YIPYIOro B3aMMOJEWCTBHS" YacCTOThl BHEIIHErO ()OTOHA C 4acTOTaMu
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" _

cobctBeHHbIX poTtanuii Kommrona (V'i=vy) u ae bpoiiis (v'"'=Vs) B IPUIIOBEPXHOCTHBIX 30HAX 3aPSHKECH-
HOW 4acTHIIbL.

DNeKTPOHHBIN (WM MPOTOHHBIN) KOMITOH-pAacCEMBaTeh (DOTOHOB OTHOCUTCS] K AKTUBHBIM TIpe-
oOpazoBarelsiM, T.K. POJib TETEPOMHHOTO KOJICOaHHsI, BO3OYKIAIOIIEr0 HEJTMHEHHOCTD Sgy, B KOMITTO-
HOBCKOH 30He 2' BOKpYT 4actuis! (muamerpoM ~107'" ea), Bemormsier "Bonza Kommrona". Eé mmHa,
HAIpUMep, Ui MEKTPOHA XOpoIo u3BecTHA: A,=0,0242 A [2, 703]. Tlonaua Ha "Bxos 1" Takoi crcTeMbI
ANIEKTPOMAarHUTHOTO KOJIEOAHUS € YacTOTOM V (MM U sBJIsSeTcsl (DOTOH) MPUBOJMUT, BO-TIEPBBIX, K HEJU-
HEWHBIM HCKKEHUSIM TIEPBUYHBIX KOJICOaHMI C YaCTOTAMH V U V' Y TIOSIBJICHUIO Ha "BBIXOJax S 1 6" nx
TapMOHUK 2V, 3v,... u 2V, 3V', ... Bo-BTOpBIX, BO3HMKAET MYJIbTUIUTMKAISA (T.€. TIEPEMHOKEHHE: 1.€.
Pv' P TIOCTIeTHUX ¢ TIOsIBIIeHHEM Ha "Bbixoax 3 u 4" mpeoOpazoBaresisi, COOTBETCTBEHHO, CYMMapHBIX
(V+V'1) B pa3HOCTHBIX [V—V';| 4aCTOTHBIX COCTABIIIOIIMX UCXOTHBIX YAaCTOT BOJHOBBIX ITPOIIECCOB.

Pe3ysbrar HenuHeHHOro npeodpazoBaHus
BHEIIHEr0 KOJIe0aH sl C UMITYJIbCOM p (V)

3 s pi(vivi, )

S S (v, 2v,..)
S(fblx.
6 pr(Vy, 2Vi...)

4 p'(v-vi,...)

%eoﬁpasoaamnb

Y4aCTOThI

Sex. p(v)

BHCLLIHS{ﬂ SHCKTpoMaFHl/lTHaﬂ BOJIHA C
4acTOTOM V, Majarolias B HeJIMHCHHbBIC
HEeJIpa Y4acCTUIIbI-IIPeodpa3oBaTes

I'eTepopnHHOE BOJIHOBOE KOJIeOaHHE
2 (TepM yacTULIbl), BO30Y)KAAIOIIEe HEIn-
HEWHOCTh €€ Hep U mnpeBpaluaroniee e B
4aCTOTHbIH IpeodpazoBaTelb.

Puc.2. TIpuHIMI OZHOCTYNIEHHOrO HEJIMHEHHOro 1peodpa3oBaHus (IeTepOIMHUPOBAHNS, "KOMONHALIM-
OHHOT'0 paccessHUsA'"') YaCTOThI BHEIITHErO BOJIHOBOIO BO3ZICHCTBIS {HArpuMep, OTOHA C 4aCTOTOH V, HeCylle-
T'O UMITYJIEC p(V)} C IOMOIIBIO HETMHEWHOr O AIeMeHTa (YCTPOHCTBa, Cpeibl, O0BEKTa WM YaCTHIIBI, HO HIKO-
rra He "moinst'"), IMEIOIIEro HelIMHEHHYIO XapaKTepUCTHKY BHYTPEHHEH OTBETHOH peakiiil Ha JII000e BHEIL-
Hee BOJIHOBOE BO3JIEHCTBHE: V — YacTOTA BHELIHErO BOJIHOBOT'O BO3ACHCTBYS; V. — YACTOTA TETEPOAMHHONO ()
BO30YMTENs HEJIMHEHHOCTH TpeoOpa3oBarers (MOKET M0JaBaThCsl M3BHE Yepe3 BXOJ 2 WM BO30YKIAThCs
BHYTpH npeoOpazosarests 2'); 3+6 — KOMOMHAIIMOHHBIE YacTOThI Ha BBIXOJE IpeoOpa3oBaTelisL.

