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Abstract
Existence of zero rotations for point particles with nonzero rest mass in the field of
their quantum size 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.
Keywords: wave function, energy, mass, wavelength, frequency, spin, charge.

Now in the field of physics of elementary particles essential successes reached [1-7].
At the same time, in comparison with research of the phenomena occur in atom, internal
properties of elementary particles was not enough studied [3-5]. The equations describing
the processes occur in elementary particles, were obtained on the basis of the gauge theory
of Yang - Mills [1,5]. 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 for describing the internal behavior of elementary particles [1,5], 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 behavior of an electron within its quantum size simple model, like of
Bohr model for atom.

During creation of 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 =7%wn to the generalized coordinates and
impulses transition is made [8]. In this case for angular momentum of an electron
expression follows: M =r#n [8]. Similarly, at the description of the linear oscillator
considering zero fluctuations: E =7w(n+1/2). let's pass to the generalized coordinates

and impulses. 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 =Hn(n+1/2). Here the composed %/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 Schrddinger an electron [9] 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 [8,10].
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 [11]. 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 ¥ =% /2  where 7' - 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 gauge theories in the absence of the Higgs field is zero [1,5].

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%):

myvr=my(c—&)yr=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 [9,15]. 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:

A, =2myc’ /|, (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:

ha, =2m,c 2 absorbing the momentum (but not energy) of the photon [8,10].

Equality (multiplicity) of wavelength of a subparticle 4, and length of its orbit /, ,

which is typical for nuclear orbits, also from (2) follows:
ﬂfoch=27rc/a30=27rh/2moc=27rr=lr. 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 @ =@, Vi-v2/c> [8]. 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=2mc” 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,

3



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
|a3—a30| ~ |661—660| ~ 660\12 /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 O~ C?)O, (V<) can be represented as [8]:
u=a-cos(a,t— lgox) +a-cos(ot - lgx) =y (t,x)p(t,x)=2a-cos(Awd-t/2 -

—AK-x/2)cos[(@, + @)t /2~ (K, +k)x /2]~ 2acos(at —kx)cos(@t — kyx)
where o=(0—@)/2=Ad/2, k=(l€—l:’0)/ 2=Nc/2. For the waves with close frequencies

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

(5)

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 [10]:

0=Ad/2=(d-0,)/2=~my>/2h=E, /h. (6)
For the module of a wave vector kK of an electromagnetic wave of length lw it is had:
k=2r/A, =Ak12=(k—ky)/2=0d,1/N1=v?/c* =1)/2¢c~dy* | 4c = my? 1 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: A, /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 [10,11]:
A=A, /12)I(c/v)=[2r/k)/2]/(c/v)=h]myy. (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 impuls p, defining @ and A values,

we can receive this equation. Let's enter the operator & 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 +U

leading to an additive in the equation of Uy where U(X,),z) - potential energy, we come
to Schrodinger's equation [9] allowing to find the solution in a complex look:
ih(0y 10t) = —(h* | 2m)Aw + 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, /. 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=a@/k in this case is equal to particle speed.

However according to (5) it will be group speed [8]: V=a/k=Aw/ Nk . The phase speed
determined from (5) in the case under consideration is equal to velocity of light [8]:

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 experience de Broil's frequency, in difference from
wavelength, does not give in to measurement [10], practically this change of frequency in
the considered model nothing will change. In this regard it is possible to believe that in a
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 particle) in expression of

o = kv (according to the aforesaid equivalent A@ = Akv ) 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.

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, = €, 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 — IEOX) it is as follows:

(1/ P p(F,1)/ 8(t) 1~ Ap(p,£) = 0.

The muon is a particle similar to an electron, the size of mass differing from it [1,4].
Therefore for it the conclusions similar the aforesaid are apparently fair. In this model
wave properties of neutral particles can be explained to that they consist of charged
particles.

All elementary particle possess of wave properties. It can be assumed that the
particles that make up the elementary particles with not the zero rest mass, make on the
internal orbits the local movement similar to the movement of an electron in the field of the
quantum size. Existence of these periodic processes in elementary particles does not
contradict Standard model in which the elementary particle consists of dot particles [1,4].
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Russian translation

BuyTpeHHuUEe npo1iecchl ¥ BOJTHOBBIE CBOMCTBA MUKPOYACTHII.
C. C. BunbkoBckuit
E-mail:metglas@ji.ua

[Ipenmnonaraercsa cynieCTBOBaHHUE HYJIEBBIX BPALLEHUH JJI1 TOUYEYHBIX YaCTHI]
OTJIMYHOM OT HYJIS MAcChl TIOKOSI B 00JIACTH MX KBaHTOBOTO pa3mepa. [lomyiieHue o
COINIACOBAaHHOM B3aMMOJICCTBUM TAHHBIX HYJIEBBIX BPALlCHUN YKA3aHHBIX BBIIIE YACTHULL
MPUBOJIUT K BO3MOXKHOCTHU OIMCAHUS UX BOJHOBBIX CBOMCTB.

