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Existence of the zero rotations for point particles with nonzero rest mass in the
field of their quantum size under the influence of vacuum fluctuations is supposed. The
assumption about coordinated interaction of these zero rotations of the above particles
leads to possibility of the description of their wave properties.
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If on the way of a particle there is a wall with a hole, it significantly changes a
picture of the probabilistic movement of a particle [1,2]. Therefore, there is the
interaction of substance of a wall with freely moving particle. According to de Broglie,
observed wave-like behavior of results of this interaction can be caused by existence of
internal periodic processes in the microparticles [3]. In this regard there is reason to
believe that within some models reflecting these periodic processes, taking into account
their interaction, features of wave behavior of particles can be described and on the
basis of it additional information on their internal properties is received.

Now in the field of physics of elementary particles essential successes is reached
[4-10]. At the same time, in comparison with research of the phenomena occuring in
atom, internal properties of elementary particles are not enough studied [6-8]. The
equations describing the processes occuring in elementary particles, were obtained on
the basis of the gauge theory of Yang - Mills [4,8]. As the equations of quantum
electrodynamics for the atom, continuation of which they are, the equations Yang -
Mills theory involves obtaining sufficiently accurate and complete picture of the
description of the phenomena. Due to the importance of the solution of the matter the
main efforts of modern physics are concentrated on it. However, from the viewpoint of
achieving a successful structure description of atom, in which case it seems desirable to
have a relatively simple theory describing the structure of the elementary particle, which
is, for example, the Bohr theory for the atom.

Therefore, since it is impossible at present to fully solve the equations of the
Yang-Mills [4,8]for describing the internal behavior of elementary particles, parallel to
modern researches there can be useful a development of rather simple and clear model



of the description of properties of the elementary particles. For this purpose we will try
to describe first of all the behavior of an electron within its quantum size simple model,
like of Bohr model for atom.

During the creation of the Bohr model of atom there were no such concepts, as
spin of particles, physical vacuum. Let's try to consider these phenomena.

In the theory of Bohr hydrogen atom in the description of the quantum linear
oscillator which is not considering spin: E =r%wn to the generalized coordinates and
impulses transition is made [2]. In this case for angular momentum of an electron
expression follows: M =#an [2]. Similarly, at the description of the linear oscillator
considering zero fluctuations: E =%w(n+1/2), let's pass to the generalized coordinates

and impulses and then we will pass to a special case of a rotary motion. In this case the
equation for angular momentum of an electron in atom of hydrogen takes the form:

M =n(n+1/2) . Here the composed 7 /2 corresponds a particle spin. If to believe that

the picture of a rotational motion of a particle on zero and other levels is similar to a
picture of fluctuations of the linear oscillator at appropriate levels, then, proceeding
from the point size of an electron, is advisable the following model to consider.

Let's assume that for the point particle comprising all mass and a charge of an
electron there are zero rotations on some own (internal) orbit similar to zero fluctuations
of the oscillator. Fluctuations of physical vacuum, type of the fluctuations forcing to
fluctuate, shiver according to Schrodinger an electron [11] which, besides, in the
considered model nearby electrons can exchange in coordination among themselves can
be the cause holding on average an electron in own orbit. Rotation on a circle of a point
is equivalent to its simultaneous participation in two perpendicular fluctuations
displaced on a phase [1,2]. Let's note, the fluctuations of vacuum acting on the charged
electron, basically should represent photons, electromagnetic waves under the influence
of which charged particle has to make the movements close to the rotary. This model is
similar to the idea of de Broglie on the oscillators at each point in the universe tuned to
the frequency of the electron under consideration [3]. There nearby particles together
tunes to frequency each other by exchanging electromagnetic waves.

In order that in the considered model the spin corresponds to the experience

necessary to perform the equality mv,» = I /2  where ¥ - the radius of the orbit, V,

- the velocity of the particle. Limiting the scope of rotation of Compton wavelength
leads in this case to the value of the particle velocity on the inner orbit comparable to
the speed of light and, accordingly, to a significant magnitude of its kinetic energy of
rotation, which is missing in the formula for the rest energy. This leads to the possibility
of the assumption that, virtually, the rest mass of the particle, which is on its own orbit,



at rest (v, =0), similar to the calibration theories in the absence of the Higgs field is
zero [4,8].

A particle on its own orbit may be called subparticle of elementary particle, the
parameters of which we are seeing. In this case, we can put that the subparticle mass
increases with its speed and particularly rapidly when approaching the speed of light

so, that when V.=C—&  >¢ for an electron at rest, it becomes equal to the

experimentally observed its rest mass 7%:
myv r=my(c—&r~=mycr=h/2, (1)

The assumption that the mechanical and magnetic moment of the electron is
related to its local motion was proposed independently by many authors [12-14].
Significant interest is the result obtained from the Schrodinger found, confirmed by
experiment, the properties of the electron shake - Zitterbewegung [11,15]. However,
theoretical investigations in this case is not always easy due to the complexity of
calculations, limits of a class of the considered particles. Therefore, we proceed from a
simple model, which uses a small number of assumptions. From the equation (1) for the
frequency of rotation of a particle in an internal orbit of an electron we receive
equality:

Gy =2myc’ I h (2)
which coincides with the equation of equality of energy of rest of an electron and
positron with energy of the photon turning into these particles near a massive kernel:

hao, = 2moc2 , absorbing the momentum (but not energy) of the photon [1,2].
Equality (multiplicity) of wavelength of a subparticle ﬂjo and length of its orbit

[, , which is typical for nuclear orbits, also from (2) follows:
LIo=cT =2nc¢ld,=2nh/2myc =21r =1, . 3)
If the subjects surrounding an electron are in rest, which have to make the main
contribution to his behavior, the average speed of their electrons is equal to zero. Let's
consider for simplicity that the centers of own orbits of these electrons are in a
motionless state. If to assume that trembling (in our model - rotation) electrons, thanks
to interaction, becomes coordinated, their movement has to create a standing wave of
frequency @, which will hold a subparticle of the motionless electron considered by us

in own orbit. In this case, the existence of (3) can be explained as follows. In order that
interaction of an electron (at rest) with the electromagnetic wave having the frequency
determined by a formula (2) had resonant character, this wave must to pass through a
certain point of its internal orbit of distance equal to length of its wave over the period



of one complete revolution of a particle on an orbit. It does not contradict that charged
particles exchange photons many of which merges in a continuous electromagnetic
wave.