Ecmu Tenepr yactoTHO-TIpeoOpazoBanHoOe Kosiebanre (ViVv') BHOBB IMOJIaTh Ha BXOJI APYTOro vac-
TOTHOTO IpeoOpa3oBaressi, FeTePOJMHUPYEMOTrO YacTOTOM V', TO Ha BBIXOJAX CYMMapHOW U Pa3HOCT-
HOM COCTaBJISIFOLMX (aHAJIOTMYHBIX 3 U 4 Ha PUC.2) MBI IOJIYYUM UTOT ABOMHOTO YaCTOTHOTO IpeoOpa-
30BaHus {(VEV')EV'" ). DTO a3bl paIMOTEXHUKHI HETMHEHHBIX ITPe00pa3oBaHmii 4acTOTHI Vv 1000 OMB.
CeroHsi MHOIOKpaTHOE MPeoOpa30BaHKE YaCTOThI MOITYUMIIO IIIMPOKOE PaCIPOCTPAHEHUE B CUHTE3ATO-
pax reTepoJMHAPYEMBIX YaCTOT COBPEMEHHBIX TPUEMHHKOB C 3JICKTPOHHOW NIEPECTPOMKOM; B HUX YHC-
JIO TaKWX YaCTOTHBIX IMPEOOpPa3OBaHMII MOXKET JOCTUTaTh HECKOJIBKUX AECSITKOB. VIMEHHO (eHoMeH
JIBOMHOrO MpeoOpa3oBaHust YacTOThl (POTOHA HA "'3apsHKEHHOW" yacTHLIE (MEKTPOHE WU IPOTOHE), Bbl-
MOJHSIOUIEN (PYHKIIMM MUKPOCKOIIMYECKUX CHCTEM HEIMHENHBIX MpeoOpa3zoBaresie, JISKUT B OCHOBE
BOJIHOBOTO MEXaHM3Ma KOMITTOHOBCKOTO paccesiausi OMB. Hike st mokaxy, Kak JiBa MoCiIeI0BaTe b
HBIX KacKajla 4YaCTOTHOTO MPeoOpa3oBaHMs YacTOThI (JOTOHA V, TIEPBOE U3 KOTOPBIX TETEPOIMHUPYETCS
MOILITHBIM YICKTPOMATHHTHBIM KojiebarneM KOMITIOHa Vi=vi=nme,¢’/h (3Heprueii ~10° 5B), a BTOpoe —
YIEKTPOMATHUTHBIM KoJeOaHmeM e Bpoist V' =vi=nmie,V"-c/2h (sueprueii ~10+10° 5B), maror Kom-
IITOHOBCKHI C/IBUT JJTMHBI BOJIHBI (MM YacTOThI) afatorieil OMB npu paccessHuu Ha yacTuIax.