KiroueBble ciioBa: BoJIHOBas ()YHKIIHSI, DHEPTHs, Macca, JIMHA BOJHBI, 4YaCTOTA, CIIUH,
3apsi.

B HacTosmiee Bpems B 001acTH (GU3UKU 3JIEMEHTAPHBIX YaCTHUI] ObLTH JOCTHUTHYTHI
CyllecTBeHHbIe ycnexu. [1-7]. BMmecte ¢ Tem, B CpaBHEHUU C HCCIEJOBAHUEM SIBJICHUM,
MPOUCXOASIINX B aTOMe€, BHYTPEHHHUE CBONCTBA 3JIEMEHTAPHBIX YACTHUI[ HE SBISIOTCA
JIOCTAaTOYHO M3Y4YEHHBIMH [3-5]. YpaBHEHHs] ONMUCHIBAIOLIUE MPOLECCHl MPOUCXOMASIINE B
AJIEMEHTAPHBIX YaCTUIAX OBUTH TMOJIyYeHBbI HA OCHOBAaHWH KaauOpoBOYHOU Teopuu SHra —
Munnca [1,5]. Kak © ypaBHEHHS KBAHTOBOW SJEKTPOJAMHAMHUKH JJii  aToOMa,
IIPOJOJKCHUEM PA3BUTHUS KOTOPOM OHM SIBJIAIOTCS, ypaBHEHHs Teopuu fHra — Muiuica
MPEAIOJIArarT MOJTYyYEHUE JOCTATOYHO TOYHOU U MOJHOW KapTUHBI ONMCAHUS SIBJICHUI. B
CBSA3U C BAXXHOCTBIO PEIICHHUS AAHHOTO BOIPOCA HA 3TOM COCPEAOTOYECHBI OCHOBHBIC
ycUIusi COBpeMeHHOW (u3uku. BmecTte ¢ TeMm, C TOUYKHM 3pEHHS OIbITa YCIEIIHOTO
JOCTH>KEHHSI ONKCAHMSI CTPOCHUSI aTOMa, B 3TOM Cllydae MPEACTaBISAETCA KelaTelIbHbIM
MMETh OTHOCHUTEIIbHO HECIIOXKHYI0 TEOPHI0 OMNHUCAHUS CTPOEHUS MNPOCTEUIIUX
3JIEeMEHTapHbBIX YaCTHULl, KAaKOM SIBIIsIETCS, HaIpuMep, Teopust bopa asns aroma.



B cBs3u ¢ 3TUM, B CUJly HEBO3MOKHOCTH B HACTOSILEE BPEMS PELICHUS B IOJHOU
Mepe ypaBHeHMM Tuna SHra-Mwica U4 OnMCaHUA  BHYTPEHHEIO  IIOBEICHMS
AJIEMEHTApHBIX YacTull [1,5], mapainenbHO COBPEMEHHBIM HCCIEIOBAHUSAM, MOXKET OBITh
MOJIC3HBIM pa3paboTKa OTHOCUTEILHO HECIOKHOM M TIOHATHON MOJIEIH OMMCaHUsI CBOMCTB
MPOCTEUIINX 3JIeMEHTAPHBIX YacTull. C 3TON 1EeNbI0 MOMBITAEMCS OMKUCATh MPEXKE BCETO
MOBEJICHUE JJIEKTPOHA B IPEAENAaX €ro KBAaHTOBOTO pa3Mepa IPOCTOM MOJEIbIO, THIA
Mozenu bopa st aroma.

B mepuona cosmanusi GOpOBCKOW MOJAETH aTOMa OTCYTCTBOBAIHM TAaKHE TOHSTHSA,
KaK CIHH YacTwil, (pusndeckuid BakyyM. [lonpoOyeM ydecTh NaHHBIC SBIICHUS.

