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The spectrum of emission of a composite particle with one degree of freedom in a constant electric field is obtained in the paper. The 
effectiveness of emission of such particle is compared with the structureless particle having the same parameters. The power of 
emission of composite particle is several digits more than that of a structureless particle. The dependence of the main characteristics 
of the emission spectrum on the parameters of the composite particle is discussed. 
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В работе получен спектр излучения композитной частицы с одной заряженной внутренней степенью свободы в постоянном 
электрическом поле. Проведено сравнение эффективности излучения такой частицей с бесструктурной, обладающей такими 
же параметрами. Мощность излучения композитной частицы превышает на несколько порядков мощность излучения 
бесструктурной. Обсуждается зависимость основных характеристик спектра излучения от параметров композитной 
частицы.  
КЛЮЧЕВЫЕ СЛОВА: композитной частицы, спектра излучения, постоянное электрическое поле, внутренние степени 
свободы 
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У роботі отримано спектр випромінювання композитної частинки з одним зарядженим внутрішнім ступенем свободи в 
постійному електричному полі. Проведено порівняння ефективності випромінювання такою частинкою з безструктурної, 
що володіє такими ж параметрами. Потужність випромінювання композитної частки перевищує на кілька порядків 
потужність випромінювання безструктурної. Обговорюється залежність основних характеристик спектра випромінювання 
від параметрів композитної частинки.  
КЛЮЧОВІ СЛОВА: композитна частинка, спектр випромінювання, постійне електричне поле, внутрішні ступені свободи. 
 

As nanotechnologies make constant progress, it becomes important to study systems with small number of degrees 
of freedom. There is a number of reasons for it. Firstly, from general point of view, every particle has finite dimensions 
and, respectively, degrees of freedom. That's why abstract idea about particles as point objects has certain restrictions. 
Finding out the influence of size finitude and internal degrees of freedom upon the particles behaviour is an important 
direction of studies. Secondly, the tendencies to miniaturization of different mechanisms and to creation of robots and 
nanorobots lets one experimentally implemented systems with a small number of internal degrees of freedom. In a 
sense, multifunctional nanomechanisms must have a small, but sufficient for chaotic modes to arise, number of internal 
degrees of freedom. The presence of chaotic mode enables various rearrangements of functioning modes and, in fact, 
embodies multifunctionality. The reason of multifunctionality in the presence of chaos is connected with possibility to 
rearrange modes of movement without changing the device itself, in particular, periodic movements. Such possibility is 
defined by the presence of countable number of unstable periodic orbits in the chaotic region of phase space. That's 
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why, using special technique of control, one can rearrange the frequency of periodic movements  and, in that way, 
influence the frequency of emission. As the simplest among such devices, we can regard molecules of rotaxanes and 
“nanopeapods” [5-7]. It is of great importance to find out how efficiently such a system will emit. To prove the 
efficiency of emission, one can limit oneself to a simple model of composite particle with one internal degree of 
freedom and, respectively, one period of movement. In this case, the above-mentioned possibility to rearrange the 
frequencies is absent, but the quality character and properties of emission will be the same. To be more precise, as it is 
shown below, the frequencies rearrangement does appear in this case, but according to a different mechanism. In our 
paper, we concentrate exactly upon the efficiency and emission properties of such a system, which can be regarded as a 
converter of constant electric field into electromagnetic radiation. It is the study of such systems that we discuss in our 
paper. 

In the paper, the spectrum of emission is obtained for a composite particle with one charged internal degree of 
freedom in the constant electric field. The dependence of the main characteristic of this emission spectrum upon the 
parameters of the composite particle is discussed. The possibility to control the emission frequency by changing the 
value of the electric field is shown. A considerable efficiency of such particle emission is found out compared to the 
emission of a structureless one with the same characteristic parameters. The emission power of the composite one 
exceeds the emission power of a structureless one by several digits.  

The general aim is an investigation the properties of the radiation of a structurally complex charged particle, which 
has internal degrees of freedom. 

 
THE EMISSION OF A CHARGED COMPOSITE PARTICLE 

Let us consider the emission arising when a charged composite particle is moving in the constant electric field. By 
a charged composite particle we mean a particle consisting of a neutral shell and a charged internal particle (Fig. 1). The 
internal particle moves freely, absolutely elastically colliding with the shell. Though the structure of such a particle is 
rather simple, the results can be easily generalized for more complicated cases. 

 
Fig.1. The structure scheme of composite particle moving in constant electric field E . The internal particle with the charge q  has 

mass m . The shell is neutral with mass M . The velocity of the shell is lettered as U , and that of the internal particle – as V . 
 