Thanks to longitudinal and transverse Doppler effect the picture of interaction
of electromagnetic waves and a moving electron significantly becomes complicated.
There is a question: what frequency has to correspond to a moving electron? The
observer, with respect to which the electron moves as a result of delay of time must

accept its frequency equal @, = @,V1-v2/c2 [2]. But this is the frequency with which
the moving electron impact on the still surroundings.

On the other hand, by virtue of the invariance of moving systems, according to
the equation (2) the moving electron must comply with frequency:

@=2mc’ | h=2m,c* IN1-V* /) h=a, /N1-v /. 4)

The frequency determined by the equation (4) has to correspond also to the
frequency of the photon which is given rise an electron - in positron couple each of
which particles moves with a speed V . To maintain the momentum it is necessary that
it occurred near the massive nucleus having the same speed. Thus, the wave of this
frequency can really interact with an wave of environment of electron. Defined by the

equation (4) the frequency of the wave @, we will assume the corresponding to a
moving electron. Proceeding from it, we can present behavior of an electron in the form
of superposition of two flat waves with frequencies 660 and @ identical, because of
equal interaction, amplitude. Note, at values v << ¢ the results obtained below for the

wavelength of an electron does not depend on which of the frequencies @ or @, has
been taken, since |6 —@,| ~ |@,-B,| ~ & ,v’ /2¢".
In the case under consideration discrepancy of frequencies @ , and @ has to

influence behavior of a moving electron creating areas in a bigger and smaller measure
favoring to location of an electron. Rotation point in a circular orbit is a superposition of
two perpendicular linear waves. The linear combination of two harmonic oscillations
will be the decision for the oscillator with the harmonious compelling force. As we
already noted, under the influence of a flat electromagnetic wave charged particle
makes the movements close to the rotary. Based on this we can represent the behavior

of the electron by the superposition of two plane waves of frequencies @ o and @ of
the same, due to the equal interaction, amplitude. The exact value of the received sum of
fluctuations of two waves, and their approximate value for the case @ = @, (V<<C) can

be represented as [2]:



u=a-cos(@,t—k,x)+a-cos(dt—kx) =y (t,x)p(t,x) =2a-cos(Ad-1/2 -
—AK - x/2)cos[(@, + @)t 12— (K, + k)x /2]~ 2acos(wt — kx)cos(d,t — kyx)
where w=(0—a)/2=Aw/2, k:(lg—l%)/ 2=Ak/2. For the waves with close frequencies

corresponding to the last equality, the first oscillating multiplier acts as amplitude to

&)

process of high frequency @ .

In particular, for photons the square of amplitude defines intensity, and the last -
the probability of finding a particle in space. Quite logically in this model to assume that
amplitude of fluctuations of high frequency plays a similar role for an electron. Using
(4), (5) write the approximate value for frequency @ at v << c. As a result we receive
the equation de Broglie connecting the frequency and energy for this case [1]:

0=Ao/2=(6d-d,)/2=my>/2h=E, /h. (6)

For the module of a wave vector k of an electromagnetic wave of length A, it
is had:
k=211 A, =N/ 2=(k—ky)/2=a,(1/N1=V* | =1)/ 2c = @y | 4> = mp* | 2ch . (7)
The module of the amplitude, which determines the probability of finding the electron
in space, is undergoing similar changes at half-wave length: 4,/2. Considering it and
using (7), believing that the relation of speeds of an electromagnetic wave and an
electron equally to ¢/ V, we come to de Broil's equation for wavelength [1,3]:
A=A, /12)/(c/v)=[Q2r/k)/2]/(c/v)=h/myv. (8)
In this case the resonance of the second order - the repeating sequence of not resonant
interaction of a wave and an electron, in particular, will exist in atom orbits which
length is multiple to electron wavelength.
As amplitude of high-frequency fluctuations as we see from the equation (5),

represents a wave, the decision for it, as usual for waves, has to be from the differential
equation connecting, eventually, values of frequency and wavelength. Knowing the

relationship between the kinetic energy £, and an impulse p, defining @ and A4

values, we can receive this equation. Let's enter the operator g the translating sine

into a cosine, and vice versa, which role imaginary unit can play, mutually converts the
real and imaginary (sine and cosine) of the complex value. Doing replacement

E, >E=E, +U leading to an additive in the equation of Uy where U(x,),z) -

potential energy, we come to Schrodinger's equation [11] allowing to find the solution
in a complex look:

ih(Oy /0t)=—(h*/2m)Ay + Uy .



When obtaining wavelength of an electron (8) we, in particular, for the above
reasons, reduced length of the corresponding electromagnetic wave entering in (7),

twice. Similarly, we had to increase the frequency (6) twice: @=2-E, /h . In

Schrodinger's equation at the operator for energy in this case that equality remained,
there has to be then a multiplier 1/2 which is reduced with a similar multiplier at the

operator of impulses. The phase speed determined by a formula V=/k in this case is
equal to particle speed. @ However according to (5) it will be group speed [2]:

v=w/k=A®/ N . The phase speed determined from (5) in the case under

consideration is equal to velocity of light [2]: Vy = @,/ ky =c that is the expected

result since in this case the original image of the resulting waves are electromagnetic
waves.

At the same time, as on the experience de Broil's frequency, in difference from
wavelength, does not give in to measurement [ 1], practically this change of frequency in
the considered model nothing will change. In this regard it is possible to believe that in
the formula for frequency in this approach nothing is to be changed. Only in this case at
substitution of energy and an impulse (mass and the speed of a the particle) in

expression of @ = kv (according to the aforesaid equivalent A @ = Algv) equality
will not be carried out.

In this model the subparticle in an orbit moves with almost light speed and in lack
of the movement possesses zero mass. In this regard, the issue of the gyromagnetic ratio
of the electron in this case requires a special study. Let's note, the calculated anomalous
magnetic moment of an electron in the assumption of its trembling in the field of the
quantum size gives a good consent with value earlier received Schwinger [16].