B teopun aroma Bomopoaa bopa nmpouszBoauTCs nepexol B ONMCAHUU KBAHTOBOI'O
JUHEHHOTO OCHWUIATOpa, HE Y4YUTHIBAIOMmIero cmuH: FE =hon, K 0000IEHHBIM
KoOpAMHaTaM M uMmiyibcaMm [8]. B 3ToM ciydae 1yisi MOMEHTa KOJIMYECTBA JBUXKECHHS
AJIEKTPOHA clieayeT BblpaxeHue: M =hn [8]. AHaNOrM4HO, MPU OMUCAHUHU JIMHEHHOTO
OCHWJUTSITOPA, YYUTHIBAIOUIETO HYyJEBble KoneOaHus: E =ho(n+1/2), mepeiaeM K

000OIICHHBIM KOOpPJAMHATAM W WMMITYJIbCaM. 3aTeM MepeiieM K YacTHOMY CIIydYaro
BpaIaTeIbHOTO JBIXKEHHUS. B 3TOM cilyyae ypaBHEHHE JIi MOMEHTa KOJMYECTBa
JBUKEHUS BJIEKTPOHA B aToMe Bojopoaa npuHumaer Bup: M =h(n+1/2). 3pecw

cmaraemoe /i/2 COOTBETCTBYeT CHHMHY 4YacTHIbl. Ecinu monmaraTh, 4YTO KapTHHA
BpAILATeILHOTO JIBWKEHUSI YAaCTHUIIbI HA HYJIEBOM M MHBIX YPOBHSX, KaK M JJIsl TUHEHHOTO
OCLMJUISITOPA, aHAJIOTUYHA, TO UCXOJS U3 TOYEUHOIO pa3Mepa AIEKTPOHA MPEICTaBIISIETCS
1eJIecO00pa3HbIM PACCMOTPETH CIAEAYIOIIYIO MOJICIb.

[Ipenanonoxum, 4To JUIsi TOYEYHOW YAaCTHIIBI, COJepXkaiel B cebe BCIO Maccy H
3apsii  3JEKTPOHA, CYIIECTBYIOT HYJEBBIC BpALICHHUS II0 HEKOTOPOH COOCTBEHHOM
(BHyTpeHHEl) opOWTe aHAJOTMYHBIE HYJIEBBIM KojebaHusM ocumuiitopa. IlpuunHoii
yICpKHUBAIOIIEH B CPEIHEM IEKTPOH Ha COOCTBEHHOW OpOMTE MOTYT OBITH (PIyKTyaluu
¢u3nyecKkoro Bakyyma, THMa (GayKTyalnuil 3acTaBIsSIOMINUX KOJIeOaThCs, IPOKaTh, COTTIACHO
[penunrepy, 31ekTpoH [9], KOTOpbIMHM, KpOME TOr0O, B paccMaTpUBAeMON MOJENN
Onu3IexaIue 3JIeKTPOHbI MOTYT COTVIACOBAHHO OOMEHHMBAThCS MEXy co0oii. Bpamenue
II0 OKPY)KHOCTM TOYKM DSKBHBAJIEHTHO OJHOBPEMEHHOMY Y4YacCTHI0 €€ B JIBYX
MEPIEeHIUKYIAPHBIX CMEIIeHHbIX 1o (aze konebanusx [8,10]. Ormerum, Qaykryanuu
BaKyyMa, JCHUCTBYIOIIME Ha 3apsDKEHHBINA AJIEKTPOH, B OCHOBHOM JIOJDKHBI MPEICTABIAT
co00i (HOTOHBI, HJIEKTPOMArHUTHBIC BOJHBI, MOJ JACHCTBHEM KOTOPBIX 3apsDKCHHAS
YacTHIa JIOJDKHA COBEpLIaTh JBMXKEHUS OJIM3KME K BpamjareabHoMy. [laHHas Mojenb
6nu3Kka k uaee ae bpoiing 06 ocruuiaTopax B Kakaod Touke BeeneHHON HacTpOEHHBIX Ha
4acTOTy paccMarpuBaemMoro siekTpona [11]. 3nmech Onmznexamye 4YacTHIBI BMeECTe
HACTPaMBaIOTCS Ha 4YacTOTy JAPYr JApyra MOCPEICTBOM OOMEHa 3JIEKTPOMarHUTHBIMU
BOJIHAMH.

YroObl B paccMaTpUBaeMO MOJETH BEIWYMHA CIIMHA COOTBETCTBOBAJA OIBITY

HEoOXOJMMO BBINONHEHUE paBeHcTBa MV, =Hh/2  rme ¥ - pamuyc opbuts, V. -

CKOpOCTh yacTuibl. OrpaHnueHue 00JIACTH BpAIICHHS KOMITOHOBCKOW JJTUHOW BOJIHBI



MPUBOJIUT B JAHHOM Cllydae K 3HAYCHUIO CKOPOCTH YacCTHUIBl HA BHYTPEHHEH opOuTe
CPaBHMMOM CO CBETOBOW W, COOTBETCTBEHHO, K 3aAMETHOW BEJIIMYMHE €€ KUHETUYECKOU
SHEPrUM BPAIICHHS, KOTOPAsi OTCYTCTBYET B OopMyJie ISl SHEPTHH MOKOS. DTO MPUBOIUT
K BO3MOJKHOCTH MPEANOJIOKEHUS, YTO IMPAKTHYECKM Macca MNOKOsS YaCTHIbl, KOTOpas

HAXOAMTCS Ha coOCTBeHHOH opbure, B mokoe (V,=0), amamormuno kamm6pOBOYHBIM

TEOPUSIM B OTCYTCTBUH XUITCOBOTO I0JIsI, paBHa HyJto [1,5].