Ha puc.3 npezcraBneHbl B IMCCOLMUPOBAHOM BHJIE [[Ba dTala €IMHOIO Ipoliecca YacTOTHO-
BOJTHOBBIX KOMOMHAITMOHHBIX MTPEe0Opa30BaHmil MPH "'CTOIKHOBEHHH'' BOJIHBI ((DOTOHA € YaCTOTOM V) ¢ 3a-
DPSDKCHHO} yacTHIeil. B GIIDKHeH 30He 2' HaMeTpoM ~A (Y atektpora 510 ~107'" cM) y moBepxHOCTH
HETIO/IBIDKHOW YaCTUILIbl CBEPILIAETCS IEPBOE "IMCTO KOMITTOHOBCKOE" MPe0Opa3oBaHKE YaCTOThI V BHEIII-
HEW BOJIHBI K YacTOTE [Viv,| ¢ TIOMOIIBIO TETEPOAMHHON YacToThl Komrrona vi=mi,, /h . Tlocye Hero
YaCTHUIIa HAUMHAET JIBUTAThCS CO CKOPOCTHIO V3, BO30YKTasich Ha yacToTe jie bpoiis B 30He ~1 0°cm.
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p'=h/A

Vi — KOMIITOH-T€TEPOJNH

Puc.3. BoiHOBO#H npuHIWMIT ()OPMHUPOBAHHS UMITYJIHCOB KOMIITOHOBCKOTO paccestHus poToHa p'

Ha JJIEKTPOHE €'(p" ¥ pg) TOoCie B3auMOACHCTBUSA NepBUIHOro (hotoHa ®(V) ¢ MHEPIHATBHO YITOKO-

CHHBIM DJJICKTPOHOM €,, MNPCACTABJICHHBIM 31€Ch BOJHOBBIM KOMIITOH-KOMIUJICKCOM C HUMITYJIHCOM

p=h/\; ¥ 4gacToTol poTaryu V&M, ¢/l HA KOMITTOHOBCKOM JUTHHE BOJHBI A=h/MyeC | 0", ¢5 —

YIJIBI pacCeIHUs DJICKTPpOHA e', COOTBCTCTBCHHO, 0e3 yqéTa KOMIITOHOBCKOMI poTanyum 1 € eé y‘IéTO-

MU, a O — yron paccessHus JICKTPOHOM €,. paccessHHOTO (poToHa D' OTHOCHUTENHHO HAMpaBICHUA X,

3a/1aBaeMOr0 HMITYJIbCOM JeicTBHs p=h/A iepBrudHOro oroHa @ (70 B3aUMOICHCTBHA).

B pOMEKYTO4HO# 30He 2" THAMETPOM ~A, OT IOBEPXHOCTH YaCTHIIBI (y M1eKTpoHa 310 ~107° cm)
cBepIIaeTcs BTopoe "urcTo j1e bpoitneBo" nmpeoOpazoBaHue YacTOTHI [VEV,| OT TiepBOro nmpeodpasoBare-
7151. OHO OCYIIIECTBIISIETCS C MIOMOILBIO TETEPOIMHHOM YacTOThI Jie Bpoiins vi=mie, Vi-c/h 1 IpuBOIUT K
0oJiee CI0)KHOMY KOMOWHAIIMOHHOMY CHEKTPY |[VEVi|tv,, 01Ha KOMOWHAIMS W3 KOTOPBIX TIOAYHHSETCS
3akoHy Komrrrona. PaccMotpum mopoOHee BOJHOBBIE MPOIIECCHI IBYCTYIIEHHOTO YaCTOTHOTO MPeod-
pazoBaHusl OTOHA B CMEXKHBIX 30HaX 2' U 2" BOKpPYI YacCTUI, SIBJISIFOLIMXCS CBOEOOPA3HBIMU A(PUpO-
JMHAMUYECKIMHA MHUKPOPEAKTOpaMU HAKAYKW HEJIMHEHHOCTH B ITHUX 30HAX.