The wave function, acting as a low-frequency multiplier of the equation (5), a
good description of the area above the Compton wavelength, the external behavior of
micro-particles in a large range of its properties, regardless of the second multiplier. It is
possible to assume that high-frequency function has to describe behavior of an electron
in scales of its Compton wavelength, namely, electron subparticles, and also in
considerable area regardless of the first multiplier.

The differential equation for high-frequency function @ of equality (5) in the

assumption that particle speed in own orbit is equal V, = C, and the speed of the center

of an orbit V << C, due to the fact that its solution is primarily a function must satisfy
@(t,x) = cos(@yt — kyx) it is as follows:

1/ A)[0%p(E, 1)/ 8(t)*1- Ap(F,1) =0 .



The muon is a particle similar to an electron, with the different size of mass [4,7].
Therefore for it the conclusions similar the aforesaid are apparently fair. In this model,
the wave properties of neutral particles can be explained by the fact that they are
composed of charged particles.

All elementary particles possess wave properties. It can be assumed that the
particles that make up the elementary particle with a rest mass different from zero,
perform on their inner orbits local movement similar to the movement of an electron in
the quantum of its size. The existence of these periodic processes in elementary particles
does not contradicts Standard model, experiment in which the elementary particle
consists of point particles [4,7].
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BHyTpeHHUME npOo11ecChl U BOTHOBBIE CBOKMCTBA JIEMEHTAPHBIX
YaCTHII.

C.C. BunbkoBckuit

[Ipenmonaraercs CymeCTBOBAaHHUE HYJEBBIX BpAUICHUW I TOYEUHBIX
YaCTHUIl OTJIMYHOW OT HYJISI MacChl TOKOS B 00JIaCTH UX KBAHTOBOTO pa3Mepa IOJ
neiicteuem  GuIykTyanuii — Bakyyma.  JlomymieHne O COTJIACOBAaHHOM
B3aMMOJICICTBUM JAHHBIX HYJIEBbIX BpALICHUW YKA3aHHBIX BBIIE YaCTHI]
MPUBOJIUT K BO3MOXKHOCTHU OIIMCAHUS UX BOJHOBBIX CBOMCTB.

Knioueswvie cnosa: BonHoBas (GpyHKIMS, Macca, JJIWHA BOJIHBI, 4aCTOTA, CIIUH.

CyiiecTBOBaHME Ha IYyTHM YacTUIBl CTEHKM C OTBEPCTUEM B 3HAUYUTEIbHOMU
CTEIEHH  M3MEHSeT KapTHMHY BEPOSATHOCTHOIO  JBWXKEHMS  dactuusl  [1,2].
CnenoBaTenbHO, B 3TOM Cllyyae MPOMCXOAUT B3aUMOJACHUCTBUE BEIECTBA CTEHKH CO
cBOOOJIHO JBMXKYILEics yactunei. HaGmromaemblii BOJTHOBOM XapakTep pe3ylbTaToB
JAaHHOTO B3aMMOJCUCTBUS MOXXET ObIThb 0O0yClOBJieH, coryacHo je bpoimo,
CYILLIECTBOBAaHUEM BHYTPEHHUX IMEPUOJUUYECKUX IPOIECCOB B MHUKpouactuuax [3]. B
CBA3M C OTUM €CTh OCHOBAHMS IIOJaraTb, 4TO B paMKaX HEKOTOPBIX MOJENEH,
OTpa)karolIMX JaHHbIE IEPUOJINYECKUE TIPOLIECCHI C YUETOM UX B3aUMOJIECHUCTBHUS, MOTYT
OBITH OINMHUCAHBI OCOOEHHOCTH BOJHOBOTO MOBEICHMS YACTHUIl U Ha OCHOBAaHHH 3TOTO
MOJTy4eHa JONOJHUTEIbHAS HHPOPMaLKs 00 UX BHYTPEHHHUX CBOMCTBAX.

B macrosmee Bpemss B o0nmacTh  (U3MKM DIEMEHTApHBIX YacTHUIl ObUIH
JNOCTUTHYTBl cyliecTBeHHble ycrnexu [4-10]. Bmecre ¢ Tem, B CpaBHEHUU C
UCCIIEJOBAaHUEM  SIBJICHMM, TNPOMCXOJAIIMX B aTOME, BHYTPEHHUE CBOMCTBA
AJIEMEHTapHBIX YaCTUIl HE SBJSIOTCA JOCTATOYHO HM3Yy4YEeHHbIMU [6-8]. YpaBHeHusd,
OTNMCHIBAIOIIME MPOIECCHl, MPOUCXOMAIINE B DIEMEHTAapHBIX YacTHLAX, OBUIH
MOJIyYeHbl HAa OCHOBAaHMHM KanuOpoBouHOW Teopuu Snra — Mmwmmnca [4,8]. Kak u
YpaBHEHHs KBAaHTOBOW JJIEKTPOAMHAMUKHM JJIs aTOMa, IPOAODKEHUEM pa3BUTHUSA
KOTOPOU OHU SABJISIIOTCS, ypaBHEHUS Teopuu SlHra — Muuica npeanosarator oiay4eHue
JIOCTaTOYHO TOYHOW W TOJHOM KapTUHBI ONMCAaHMS SIBJIEHUW. B CBA3M C BaXKHOCTHIO
pELIEHNs TaHHOTO BOIIPOCA HAa 3TOM COCPEJOTOYEHBI OCHOBHBIE YCUJIUSI COBPEMEHHOMN
¢u3uku. Bmecte ¢ TeM, ¢ TOUYKHM 3pEHMs OMbITA YCIEHIHOTO JOCTHXKEHHS ONMUCAHUS
CTPOEHHS aTOMa, B 3TOM CJIy4ae IPEACTABIISIETCS JKEJIATEIbHBIM UMETh OTHOCUTEIBHO
HECJIOKHYIO TEOPUIO ONMCAHUS CTPOECHMS MPOCTEMIINX 3JIEMEHTAPHBIX YacCTHL, KaKON
ABIIETCS, HanpuMep, Teopus bopa mist aroma.