Yactuiy Ha coOCTBEHHOW OpOMTE MOXHO Ha3BaTh CyOUaCTHIICH SJIEMEHTApHOU
YaCTHIIBI, TApaMeTPhl KOTOPOH Mbl HabIOAaeM. B 1aHHOM cilyyae MOXHO IOJIOKUTH, YTO
Macca cyO4acTUIbl YBETUUYHUBACTCS CO CKOPOCTBIO U OCOOCHHO OBICTPO MPH MPHOIMKEHUH

K CKOPOCTM CBeTa TakK, yTo mnpu V. =C—&, C>>E nus MOKOSIETocs 3JIEKTpPOHA OHa
CTaHOBUTCS PaBHOM HaOJI01aeMOM Ha OTIBITE €r0 Macce Mokos M :

myvr=my(c—&)yr=mycr=h/2, (1)

IIpenmnonoxenue o CBA3M MEXaHMYECKOI'O U MAarHMTHOT'O MOMEHTA C JIOKaJIbHBIM
JBIDKEHUM DJIEKTPOHA OBUIO MPEUIOKEHO HE3aBHCHMO MHOTMMHU aBTopamu [12-14].
CyliecTBEHHBIM HMHTEpPEC BBI3BIBAECT JAHHBIN PpE3yJIbTaT IOJIy4aeMbI M3 HalJIEeHHOTO
[lIpenuHrepoM, NOATBEPKACHHOIO 3KCIEPUMEHTOM, CBOWCTBA JPOKAHUS DJIEKTPOHA -
Zitterbewegung [9,15]. OgHako TeopeTUUYEeCKHe UCCIeIOBAHUS B JAHHOM CIIydae HE BCeraa
yI0OHBI B CHITYy CJIOKHOCTH PacdyeToB, OTPaHUYEHHUS KJIAcCa pacCMaTpUBAaEeMbIX yacTull. B
CBSI3M C A3TUM MBI HMCXOAMM M3 Ooyiee TPOCTOH MOJeNu, B KOTOPOH HCIOJIb3YyeTcs
HEeOOJIBIIOE KOJIMYECTBO MCXOTHBIX IMpeanoioxeHuidl. U3 ypaBHenus (1) momyuaem uis
YaCTOTHI BPAIIEHHUs YACTULIBI HA BHYTPEHHEH OpOUTE 3JIEKTPOHA:

~ 2
@y =2myc” /1, (2)

KOTOPOE COBIAIACT C yPAaBHEHHEM, CBS3BIBAIOIIMM SHEPIHIO TOKOSI JJIEKTPOHA H

II03UTPOHA C SHeprueil pOTOHA MPEBPALIAIOLIErOCs B JAHHBIC YACTHIIBI BOIH3H

~ 2
MacCUBHOTO sifpa: i@, = 2mc” , MOTJIOMAIONIETO UMITYJIbC (HO HE SHEPTHI0) (POTOHA

[8,10].
W3 (2) takxke cieayeT XapakTepHOE JUI aTOMHBIX OpOUT PaBEHCTBO (KPAaTHOCTD)

JUIMHBI BOJHEI CyO0UacTHIE! A, 1iHe opOuThl /,

ﬂfoch=27rc/a30=27rh/2moc=27rr=l. 3)

-

Ecnun okpyxaromue 3JI€KTpOH NMPEAMETHI HEMTOABUKHBI, KOTOPBIE TOJKHBI BHOCUTD
OCHOBHOM BKJIaJl B PaCCMaTpPUBAEMON MOJEIU B €r0 MOBEACHUE, TO CPEIHAS CKOPOCTb UX
SJIEKTPOHOB paBHA HYNIO. byaem cuumraTh JUIs MPOCTOTHI, YTO HEHTPBI COOCTBEHHBIX
OpOUT AaHHBIX JIEKTPOHOB HEMOJBKHBI. ECIU MPEnoaokKuTh, 4To IpokaHue (B HalleH
MOJIEIM - BHYTPEHHEE BpAIlCHHE) AJIEKTPOHOB, OJaronaps B3aMMOACHCTBHUIO, CTAHOBUTCS