4. Onekmpomacnummusie npoyeccvl Komnmona u de bpotina na muxpouacmuye. Ilonanaromuit
B HEJIMHEWHBIE OKPECTHOCTHU ATUX Hellp GOTOH @ ¢ 4acTOTOM COOCTBEHHOIO BOJIHOBOTO IpoLiecca
V, B pe3yJIbTaTe HEIIMHEHHOTO B3aUMOJCHCTBUSI C 3(UPHON aypOr HEenoosux’cHo2o dMEKTPOHA, BO-
MEPBbIX, FETEPOJUHUPYET YacTOTy (OTOHA V K YacTOTe CyMMapHOil komOuHaimu (V+vg) U, BO-
BTOPBIX, MEPENaT YIIOKOCHHOMY 3JIEKTPOHY UMIYILC p.=m.'-V' UHEepUUaIbHOTO JBHKEHUS CO
ckopocThio V'. B pe3ynbTaTe KUHETUYECKOW KBAaHTOBOM peakiy 0€31eKpPEMEHTHOTO B3arMO/ICH-
CTBUS B TIOBEPXHOCTHOW KOMIITOHOBCKOM 30HE 2' YaCTHIIBI C AUPOM, BOKPYT HEE BOSHUKAET CTa-
LIMOHApHas Je-OpoiiieBa HeMMHEMHash BOJIHOBas 30Ha 2" 3JeKTPOMarHUTHBIX KojeOaHui B adupe
C 4acTOTOM W UMITYJIbCOM JIEHCTBUSA ps=h/A;. DTO MOCTCTOIKHOBUTEIIbHOE IPUOOPETEHUE JBHKE-
HUS B 3dupe NpeBpallaeT 371eKTPOH BO BTOPOH MpeoOpa3oBareilb YaCTOThl OTHOCUTEIBHO KUHETH-
4eCKH BO3OYKISHHON B €ro 3(pUpPHBIX OKPECTHOCTSX 30HBI 2" (pammycom ~10™° cu) Ha rerepo-
TUHHOU YactoTe Jie bpoins vi=meo Vi-c/h (cm. puc.3). B pe3ynpraTe y:ke BO3HHKIIIAs TOCIE Mep-
BOTO aKTa IpeoOpazoBaHusl CyMMapHas KoMOHHAIUS (V+Vy) BTOPUYHO TTpeoOpasyeTcs (TeTepo -
HUpPYETCS 4acTOTOU V) B 00Jiee CI0XKHbIE CyMMapHO-Pa3HOCTHBIE YACTOTHbIE KOMOWHAIINH:

V"' = (vvtvy). (8)
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OpHO M3 KOMOMHALMOHHBIX KoJeOaHul B (8) TOYHO COOTBETCTBYET KOMIITOHOBCKOMY CIBHUTY
4acTOThl (DOTOHA, U3BECTHOMY U3 KCIIEPUMEHTOB. J[0Ka)keM 3TO B KpaTKOM aHaJIU3€ BOJHOBOMU
Moenu 3 dexra Komntona, 6osiee morHO onucanHoi B [2].

Puc.4. BomHOBO-KOpIyCKYyIIsipHas cxema (hOpMUPOBaHHS UMITYIILCOB paccestHus (hoToHa
p' uonekrpona (p" u ps), npu 3pdexre Komnrona mocie B3anmMoaeHcTBUS IEPBUIHOTO (HOTO-
Ha @ C MHEPIMAIBEHO YITOKOSHHBIM DJIEKTPOHOM €, 0e3 yu€Ta KOMIITOHOBCKOW potanuu (p") u
C SIBHBIM Y4ETOM KOMIITOH-UMIYJIBCA Py, COOTBETCTBYIOIETO €ro0 KOMITOHOBCKOM JUTMHE BOJI-
HBI M =h/m,-c; @", 95 — YIIIBI pacCESHUS JIEKTPOHA €' COOTBETCTBEHHO 0€3 y4éTa KOMITOHOB-
CKOH poranuuu u ¢ e€ yuétomu, a 0 — yron paccesHus ¢poroHa @' oTHOCUTENBHO Hampasie-
HUA X, 3371aBa€MOT0 UMITYJIbCOM JeicTBUsI (poToHa D /10 B3aUMONIEHCTBHS C SJIEKTPOHOM.