B cBs13u ¢ 3THMM, B CUITy HEBO3MOYKHOCTH B HACTOSIIEE BPEMsSI PELICHUSI B MTOJIHOM
Mepe ypaBHeHud Tumna Snra-Mwica [4,8] nns omucaHusi BHYTPEHHEIro IOBEICHUS



AJIEMEHTAPHBIX YaCTHIl, TapajUIeIbHO COBPEMEHHBIM HCCIEIOBAHUSAM, MOXET OBITh
MOJIE3HBIM Pa3pab0TKa OTHOCHUTEIBHO HECJIOXXHOW M TOHSATHOM MOJEIM ONHCAHUS
CBOMCTB MPOCTEUIINX 3JIEMEHTAapHbIX YacTUll. C 3TON WENbI0 MOMbITAEMCS ONHUCATh
IIPEKJE BCErO IOBEACHUE JJIEKTPOHA B IIPEJENax €ro KBaHTOBOI'O pa3Mepa MpOCTOi
MOJENbIo, TUIIAa MoAenu bopa asa aToma.

B nepuon co3mganus 60poBCKOI MOJIENIM aTOMa OTCYTCTBOBAJIM TaKUE MOHATHSA,
KaK CIIMH yacTull, pusndeckuii BakyyM. [lonpoOyem ydecTh 1aHHbBIE SIBICHUS.

B Teopum atoma Bomopona bopa mpou3BoAUTCS NeEpexo] B ONUCAHUU
KBaHTOBOI'O JIMHEHHOIO OCHWUIITOpPA, HE YUMTBHIBAIOLIErO CHMH: FE =hon , X
0000IIEHHBIM KOOpAWMHATAM W uMIyabcam [2]. B 3tom ciydae ans MoMeHTa
KOJIMYECTBA JIBIKEHMS DJIEKTPOHA cienyeT BblpaxkeHue: M = hn [2]. AHanorudso,
OpU ONHCAHUM JIMHEHHOTO OCHUWJUISATOPA, YYUTHIBAIOLIETO HYJEBbIE KOJeOaHUs:
E=hwo(n+1/2), nepeigeM K 0OOOLICHHBIM KOOpPJAMHATAM M HUMITyJIbCAaM M 3aTeM

[epenzieM K 4aCTHOMY CIIy4al0 BpallaTeJIbHOTO ABMXKEHUSA. B 3TOM cilydae ypaBHEHUE
JUIsL MOMEHTAa KOJIMYECTBA JBWJKCHMS JJIEKTPOHA B aTOME BOAOPOJA IIPUHUMAET BHI:

M =h(n+1/2) . 3pecp cnaraemoe %/2 COOTBETCTBYeT CIMHY 4YacTHIBI. Eciam

mojlaraTh, 4To KapTHHA BPALIATEIbHOTO JABIIKEHHMS YaCTHIBI Ha HYJIEBOM U HHBIX
YPOBHSX, KaKk M JUIsl JMHEWMHOTO OCLMLIATOPA, aHAJIOTMYHA, TO UCXOAS U3 TOYEUHOIO
pasMmepa DSJEKTpOHA, NPEACTABISIETCS IeeCO00Pa3HbIM PACCMOTPETh CIEIYIOUIYIO
MOJEIb.

[Ipenmonosxum, 4To JIsi TOUSYHON YACTHIIBI, COAepKaiell B cede BCIO Maccy U
3apsil DIEKTPOHA, CYIIECTBYIOT HYJIEBBIC BpAalllEHUS IO HEKOTOpOil coOCTBEHHOM
(BHyTpeHHE) opOUTEe aHAIOTMYHbIE HYJIEBBIM KojeOaHUsAM ocuwuisTopa. [Ipuuannoit
yIEPKUBAIOIICH B CpeJHEM JIEKTPOH Ha COOCTBEHHOW opOuTe MOTYyT OBIThH
¢bnykTyanuu (pusnyuecKkoro Bakyyma, THMA (UIYKTYyallMi 3acTaBIISIONUMX KOJEOaThCs,
npoxatb, cornacHo Illpemunrepy, snektpoH [l11], KoTopelMHM, KpoMe TOro, B
paccMaTpuBaeMoOd  MoJeNM  ONM3NEeKAIMe  AJIEKTPOHBI  MOTYT  COTJIaCOBaHHO
oOMEHMBATBCS MEXJIy co00H. BpaimieHne Mo OKpPYKHOCTM TOYKM SKBHUBAJICHTHO
OJTHOBPEMEHHOMY YYaCTHIO €€ B JIBYX MNEpHEHAMKYISIPHBIX CMEIICHHBIX Mo (daze
konebanuax [1,2]. Ormerum, ¢GiayKTyaluu Bakyyma, ACHCTBYIOLIME Ha 3apsDKEHHBIN
9JIEKTPOH, B OCHOBHOM JIOJDKHBI IPEJCTAaBIISATH COOOH (POTOHBI, 3IEKTPOMArHUTHBIC
BOJIHBI, T10J] AEUCTBUEM KOTOPBIX 3apsKEHHAsl YAaCTHIIA JIOJDKHA COBEPIIATH JIBUYKEHUS
Onmu3kue K BpamarensbHomy. JlaHHas Moxaens Onm3ka k wuaee ne  bpoitns 06
OCLHWUIATOpPaX B  KaXJ0M Touke DBceneHHOH, HACTPOEHHBIX HA  4acTOTy
paccmaTpuBaeMoro siekTpoHa [3].  3mech  Onu3nexamue  4YacTUIl  BMeECTe
HACTPaMBaIOTCA HAa YacCTOTy JPYT JApyra MOCPEICTBOM OOMEHa 3JIEKTPOMAarHUTHBIMHU
BOJIHAMH.
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YrtoOblI B paCCManHBaCMOﬁ MOZACIIN BCJIWYMHA CIIMHA COOTBCTCTBOBAJIA OILITY