COIJIaCOBAHHBIM, TO HUX JIBUKCHHUC NOJDKHO CO34aBaThb CTOAYYHO BOJIHY YaCTOTBI 5)0,

KoTopasi OyneT yIep)KuBaTh CyOuYacTHIly paccMaTpUBAeMOrO HaMH HEMOJBH)KHOTO
AIIEKTPOHA Ha COOCTBEHHOM opOuTe. B 3TOM Citydae cymiecTBoBaHUE paBeHCTBA (3) MOXKHO



OOBSACHUTH chenyromuMm obOpa3zoMm. s Toro, 4roObl B3aMMOJEHCTBUE (MOKOSIIETOCS)
AJIEKTPOHA C DIIEKTPOMATHUTHOW BOJHOW, UMEIOIIEH YacTOTy, ompeensieMyio (hopMmynon
(2), uMeno pe30HAHCHBIA XapakTep, JaHHAs BOJIHA [JOJDKHA MPOXOAUTHh Yepe3
OTIpeITICHHYI0 TOYKY €r0 BHYTPEHHEW OpOUTHI pacCTOSIHHE PaBHOE JJIMHE €€ BOJHBI 32
MEPHUO/] OJTHOTO IMOJIHOTO 000pPOTa YAaCTHUIIBI IO OpOUTE. ITO HE MPOTUBOPEUUT TOMY, UTO
3apsKCHHBIC YaCTUIBI OOMEHHMBAIOTCS (POTOHAMH, 3HAUUTENHHOE KOJIMYECTBO KOTOPBIX
CIIUBAETCS B HEMPEPHIBHYIO AIEKTPOMArHUTHYIO BOJIHY.

bnaromapss mnponmonsHOMYy U momepeuyHoMy a¢dexty [omnmepa kapTuHa
B3aMMOJICHCTBUSL DJIEKTPOMATHUTHBIX BOJH M JBIIKYIIETOCS JJIEKTPOHA CYIIECTBEHHO
ycloxkHsieTcsi. Bo3HHKaeT BOIpoc, Kakasi 4acToTa JOJKHA COOTBETCTBOBATH JBIKYIIIEMYCSI
anektpony? HaOnrogarenb, MHMO KOTOPOTO JABMXKETCS DJIGKTPOH, B  pe3ylbTaTe

3aMeJIeHHs BpeMEHH J0IDKEH BOCIPUHMMATH €r0 YacTOTy PaBHYIO @, = @, N1-v2/c? [8].

Ho 510 wacrora, ¢ KOTOpPOM HNBMXKYIIMICS, JIEKTPOH BO3IACHCTBYET Ha HEIOIBHKHOE
OKPYKEHHE.

C npyroii CTOpOHBI, B CWJIy WHBApPUAHTHOCTU ABWXKYIIHUXCS CHCTEM COTJIACHO
paBeHCTBY (2) ABMKYIIEMYCS 3JIEKTPOHY JIOJKHA COOTBETCTBOBATh YaCTOTA!

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

Yacrorta, onpenenseMas ypaBHEHUEM (4), 10JDKHA COOTBETCTBOBATh TAK)KE YaCTOTE
(oTOHA PONKAEHHOTO HNIEKTPOH — IO3UTPOHHOW Mapoil Kakaash M3 YacTHI KOTOPOU
JBIDKETCA CO CKOpPOCTbIO V. [t COXpaHEHUS HMMITyJibca HEOOXOAUMO, YTOOBI ITO
MIPOUCXOUIIO BOJM3U MAaCCUBHOTO SI7Jpa, HMEIOIIETO TAKYIO K€ CKOPOCTh. TakuM o0pa3om,
BOJIHA JAHHOW 4YacCTOThl pPEalbHO MOXET B3aMMOJICHCTBOBATH C BOJHOW OKPYKECHUS

anekTpoHa. OnpenensieMyio ypaBHeHHEM (4) 4acTOTy BOJHBI (0 MBI OyzeM mpearnosaraTh
COOTBETCTBYIOILYIO ABMKYIIEMYCS 3IEKTPOHY. MIcX0s U3 3TOro, Mbl MOXKEM IPEICTABUTH

MIOBEJICHUE AJICKTPOHA B BUJIC CYIEPIIO3UIIMH JIBYX IJIOCKUX BOJH ¢ yactotaMu @y u @

OJIMHAKOBOH, M3-32 PAaBHOI'O B3aUMOJEHCTBHUSA, aMIUIUTYAbl. OTMETUM, IPU 3HAYEHUAX
V << C 1nojy4eHHbIE HMKE PE3yJAbTaThl ISl JUIMHBI BOJIHBI JJIEKTPOHA HE 3aBHUCSAT OT