CooTBercTBYIOUM 00pa3oM MOAMGPUIIMPOBAHHAS BEKTOPHAS JUarpamma, MOJHOCTBIO
MIPEEeMCTBEHHAsI C TPAJIUIIMOHHON TuarpaMMoil uMNIyinbCcoB paccesHus no Komnrony, npencras-
neHa Ha puc.4. CoriacHo 3TOH JuarpaMMe M 3aKOHY COXpaHEHHUS UMIyibca (POTOHA, FNEKTPOH
noJstyyaeT ot (oToHa UMIMYINbC (p"), paBHBIM BEKTOPHON pa3HOCTHU €ro ((hoTOHA) UMITYJIbCOB 0
(p) u oce (p') akTa paccessHUS:

" =p - p = {0+ (XY = QK AN)-cos0} % )
V' =cp"lh = {(v’ +v* = 2-v-v'-cos0)} 2 .

KomnroHoBckas AiHa BOJIHBI A B COBpeMEHHOM (u3uke — 310 "Belib B cede'". C Hell He CBs-
3bIBAIOT HUKAKUX JIEKTPOMArHUTHBIX IpolrieccoB. OHa CIy)Kujia B MEXaHUCTUYECKON MOJIENU UJie-
aJIbHO YIPYIOro CTOJKHOBEHHUS JBYX IIApoB ((POTOHA C 31IEKTPOHOM) aOCTPAKTHBIM MaTeMaTHye-
CKMM MHCTPYMEHTOM JJIsI MOoAOOpa HEKOEH BOJIHOBOM XapaKTEPUCTUKU 'IEKTPOHA-BOJIHBI"
M=h/m,-c, KoTOpasi AaBajna Obl yCMAHOB1EHHOE IKCHEPUMEHMAIbHO COOTBETCTBYIOIIEE YBEIIHYE-
HUE JJIMHBI BOJHBI paccestHHOTO (poToHa HA AL = A-(1—cos0). MexaHuko-MaTeMaTHIeCKOe Mpeoo-
pasoBanre KoMrToHa He yKa3blBalo Ha 3JIEKTPOMArHUTHYIO MIPUPOAY BOJIHOBOIO Ipolecca ¢ yac-
T0TO# KOMITTOHA Vi = ¢/A = Mpe-c’/h, KAK HEKOETO PEAIBHOTO MEKTPOMATHATHOTO MPOLIeCca, HiTy-
LIEro B BUJIE POTALIMOHHOW PEAKIMH CYNEPIUIOTHBIX HENIp 3apsDKEHHOM YacTUIbl ¢ PUIIOBEPXHOCT-
HOW MOHKOCMPYKmMYPHOU TPAIUEHTHO-BO3MYIIIEHHON 30HOU 2', ONIpeesiieMO KOHCTAaHTON 3JIeK-
TPOMATHHTHOTO B3aNMOJICHCTBHS YaCTHIIBI C S(UPOM, PABHOI /37, IMEIOIICH pa3Mepbl CBOETO T10-
IIEPEYHHKA BOKPYI YACTHUIIBI NTOPSKAa KOMIITOHOBCKOM JUIMHBI BOJIHBI ~107" cx. Mer BIIEpBbIE 00-
HapyXHBAE€M SJIEKTPOMAarHUTHYIO MPHUPOJy KOMITOHOBCKOM JUTMHBI BOJHBI HEMOCPEICTBEHHO W3
paccMOTpPEHHsI HETMHEHHOTO FeTePOAUHUPOBAHNUS YaCTOThI AJIEKTPOMArHUTHBIX KosiebaHuil poToHa.
DTO SCHO W3 TEOPUHU YACTOTHHIX MpeoOpa3oBaTelieil, COriacHO KOTopoil yactora KomnroHa vy =
¢/Ag, TETEPOIMHUPYIOIIAsi KOMOMHALIMOHHBINA CIBUT 4acTOThI (poToHA Mo 3aKkoHy KomnroHna, He Mo-
JKET He OBITh AIEKTPOMArHUTHBIM KOJICOAHUEM.