HEOOXOAUMO BHIIOIHEHHE paBeHCTBA MV.F' =Hh/2  rtne ¥ - paguyc opoutsl, Y, -

CKOPOCTh YacTHUIlpl. OrpaHudeHre 001acTH BpalleHus: KOMITOHOBCKOM JJTMHON BOJIHBI
MPUBOJUT B JAHHOM CJIydae K 3HAYEHHIO CKOPOCTH YACTHIIBI Ha BHYTPEHHEWH OpOHUTE
CPaBHMUMOM CO CBETOBOW M, COOTBETCTBEHHO, K 3aMETHOM BEIMYMHE €€ KUHETUUYECKOMN
SHEPTUM BpAICHUS, KOTOpas OTCYTCTBYeT B (Qopmyie M SHEPTUU IMOKOsA. ITO
MPUBOJUT K BO3MOKHOCTH MPEAIOJIOKEHUS, YTO, IPAKTUUECKH, MACCA MTOKOS YaCTHULIbL,

KOTOpas HAaXOJWTCs Ha coOcTBeHHOH opbOure, B mokoe ( v.=0 ) amamormuno

KaJOpPOBOYHBIM TEOPHUSIM B OTCYTCTBHM XUITCOBOIO TOJIS, paBHa HYIIO [4,8].

YacTuiy Ha coOCTBEHHOH OpOHMTE MOXKHO Ha3BaTh CyOUYacCTHULICH AIIEMEHTapHOMN
YaCTHIIBI, TapaMeTpbl KOTOPOH Mbl HaOIronaeM. B gaHHOM ciydae MOXKHO IOJIOKUTH,
YTO Macca CyOuacTHIbl YBEIMYMBAETCS CO CKOPOCTHIO M OCOOCHHO OBICTPO MpH

NpuOIMKEHUH K CKOPOCTH CBeTa Tak, 4To Hpu V, =C—&, C>E s TOKOSIIErocs

AIIEKTPOHA OHA CTAHOBHUTCS PABHOW HAOJIIOaeMOM Ha OIBITE ero Macce nokost 7 :
myv r=my(c—&r=mycr=h/2, (1)

[IpenmnonokeHne 0 CBSI3U MEXaHUUECKOTO U MarHUTHOTO MOMEHTA C JIOKAJIbHBIM
JIBUKCHUM DJIEKTPOHA OBLIO MPEAyoKEHO HE3aBHUCHMO MHOTHMH aBTopamu [12-14].
Cy1iecTBEHHBIM MHTEpPEC BBI3BIBAECT JAHHBIM PE3Yy/ibTAT MOJIY4YaeMbIil M3 HalJIEHHOIO
[lIpenuHrepoM, MOATBEPKIEHHOTO IKCIEPUMEHTOM, CBOMCTBA APOKAHUS JJIEKTpOHA -
Zitterbewegung [11,15]. Onnako TeopeTndyeckue McCiIeOBaHHUS B JAHHOM Clydae HE
BCErJia YA0OHbI B CUJIY CJIOKHOCTH PacueToOB, OIPAaHMUYEHHS KJIacca pacCMaTpUBAEMBIX
yacTull. B cBA3M ¢ 3THUM MBI HCXOOUM M3 Oojiee MPOCTOM MOJENnH, B KOTOPOM
UCIOJIb3YeTCS HEOOJIBIIIOE KOJIMYECTBO MCXOMHBIX Mpeanonioxenuit. M3 ypasuenus (1)
MoJlydyaeM JJIsi 4YacTOThl BpAILlleHHs YacTUIBl HAa BHYTPEHHEH OpOHTE »3IIEKTpOoHa
PaBEHCTBO:

@y =2myc’ /T, ()
KOTOPOE COBIAJAET C YPABHEHUEM, CBSI3bIBAIOIIMM SHEPTHUIO IIOKOS AIEKTPOHA U
MO3UTPOHA C SHEpruel (oTOHA MPEBPAIIAIOIIETOCS B JaHHBIC YaCTHIIBI BOIH3H
MAacCHBHOTO siapa: had, = 2moc2 , TIOTJIOMIAOLIETO UMIYIbC (HO HE SHEepruo) (oToHa
[1,2].
U3 (2) Takxke ciieayeT XapakTepHoe JJIs aTOMHBIX OPOUT PaBeHCTBO (KPaTHOCTBD)

JUIMHEI BOJIHEI cyOuacTuist A, amune opouTsl I, :

Ly=clT =2ncld,=2nh/2myc=2nr=1. (3)

r
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Ecnu okpyxarouiye 3JI€KTpOH MPEAMETbl HENOJBUXHBI, KOTOPBIE JIOJIKHBI
BHOCUTb OCHOBHOW BKJIaJ B pacCMaTpMBAaEMOIl MOJIENM B €ro MOBEJIEHUE, TO CPEIHSIL
CKOPOCTb MX 3JIEKTPOHOB PaBHA HyJI0. byneM cuumrarh i IPOCTOTHI, YTO LEHTPHI
COOCTBEHHBIX OpPOUT IAHHBIX SJIEKTPOHOB HEMOABIKHBL. ECIN MpeamoioXuth, 4TO
ApokaHue (B Hallell MoOJeNM - BHYTPEHHEE BpAIlEHHUE) 3JIEKTPOHOB, Oiaromaps
B3aUMO/JIEHICTBUIO, CTAHOBUTCS COIJIACOBAHHBIM, TO MX JBMKEHHME JIOJDKHO CO3JaBaTh

CTOSIYYI0 BOJIHY 4acTOThl @&, , KoTopas Oyler yIepkuBaTb cyOuacTuily

paccMaTpuBaeMOro HaMH HEMOJIBUKHOTO DJICKTPOHA Ha COOCTBEHHOW opbure. B aTOM
cllydae CYIIeCTBOBaHHME paBEHCTBA (3) MOXKHO OOBSICHHUTH CIEIYIOIUM oOpazom. J{is
TOT0, YTOOBI B3aUMO/ICHCTBHE (TIOKOSIIETOCS ) AIEKTPOHA C 3JICKTPOMAarHUTHOW BOJIHOM,
UMEIOIIEH 4YacToTy, ompenenseMyio (opmynoi (2), UMeIo pe30HAHCHBIA XapakTep,
JaHHas BOJIHA JOJDKHA IPOXOIUTHh 4YEpe3 ONPEICIIEHHYI0 TOYKY €ro BHYTPEHHEH
OpOUTHI PacCTOSTHUE PABHOE JJIMHE €€ BOJIHBI 32 MEPHUOJ OIHOTO IMOJHOro 060poTa
YacTUIBI MO opOuTe. DTO HE NPOTUBOPEYUT TOMY, UYTO 3aPSHKEHHBIC YaCTHIIBI
oOMeHMBalOTCS  ()OTOHAMHM, 3HAUYUTEIILHOE KOJMYECTBO KOTOPBIX CIUBACTCA B
HEIPEPBIBHYIO NIEKTPOMArHUTHYIO BOJIHY.