~

TOro, Kakas H3  4acToT (@ Wi O, Obula  B3Ta,  IOCKOJBKY
~ o~ ~ ~ ~ 2 2
@-d,| ~ |@,-B,|~ @, v’ 12¢°.
HecoBnasenne gactor @, u () B pacCMaTpPUBACMOM CIydac JTOJDKHO BIHSATH HA

MOBEJICHUE JBIKYIIETOCS AJIEKTPOHA cO3/1aBas 00siacTH B OOJbIIed M MEHbIIEH Mepe
OJaroNpUATCTBYIOIIME MECTOHAXOXACHUIO AJIEKTpOHA. BpalieHue TOYKM MO KpYroBOii
opbute sBISETCA HAJIO0KECHHUEM JBYX MEPHEHIUKYISIPHBIX JIMHEHHBIX KOJeOaHUM.
Pemenuem U1 ocOMIIIATOpAa C TAPMOHUYECKOW BBIHYXKAAIOLIEH cuiloit Oyner JuHeiHas
KOMOMHAIMS JABYX FapMOHMUYECKHX KoseOaHuid. Kak Mbl yxxe oTMmeuanu, moj ACHCTBHEM
IUTOCKOM 3JIEKTPOMAarHUTHOM BOJIHBI 3apsDKEHHAs! YacTHUIA COBEPIIAET JBMKECHUS OJIM3KUE
K BpamareiabHbIM. OCHOBBIBAsICH HA TOM MBI MOXEM IPEACTABUTH IIOBEJIEHUE JJIEKTPOHA
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HAJIOKEHUEM JIByX IUIOCKMX BOJIH 4acTOT 660 n @ c OJINHAKOBOH, B CHJIy PaBHOTO
B3aMMO/ICHCTBHS, aMIUIUTYJ0W. TouyHast BEeIMYMHA MOJy4aeMOi CyMMBI KoJieOaHHH IBYX
BOJIH, & TaKKe UX MPUOIIKEHHOE 3HAYCHUE Ui Cirydast Cf)ch)o (V<€) moryr ObITh
npecTaBieHbl B BUAE [8]:

u=a-cos(dyt—k,x)+a-cos(dt—kx)=wy (t,x)p(t,x)=2a-cos(Ad t/2 -

. _ - (5
—Ak -x/2)cos[(&, +@)t/2—(ky+k)x/2]=2acos(wt—kx)cos(d,t —k,x)

e o=(0-q)/2=A0/2, k=(k—k)/2=Nc/2. Jna BomH ¢ OIM3KMMH 4YacTOTaMH,
COOTBETCTBYIOIIUX IOCJIEAHEMY PABEHCTBY, IEPBBIA OCIMUIMPYIONMIA MHOXKHTEIb
BBICTYIIAET B POJIM aMILTMTYIbI IPOLIECCY BBICOKOM Y4acTOTHl @ .

B wacTHOCTH, 1St JOTOHOB KBaApaT aMILTUTYBI OMPECIIieT UHTEHCHBHOCTD, a
MOCHENHASL - BEPOATHOCTb HAXOXKAEHUS B IPOCTPAHCTBE YACTHULIBL. BrionHe goruy=o B
JTAHHON MOJICTTH TIPEATIOJIOKUTD, YTO aMILIUTY/Ia KOJIEOaHU I BRICOKOM YaCTOTHI UTPACT
AQHAJIOTUYHYIO POJIb JUI AekTpoHa. Mcnonb3ys (4), (5) 3amumieM npuOImKeHHOE 3HAYCHUE JIS
gacToTel (@ Tipu V << C. B pe3ynbrare monydaem jis JaHHOTO cydas ypaBHeHUeE ne-bpoitns,
CBSI3BIBAIOLIEE YACTOTY U 3Hepruto [10]:

0=Ad/2=(Dd-0,)/2=~my>/2h=E, /h. (6)
I[JBI MOAYJId BOJIHOBOI'O BCKTOpPaA k BJIGKTPOMaFHI/ITHOﬁ BOJIHBI JJIMHBI ﬂvw HNMECM:

k=2r/A, =Ak12=(k—ky)/2=ad,1/1=v?/c* =1)/2¢c~dp* | 4c = mpyv? 1 2ch . (7)
Moaynb aMIUIMTYIbI, OINPEAEISAIOMIE BEPOSATHOCTh HAXOXKJICHHS B IPOCTPAHCTBE
3NIEKTPOHOB, MPETEPIEBAET OJWHAKOBHIE W3MEHEHMS Ha JUTMHE TONyBONHBI A, /2.
VYuutsiBas 310 U ucnoib3ys (7), moyarasi, YT0 OTHOIIEHUE CKOPOCTEN AIIEKTPOMArHUTHOM