CornacHo BEKTOpHOM Iuarpamme Ha puc.4, TeTEpOMHHBIA KOMITOH-UMITYJIBC Pyx=h/A OKa3bl-
BaeTCs BCETr/ia OPTOrOHAIBHBIM K BEKTOPY CKOPOCTU 3JIEKTPOHA (K JIMHEHHOMY MHEPLUAIBHOMY HM-
MyJbCY IEHCTBUS JIEKTPOHA, TPUOOPETEHHOMY TPU BOJIHOBOM yaape (PoToHa). ITO MPETIOIOKEHUE
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OIPaBIIaHO TEM, YTO BBIXOJAIINE U3 HEIP 3apsa (7IEKTpoHA) TPEXMEPHO-POTAIIMOHHBIC BO30YKIe-
HUS 3QHpa B BUE KYJIOHOBCKOW I'PaJMEHTHON 30HKI (C TPAAUEHTOM MOTEHIHANIA TUIIEPOOITIESCKOTO
Tuna ~1/r) Kak pa3 v onpenessoT TOHKYIO CTPYKTYPY BCEX AJIEKTPOMAarHUTHBIX B3aUMOJIEHCTBUM (TH-
na TPHUTSDKSHUST ¥ OTTAJIKMBaHUS 10 3akoHy KysioHa, MarHWTHBIX B3amMoJeicTBuii U T..). CBs3b
AJIEKTPOMArHUTHOIO TMPOLECCa JAMHAMUYECKONM KBAHTOBOW PEAKIMM B3aUMOJICHCTBUA POTATOpa-
"3apsina, 00amaronmero TPEXMEPHON CIIMHOPHOCTBIO €70 HelmpaibHbIX TUIOTHBIX HEIp, BO30YX-
JAFOIIIMX ATOM poTarrel BOKpyYr "3apsaa’ rpaJueHTHYIO 30HY 2" KyJIOHOBCKOTO B3aMMOICHCTBUS, SIB-
JISIETCSL OJTHUM W3 BOKHBIX OTKPOBEHHMN paccMaTprBacMOW HAMH BOJHOBOM MOJIEIH, OOBSCHSOIICH
M0-HOBOMY ITPEXKHIOK0 "KOpIycKysipHyr0" hopmyiy a¢ddexra KomnTona.

CyMMupysl 10 BEKTOPHOW JMarpamMme UMIYJbChI p" U py (¢ yuérom, uto p"L py), nomydaem
TIOJTHBIN UMITYITBbC ICHCTBUS IEKTPOHA (0003HAUMM €ro p'=p;) Tociie "BoIHOBOTO yaapa" (hoToHa:

pe=p + pd = {(W)+ (WA + (hIA)* — QR AMN)-cos0} 2. (10)

Kax wu3BectHo [1, 774], ¢ UMITyIbCOM YacTULBI py=m-V;, HaXOISAIICHCS B WHEPIIUATHLHOM
JTBWKEHUH CO CKOPOCTHIO V;, CBSI3aH BOJIHOBOM miporiecc Ae bpoimns ¢ mmHOM BOMHBI As=h/mV7;
€My COOTBETCTBYET YaCTOTa HEKOEro 3JIEKTPOMarHUTHOIro Kojebanus vis=mcVy/h. Takum oOpa-
30M, u3 (10) momydaem BbIpaKeHUS U1 4aCTOTHI e bpoiis:

vi=cpdh =V +v? v = 2-vv'cosf)? | (11)
rme Vi = meo-cz/h . (12)

5. Cunmes paccesannou yacmomul ghomona 8 60n1Ho8oU modenu d¢ppexma Komnmona. 13 3a-
KOHa COXpaHEHUs HMIYJIbCa HCXOJHOTO (OTOHA [p| B CyMME pacCCEsIHHBIX HMITYJIbCOB
2p=|p|=const. n yuéra Bcex IeiCTBOBABLINX B PEAKLIUN PACCESIHUSI IPOMEXKYTOUHBIX (px U p") U
BBIXOJIHBIX UMITYJICOB (poTOHA (p',=p') U 3neKTpoHa (p'=ps) MOKHO 3aIUCaTh:

p'e=ps =@ -p)+pe, (13)

WJIU B BOJTHOBOM (popMme:
hvg/c = (hvic —hv'/c) + hvi/c (14)
vi=(V—=V't+vy , (15)

OTKyJa IOJIy4aeM BBIpaXEHHE I CyMMapHO-Pa3HOCTHOM KOMOMHAIIMM YaCTOTHOTO IMpeodpa-
3oBaHu B 3¢ dexkre Komnrona:
V=V Ve v (16)

YTO U TPEOOBAIOCH J0Ka3aTh (CM. "4UCTO paguoTexHU4ecKyro' dopmyny 8 mis ABOWHOTO Tpe-
00pa3zoBaHMs 4acTOTHI (POTOHA).