bnaronaps mnpomonbHOoMy u momepeuHoMmy d¢pdexty Jlomsepa KapTHHA
B3aUMOJIEHCTBUS JIEKTPOMArHUTHBIX BOJH U JBMXKYILETOCS 3JEKTPOHA CYIIECTBEHHO
ycinoxHsiercs. Bo3HuMkaeT Bompoc, Kakas 4acToTa JOJDKHA COOTBETCTBOBATh
IBIDKYLIEeMYCsl 271eKkTpoHy? HalmronaTenb, MUMO KOTOPOTO IBIDKETCS DJIEKTPOH, B
pe3yiapTaTe 3aMeAJeHUs BPEMEHU JIOJDKEH BOCIHPHHMMATh €ro 4acToTy paBHYIO

@ =d N1-v2/c? [2]. Ho »5To 4YacToTa, C KOTOpOH JBIKYIIHMICS, OJIEKTPOH
BO3/ICHCTBYET Ha HEMOJBMKHOE OKPYIKEHHE.

C npyroil CTOpOHBI, B CHJIy MHBaPMAaHTHOCTH ABMXKYILHXCSI CUCTEM COIJIaCHO
paBeHCTBY (2) ABMKYIIEMYCS 3JIEKTPOHY IOJKHA COOTBETCTBOBATh YacTOTA!

@=2mc* [ h=Q2mc* INI=V /) =@, IN1-V' /. (4)

YacroTa, ompeznensemas ypaBHEHUEM (4), OOJDKHA COOTBETCTBOBATh TaKKe
yacToTe (POTOHA PONKAEHHOTO SIIEKTPOH — MO3UTPOHHOW Mapoil KaKaas W3 YacTHUIl
KOTOPOH JBMKETCSI CO CKOPOCThIO V . [l COXpaHEeHUsl UMITyJIbca HEOOXO0UMO, YTOOBI
3TO TPOMCXOJMIO BOIM3M MAaCCHBHOTO S/Ipa, UMEIOIIEr0 TaKyko ke CKOPOCTh. Takum
o0Opa3oMm, BOJHAa JaHHOM YacTOTHl PEATbHO MOXKET B3aWMOJCHCTBOBATH C BOJIHOU

OKpYyXeHHus dekTpoHa. OnpenenseMyro ypaBHeHHEM (4) 4acTOTy BOJHBI () MBI OyaeM
MpeAnoJiaraTh COOTBETCTBYIOLIYIO JABHXKYIIEMYCS AJIEKTpoHy. Mcxoas W3 3TOro, Mbl
MOXEM MPEJICTABUTH MMOBEJCHUE JIEKTPOHA B BUJIE CYNEPHO3ULIUU ABYX IUIOCKUX BOJIH
¢ gacrotamu @, u (¥ OJMHAKOBOW, M3-3a PABHOTO B3aUMOJEHCTBHS, AMILIMTY/IbI.

OtmeruM, nipu 3HaueHHAX V << C moJydeHHbIC HU)KE Pe3yIbTaThl ISl JUTMHBI BOJHEI
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ANIEKTPOHA HE 3aBUCAT OT TOrO, KaKas M3 4acTOT () WM (), ObUIa B3sTa, HOCKOJIBKY

|65—600| ~ |651—650| ~ 650\/'2 /2¢”.
HeCOBHa,Z[CHI/Ie qacToT W, u (U B paccMaTpUBAEMOM CIIydae JOJDKHO BJIUATH
0 y

Ha TOBEJIEHHE JABIKYIIETOCs SJIEKTPOHA co3faBas 0o01acTH B OoJiblIeld M MEHbIICH
Mepe OJarompusTCTBYIOLIME MECTOHAXOXACHUIO 3JIEKTpOHA. BpaieHue TOUYKd 110
KPYroBoil OpOUTE SBIAETCS HAJIO0KEHUEM [BYX MEPIEHAUKYISPHBIX JIMHEHHBIX
KonebaHuid. PemeHneM Ui OCHMIIIATOPAa C TapPMOHUYECKOM BBIHYKJAIOIIECH CHIION
Oyzner nuHeWHas KOMOMHAIUs JBYX TapMOHMYECKUX Kosebanuid. Kak Mbl yxe
OTMEYaJIY, IO JACHCTBUEM IUIOCKOM JJIEKTPOMArHUTHOM BOJIHBI 3apsKEHHas 4acTULA
COBEpILACT JABWKEHUs ONM3KUE K BpamiarenbHbIM. OCHOBBIBASICH HA 3TOM MBI MOXXEM

NPEJCTaBUTh MOBEACHUE SJICKTPOHA HAIOKECHUEM JBYX IUIOCKUX BOJIH YacTOT 660 "
@ c OJIMHAKOBOM, B CHJIy PaBHOI'O B3aUMOJEHUCTBUS, aMIUIUTYA0U. ToYHas BeIM4YUHA
MOJIy4aeMoil CyMMBbI KOJIeOaHUH JIBYX BOJIH, @ TAKKe MX MPHOIMKEHHOE 3HAYCHUE IS
ciayuas @R @), (V<<C)Moryr GbITh IPSACTABICHEI B BUAE [2]:

u=a-cos(,t— lgox) +a-cos(dt —kx) = v (t,x)p(t,x)=2a-cos(Aw-t/2 - 5)
—AK -x/2)cos[(@, + @)t /2 — (ky + k)x /2] = 2a cos(wt — kx) cos(@,t — kyx)
rae o=(0-@)/2=Aw/2, k=(/€—/:’0)/ 2=Nc/2 . Jlis BOJNH ¢ OJM3KMMM YacTOTaMH,
COOTBETCTBYIOIIUX IMOCJEAHEMY PAaBEHCTBY, IEPBBIA OCHMJUTUPYIONUI MHOXHUTEIb
BBICTYTIACT B POJIM AMILIMTY/IbI POLIECCY BHICOKOM YacTOTH @ , .