BOJIHBI M SJIEKTPOHA PaBHO C/V, Mbl MPUXOAMM K YPABHEHHIO 1€ Bpoiins st IUTHHBI
BoJiHbI [10,11]:
A=A, /12)I(c/v)=[2r/k)/2]/(c/v)=h]my. (8)
B nanHoM ciiydae pe3oHaHC BTOPOTO MOPSAKA - MOBTOPSIOUIEHCS MOCIEA0BATEIbHOCTH
HEPE30HAHCHOTO B3aMMOCHCTBHS BOJHBI U DJIEKTPOHA Oy/JET, B YACTHOCTH, CYIIECTBOBAThH
Ha OpOHTax aToMa, IJTMHA KOTOPHIX KpaTHA JUTMHE BOJHBI SJICKTPOHA.

[TockonbKy aMIIuTyJa BBICOKOYACTOTHBIX KOJNEOAHWH, KaKk Mbl BUAUM U3
ypaBHeHus (5), nmpeacTaBiseT co00i BOIHY, TO pEIICHHE IS Hee, KaK OOBIYHO ISl BOJIH,
JOJIKHO HAaxOJTUThCs U3 MuddepeHIINaTLHOTO YpaBHEHUS, CBS3BIBAIOIIETO, B KOHEYHOM
cyeTe, 3HAUEHHUsI YaCTOThl U JUIMHBI BOJIHBI. 3Has CBSI3b MEXIY KHUHETHUUECKOU sHEeprueut

E, n ummynscom P, onpenensronux 3Hauenns (0 u A, MbI MOXKeM TONy4HTh JaHHOE

ypaBHeHue. Bpenem omeparop & mnepeBoisimuMii CMHYC B KOCHHYC M HAoGOPOT, POJIb

KOTOPOrO MOXXET HrpaTh MHHMMAasi €IMHHIIA B3aUMHO IIpeo0pasyromas pealbHyI0 Hu

MHHEMYIO (SIN M COS) 4acTh KOMILIEKCHOI Bemmumubl. Jenas sameny £, > E=E +U |
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NPUBOSIILYIO K Jo0OaBKke B ypaBHeHue Uy , rie U(x,y,z) - norennuansHas SHEPrusi, Mbl

npuxoauM K ypaBHeHuto Illpenunrepa [9], mo3BossromieMy HaxOAUTh pELIEHUE B
KOMIIJIEKCHOM BHJIE:

ih(Ow | 0t) = —(h> | 2m)Aw + Uy .
IIpy mnogyyeHMM JJIMHBI BOJIHBI 3JeKTpoHa (8) Mbl, B YacTHOCTH, IO

BBIIICYKA3aHHBIM IIPUYMHAM, YMEHBIIWIN JJIMHY COOTBETCTBYIOIIECH JJIEKTPOMArHUTHOMN
BOJIHE, BXoAuIeH B (7), BABOe. AHAJOTUYHO MBI TOJDKHBI OBUIM BJIBOE YBETUYUTH YaCTOTY

(6): @=2-E, /h. B ypasuenun lllpenuurepa mpu orepaTope Ijs SHEPTMH B 3TOM

cilyyae, 4YTOOBl COXpPaHMJIOCH PABEHCTBO, JOJDKEH TOTAA MOSBHUTHCSA MHOXHTENb 1/2,
KOTOPBIA COKpAIlAaeTCsl C AaHAJIOTHMYHBIM MHOXHTEIEM IIPU OIEepaTope HUMIIYJIbCOB.

da3oBas CKOpPOCTh, ompesensemMas Gopmyinoit V=a@/k, B stom ciydae paBHa cKopocTH
gactuibl. OJTHAKO B COOTBETCTBUU C (5) oHA OyAET SBIATHCS TPYMIIOBON CKOPOCTHIO [8]:

v=w/k=A®/ N . ®azosas ckopocts, onpenemnsiemas u3 (5), B paccMaTpUBAEMOM CITydae

paBHa ckopocth cseta [8]: V, = @,/ k, =C, 4T0 SBIACTCH OKHUIACMBIM PE3yILTATOM,

MMOCKOJIKY B ATOM Cllydae MEPBOHAYAIBHBIMU OOPa3yIOIIUMU PE3yIbTUPYIOMIEH BOJHBI
SIBJISIFOTCS 3JIEKTPOMAarHUTHBIC BOJIHBI.