Mpl BriepBBI€ CBSI3bIBaEM TakHe (yHIaMEHTAJIbHbIE BOJIHOBbBIE MOHATHS (PU3MKH, KaK MPO-
SIBJICHHE MHUKPOUYACTUI[AMH HEKHX BOJIHOBBIX CBOWMCTB, C KOHKPETHBIMH POTAIIMOHHBIMU 3JIEK-
TPOMAarHUTHBIMU IpOLECCaMU, UIYIIUMHU B "OMMKHEH 30HE" TOHKOCTPYKTYPHOTO OTHOLICHHS
1/137 3gupHBIX OKpPECTHOCTEM MUKpPOUYACTHUIIbI-poTaTopa. M3 mpencTaBieHHON BOJIHOBOM MoOJe-
T KOMOTOH-3(¢eKTa cieayer, 4TO Takas HMHICTEPMUHUCTCKAs CTPYKTypa, Kak '"BOJHa-
gacTuna'", B IEUCTBUTEIHLHOCTH MPEACTABIISIET COO0N CIIOKHYIO POTAIMOHHO-TPAIMEHTHYIO CHC-
TeMy, 00pa3yeMyr0 HECKOJIbKUMHU 3aMKHYTBIMU MaTE€pHAJIbHBIMHU IOTOKaMU 0€31€KPEMEHTHOTO
obmena "Marepuana" IIIOTHBIX HEAP YACTHUILI Ha cyOcTaHIIo ddupa u odbpaTtHo [2, 4].

Tenepb HaMm ocTanoch MOACTaBUTH B Gopmyny (16) nBoitHOro npeoOpa3oBaHMs 4acTOTHI
(oTOHA SIBHBIE BBIPAXKEHUS I FeTepOAUHHBIX YyacToT: U3 (12) — ans yactotel KomnroHna (vi) u
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u3 (11) — nyg yacrotsl e bpoitns (vi), U MOCIE ATOrO pa3pelInuTh €€ OTHOCUTENIBHO YacTOThI V'
paccesinHoro gotoHa. [IpuBoaMM psan TOCIEIOBATENBHBIX ITpeoOpa3zoBanuii (16):

VE=(VH+ V=V ; (17)
VE = (VA V= V) = (Vv v 20v— 20V = 2V (18)

[ToncraBum B (18) BeIpakeHHe KBajipaTa 4yacToThl ae bpoiins u3 (11):
2., 2,2 ' — (2 2,2 ' '
VoAV v = 2-vvheosO = (VU v+ VT 2vve = 2wy = 2V (19)
Paspemras (19) otHOcuTeNnbHO V', moydaeM usBecTHble (hopMyibl Kommrona (5-7), koTopble Tenepb
BBIBEZICHBI HA OCHOBE ""IMCTO" BOJIHOBBIX IMPECTABICHUI YXPUPHOM ayphl Y ANIEKTPOHA, KaK HETMHEHHO-

ro npeodpazoBaressi ¢ AByMs BHyTPEHHUMHU 4acTOTaMH (Vi U Vi) TE€TepOJUMHUPOBAHUS YaCTOThI (OTO-
Ha v kK KoMmnron-yacrore v":

v'=v-{l +e&(l —cos0)} " ; (20)
Av =v,(1 —cos®) " ; (21)
AN = Ae(1 — cos0) , (22)

7€ UCTIOJIb30BaHbl 0003HaueHus Ghopmyi (5-7).
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