B wacTHOCTH, U1s1 JOTOHOB KBaApaT aMILTUTYbBI OMPECIIieT UHTEHCHBHOCTD, a
MOCJEAHSISI - BEPOSITHOCTh HAXOXK/ICHUS B IPOCTPAHCTBE YaCTHUI[bl. BriosiHe TOrMYHO B
JAHHOW MOJIEJH MPEANOI0KHUTH, YTO aMIUIUTY1a KOJeOaHUl BBICOKON YaCTOTHI HTPAeT
aQHAJIOTHYHYIO POJIb JUIs deKTpoHa. Mcmonb3ys (4), (5) 3anuiieM npubImKkeHHOe
3HAUYEHHE IS YaCTOThl @ TMpHu v << ¢ . B pe3ynbrare noisyyaeM JUisi JAHHOTO CIIydas
ypaBHeHue ae-bpoiins, cBsA3bIBarOIIEe 4YacTOTY U dHEPTHIO [1]:

wo=Ad/2=(@-d,)/2=my*/2h=E /h. (6)

I[J'DI MOAYJId BOJIHOBOTO BCKTOpPa k BHCKTpOMaFHHTHOﬁ BOJIHbI OJIMHBI /lw

HNMEECM:

k=2 /A, =Nk /2= (k—ky)/2=@,(1/N1=v*/c* =1)/2c ~ @* / 4c® =myv* | 2¢h . (7)
Mopyns amMIIUTy[abl, ONPENEIAIONIEH BEPOSTHOCTh HAXOXKIECHHUS B IIPOCTPAHCTBE
3JIEKTPOHOB, MpETEPIEBAET OJMHAKOBBIE M3MEHEHHS Ha JJIMHE TNONYyBOJHBI A, /2 .

VYuuteiBass 310 W ucnons3ys (7), monaras, 4YTO OTHOILIEHHE CKOPOCTEH
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3JIEKTPOMArHUTHOU BOJIHBI U 3JIEKTpOHA paBHO C / V, MBI IPUXOJIUM K YPAaBHEHHIO JI€
Bpoiins anst nomuael Boaws [1,3]:
A=A, 12)(c/v)=[Q2r/k)/2]/(c/v)=h/myv. (8)
B  nmanmHOM  ciydae  pe3oHAaHC ~— BTOpPOro  MOpsiAKa -  MOBTOpSIOLIEHCS
MOCJIEJIOBATEILHOCTA HEPE30HAHCHOTO B3aMMO/ICHCTBHS BOJIHBI U AJIEKTPOHA OyHeT, B
YaCTHOCTH, CYIIECTBOBaTh Ha OpOMTaX aToMa, JJIMHA KOTOPHIX KpaTHA JIMHE BOJIHBI
AJEKTPOHA.

[TockonmpKy aMIITUTYyJa BBICOKOYACTOTHBIX KOJIEOAHWU, KaK Mbl BUIAUM U3
ypaBHeHUs (5), MpencTaBiIsieT co0OW BOJIHY, TO PELICHUE s Hee, KaK OOBIYHO st
BOJIH, JIOJDKHO HAXOMUThCA W3 JAU(PQPEpEeHIIMATBHOTO YpaBHEHUs, CBS3BIBAIOIIECTO, B
KOHEUYHOM CueTe, 3HA4YeHUsT YacTOThl W JUIMHBI BOJHBL. 3HAas CBSI3b MEXAY

KMHeTHuecKoil sHeprueit £, u ummynscom P, onpenensromux 3Hauenus (O u A,

MBI MOKEM TI0JIyYUTh JAaHHOE ypaBHeHue. Benem oneparop & mepeBoismmii CMHYC B
KOCHHYC W HAo0OpOT, POJb KOTOPOTO MOXET WrpaTh MHUMAas €IWHHIIA, B3aMMHO
npeobpasyronas peagbHyl0 ¥ MHUMYIO (SIN M cOS ) 4acTh KOMIUIEKCHOM BEJIMYUHBL

Jenas sameny E, = E=E, +U | npusogamyio x nob6aske B ypaBuenue UV | rne

U(x,y,z) - TIOTEHIMAJIbHAs SHEPTUsl, Mbl IpuxoAuM K ypaBHeHuto Llpemunrepa [11],
MIO3BOJISIIOIIEMY HAXOIUTh PELIEHUE B KOMIUIEKCHOM BHUJIE:

. 2

i@y 1 0t) = —(h> | 2m)Ay + Uy .

IIpy mnomydeHun AAWMHBL BOJHBI DJIEKTpOHA (8) MBI, B YacTHOCTH, IO
BBIIICYKa3aHHBIM IIPUYNHAM, YMEHBIININ JUTUHY COOTBETCTBYIOIIEH
AIIEKTPOMArHUTHOW BOJNHE, BXoasmied B (7), BIBOE. AHAJOTUYHO MBI JIOJDKHBI OBLIH
BIBOE yBEIMYUThH 4yactoTy (6): @ =2-E,/h . B ypasnenuu Illpenunrepa mnpu
oreparope IJisi SHEPTUHU B 3TOM Cily4yae, YTOObl COXPAaHMIIOCh PaBEHCTBO, JOJDKEH TOTa

MOSIBUTHCS MHOXKHTENb 1/2, KOTOPBIM COKPAIIAeTCsl C aHAJIOTUYHBIM MHOXKUTENIEM TPH

omepaTope UMITyIbCOB. Da3oBasi CKOPOCTh, ompeensseMas GopMyIoi v=w/k, 8 stom
cllydae paBHa CKOpocTH 4acTuilbl. OTHAaKO B COOTBETCTBUU C (5) OHA OyAET SIBISTHCS

TPYIIIOBOIi cKopocThio [2]: V=a0/ k=Aw/ Nc. ®azosas CKOpOCTb, olpenenseMas u3
(5), B paccmarpuBaeMoM cCilyyae paBHa CKOpOCTH cBera [2]: vV, = @,/ k,=c, uro

SIBJISIETCSL OXKMJIAEMBIM PE3yJbTaTOM, MOCKOJIBKY B 3TOM Cily4yae MEepBOHAYAIbHBIMU
00pa3yroImuUMHU Pe3yabTUPYIOIICH BOJIHBI SBISIOTCS YJIEKTPOMATHUTHBIC BOTHBIL.