BwmecTe ¢ TeM, MOCKOJIBKY Ha OMNBITE 4YacToTa Je bpoiisis, B OTIMYMU OT JJIMHBI
BOJIHBI, HE Mojanaercss u3mepenuto [10], 1aHHOE U3MEHEHHE YacTOThl B paccMaTpUBAEMOM
MOJIEM TMPAKTUUYECKH HU 4YTO HE M3MEHUT. B CBSI3M C 3TUM MOXHO MOJaratb, 4yTo B
dbopMyrne is 4acTOTHl B JaHHOM IOAXOJIE€ HU YTO HE HY)XHO MEHATh. TOJILKO B 3TOM
cliy4ae TpH TMOACTAHOBKE SHEPTHMM U HUMIIyJibca (Macchl M CKOPOCTH YACTHIIbI) B

BeIpakeHne (@ = KV (cormacHo BbImecKasaHHOMY dKBHBaIeHTHOe A@=AkV) paBeHcTBO
He OyJeT BBITIOJTHSATHCS.

B nanHoit Mogenu cybuacTuiia Ha opOUTE JBMXKETCS C OKOJIOCBETOBOW CKOPOCTHIO
U B OTCYTCTBUM JBIKEHHs 00Janaer HyjJaeBoW Maccoil. B cBs3um ¢ 3TUM Bompoc
THPOMAarHUTHOTO OTHOILIEHHS MJISi 3JIEKTPOHA B 3TOM Ciydae TpeOyeT CIEeHUalbHOTO
UCCIIEJOBAHUS.

BonnoBast (QyHKIMsS, BBICTyas B KadyeCTBE HHU3KOYACTOTHOTO MHOMKHUTEIS
ypaBHEeHHs (5), XOpPOIIO OIMUCHIBAET OOJIACTH BBIIIE KOMITOHOBCKOHM JJIMHBI BOJIHBI,
BHEIIIHEE [TOBEJCHNE MUKPOYACTULIBI B 3HAYUTEILHOM JHAIla30HE €€ CBOMCTB HE3aBUCHUMO
OT BTOPOT0 MHOXXUTENA. MOXKHO MPEANOI0KHUTh, YTO BHICOKOYACTOTHAs (DYHKIIMS JOJDKHA
OINHKCHIBATH TMOBEJICHHE 3JEKTPOHA B MaclITabaX KOMITOHOBCKOM €ro JUIMHBI BOJIHBI, a
MMEHHO, CyO4YacTHIbl 3JEKTPOHA, W TaKKe B 3HAUYUTENBbHOW 00JAaCTH HE3aBUCHUMO OT
IIEPBOTO MHOXKUTEJIS.

Huddepennnansaoe ypaBHEeHHE A7l BHICOKOYACTOTHOM (pyHKuMH (P paBeHCTBa

(5) B mpeanosio)keHUM, YTO CKOPOCTh YaCTHIBI Ha COOCTBEHHOW opbure V.~ C, a

CKOpocTh IieHTpa opouthl V << C, B CHIy TOTO, YTO €€ PEIICHHUIO, MPEXJIE BCETO,
JIOJIKHA YIOBIETBOPATH (QYHKITHS o(t,x) = COS(O~)Ot - kox) , IM€€ET BUIL:
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(1/ P p(F,1)/ 8(t) 1~ Ap(p,£) = 0.

MIOOH ABJISETCS YAaCTHULIEW AHAJIOTUYHOM OJJIEKTPOHY, OTIUYAIOLIEHCS OT HEro
BesnnunHOM Macchl [1,4]. CrnenoBaTenbHO ISl HETO, MO-BUIMMOMY, CIIPABEAJIUBBI BBIBOIBI,
AQHAJIOTUYHBIE BBILIENIPUBEICHHBIM. B TaHHOW MOJEIN BOJHOBBIE CBOWCTBA HEUTPAIBHBIX
YaCTHUIl MOTYT OBITh OOBSCHEHBI TEM, YTO OHU COCTOSIT U3 3apsHKEHHBIX YACTHII.

BonHOBBIME  CcBOWcTBamMH 00JaalOT BCE DJJIEMEHTapHbIE YacTHIBl. MOXKHO
MIPEIMOJIOKHUTh, YTO YACTHIIBI, BXOJSIINE B COCTaB AJIEMEHTAPHBIX YACTHII, O0JIaTaroNInx
HE HYJIEBOM Maccod TOKOs, COBEPIIAIOT MO CBOMM BHYTPEHHUM OpOUTAM IJIOKaTbHBIC
JBUKCHUSI aHAIIOTHYHBIC JBMKEHUIO DJIEKTPOHA B O0JIACTH CBOEro KBAHTOBOTO pa3Mepa.
CyuiecTBoBaHHE JaHHBIX MMEPUOAMYECKUX MPOLIECCOB B 3JIEMEHTAPHBIX YacCTUIAX HE
npoTuBopeunT CTaHAAPTHOM MOJENH, B KOTOPOM 3JeMEHTapHas 4acTHIa COCTOUT W3
TouYeuHbIX yactuil [1,4].
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