BwmecTte ¢ TeM, MOCKOJIBKY Ha ONBITE YacToTa e bpoiiss, B OTIM4M#e OT ITMHBI
BOJIHBI, HE MOIa€TCA U3MEpPEHUIO [ 1], TaHHOE N3MEHEHHE YaCTOThl B pacCMaTpUBaeMOn
MO/ MPAKTHUYECKH HU YTO HE M3MEHUT. B CBSI3M C 3TUM MOXKHO Mojararb, 4YTo B
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dbopMyIe Ui 9acTOTHl B JAaHHOM IOAXOJI€ HU YTO HE HYKHO MEHSTh. TOJIEKO B 3TOM
cillyyae NOpH MOJCTAHOBKE SHEPIMM M HUMIYJbca (MacChl M CKOPOCTH YaCTHUIIBI) B

BbIpaxkeHue @ =kv (cormacuo BBIIICCKA3aHHOMY OKBUBAJICHTHOE A @ = Akv )
PaBEHCTBO HE OYNET BBITIOJHATHCS.

B nmanHOi Mopmenu cyOwyacThna Ha OpOUTE MABHMIXKETCS C  OKOJIOCBETOBOM
CKOpPOCTBIO U B OTCYTCTBUH JBIDKEHHMsS 00NanaeT HyleBOHl maccoil. B cBs3u ¢ atum
BOIPOC T'HPOMAarHUTHOTO OTHOIIEHUS JJs D3JEKTpPOHA B OITOM cliydae TpeOyer
CIeUUaNbHOr0 HccienoBanus. OTMETHM, BBIYMCICHHBI aHOMaJbHBIH MAarHUTHBIA
MOMEHT 3JIEKTPOHA B MPEINOJOKEHUN €ro APOXKaHUA B 00JACTH KBAHTOBOTO pa3Mepa
JaeT XOPOILIee COIJIacue CO 3HAYEHUEM paHee MOIy4YeHHbIM 171 Hero [lIBunrepom [16].

BonnoBast ¢yHKuus, BBICTYHas B KadecTBE HHM3KOYAaCTOTHOTO MHOKHUTEIS
ypaBHeHHUs (5), XOpOIIO OMUCHIBAET OOJACTh BBIIIE KOMITOHOBCKOHM UIMHBI BOJIHBI,
BHEIIHEE [IOBEJEHUE MMKPOYACTULIBI B 3HAYUTEIBHOM JMala30HE €€ CBOMCTB
HE3aBUCHMO OT BTOPOTO MHOXKHUTENA. MOMKHO MpEANonokuThb, YTO BBICOKOYACTOTHAsS
(GyHKIUS JOJDKHA OTHMCHIBATH MOBEICHUE HIIEKTPOHA B MaciTadaX KOMITOHOBCKON €ro
JUTUHBI BOJIHBI, @ IMEHHO, CyOYaCTHIIBI AJIEKTPOHA, U TaKXKe B 3HAYUTEIHHON 00JIacTH
HE3aBHCHMO OT IIEPBOI'O MHOKUTEIS.

Juddepennunanbioe ypaBHEHHE JJIss  BBICOKOYACTOTHOW — (yHkuuu P
paBeHcTBa (5) B MPENIoOJIOKEHHH, YTO CKOPOCTh YacTUIl Ha COOCTBEHHOW opOuTe

V. R C, a CKOpOCTh LIeHTpa opouThl V << C, B CHIJIy TOTO, YTO €€ PELICHUIO, PEX/IC

BCEro, J0JDKHA YIOBJIETBOPATh GyHKIms @(f,Xx) = cos(@yf — kyX) , umeeT Bu:

1/ % p(E, 1)/ 0(t)*1- Ap(F,1) = 0.

MIOOH SBISE€TCS 4YaCTULEH, AHAJIOTMYHOM DJIEKTPOHY, OTIMYAIOLICHCSA OT HEro
BenuuuHOM Maccel [4,7]. CrnenoBarenbHO, AJii HEro, MO-BUJIMMOMY, CHpPaBEIJIUBbI
BBIBO/IbI, aHAJIOTUYHBIE BHIIICIPUBEACHHBIM. B 1aHHOW MoOjenn BOJIHOBBIE CBOMCTBA
HEUTpPaTbHBIX YACTUIl MOTYT OBITh OOBSCHEHBI TEM, UYTO OHU COCTOST U3 3apsHKEHHBIX
YaCTHII.

BonHOBEIMEM cBOCTBaMU 00NAarOT BCE DIIEMEHTApHBIE YacCTHIBL. MOXHO
MPEANOJIOKUTh, YTO YaCTHIbl, BXOJSIIME B COCTaB »JJIEMEHTAapHBIX YaCTHII,
o0nafarmmx Maccoil MOKOs HE PaBHOUM HYIIO, COBEPHIAIOT 1O CBOUM BHYTPEHHHUM
opOUTaM JIOKaIbHBIC BUKCHHS aHAJIOTUYHBIC JIBUKEHHUIO AJIEKTPOHA B 0OJIACTH CBOETO
KBaHTOBOTO pa3Mepa. CylIecTBOBAaHME JAHHBIX MEPHOJUYECKUX IMPOIECCOB B
AJIEMEHTapHBIX YacTUIaX HE MPOTHUBOpeunuT CTaHIApTHOW MOJENH, SKCIIEPUMEHTY, B
COOTBETCTBUU C KOTOPBIMHU CTPYKTYPY 3JEMEHTAPHBIX YACTHI] COCTABISIOT TOYECUHBIE
yacTuusl [4,7].
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