The movement of the composite particle with the charged internal particle in the constant electric field has been 
thoroughly studied in. Is is found out that such particles can be in two different modes of movement. In the first mode, 
the internal particle periodically collides with only one wall of the shell, and in the other mode – with both walls 
alternately. It is important to note that in both cases the movement is periodic. In the first case the velocity of the 
internal particle in the moments of collision with the shell nt  is described by a simple formula:  

0 0 0
2= ( )n

mV n U V V
m M

− +
+

. 

The typical graph of shell and the internal particle velocity dependence upon time is shown in Fig.2. The 
oscillation period is defined by the relation [8]: 

2= ( )m U V
qE

τ − , 

here U V−  is the difference of velocities of the shell and the internal particle in the moment of their collision, E  is 
the electric field strength, and q  is the charge of the internal particle. 

Considering the movement of the charged internal particle in detail, one can notice that it is the composition of 
uniformly accelerated movement and periodic collisions with the neutral shell. So, the total emission of the composite 
particle consists of the deceleration emission and the emission of uniformly accelerated charge. The interference of 
these components will cause an emission with a special spectrum to arise. 

In nonrelativistic case, the emission of the charge, moving with acceleration into a solid angle at a certain 
frequency is described by a simple formula:  

2 2
2

2 2

( ) = sin4
i tdI q ve dt

d c
ωω θ

πΩ ∫ . 

The angle θ  is counted off the direction of the charge movement. The angular dependence 2sin θ  is characteristic 
for the emission of a charge moving with nonrelativistic velocity. Such dependence means that the emission mostly 
takes place into a plane, which is perpendicular to the direction of the particle movement. Since we limit ourselves to 
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the case of nonrelativistic velocities, then in order to obtain the spectral dependence it is enough to make a Fourier 
transform of the particle acceleration ( )v t . 

Let us consider the spectral distribution of emission for a composite particle emission moving in  the constant 
electric filed during the time T . Taking into account that the acceleration of the internal particle has a periodic 
component with a periodτ , it is convenient to choose the general time of the movement multiple of this period duration 

=T Nτ . One can imagine the movement of the internal particle as uniformly accelerated movement with consecutive 
strikes. So the dependence of the acceleration on time has the following form:  

=0
( ) = ( )

N

n
n

v t a v t tδ+ Δ −∑ , 

with vΔ  being the leap of velocity of the internal particle after collision with the shell, and =nt nτ . Using Fourier 

transform ( ) = ( )a t v t , we obtain the emission spectrum of the composite particle:  
22
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The first summand corresponds to the emission of the particle with uniformly accelerated motion. As it was 
discussed, e.g. in, such emission is difficult to observe. Really, at T →∞  the spectrum of the uniformly accelerated 
particle emission changes into δ -function.  

 
Fig.2. A typical example of dependence of the shell velocity U  and the charged internal particle velocity V  on time. 
The left graph corresponds to the movement mode with the internal particle colliding with both walls of the shell. The 
right one concerns the mode with the internal particle colliding with only one wall of the shell. The dashed line shows, 
for comparison, the movement of a structureless particle with mass M m+  and charge q . 
 

In other words, such an emission will be concentrated on very low frequencies. So, this component may be not 
considered. The contributions of separate collisions of the internal particle with the с shell can be easily summed up, 
since the collisions take place between the same lapses of time =nt nτ . As a result, the spectrum of the emission takes 
the form:  

22 2 2
0 0

2 3 2

2 ( )( ) / 2sin sin=
4 / 2sin
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The graph of a typical emission spectrum is shown in Fig.3. It is easy to see that the maximum value of the 

emission power is achieved at frequencies multiple by 
0

0 0

= = =
2 2 ( )

qE
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−  and at these frequencies it is 
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π
. The characteristic width of the peaks ωΔ  is also easy to evaluate, and it coincides with 

N
πω
τ

Δ ≈ . 

So, the spectrum turns out to be concentrated on the main frequency of internal particle collisions with the shell 
and on the frequencies multiple to it. In the formula obtained, the amplitude of the peaks on multiple harmonic 
components is constant with frequency increase. A similar problem is observed also at obtaining of deceleration 
emission spectrum and at a separate collision. The solution of this problem is trimming the spectrum at a certain 
frequency. For a separate collision, the value of this frequency is defined by the characteristic time of colliding of the 
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shell and the internal particle collτ  . So, in the case of charged composite particle the linear spectrum of the emission is 

also trimmed for the same reason at frequency 1/max collω τ∼ . Being aware of the spectral emission of the composite 
particle, let us calculate the average power of composite particle emission:  

22 2
2

3 3

2 2= = ( )
3 3

col col
comp col

col

q v qP a
c c

τ τ
π τ τ π τ

⎛ ⎞Δ
⎜ ⎟
⎝ ⎠
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cola  being the acceleration of the internal particle at the collision with the shell. To compare how many times the 
composite particle is more effective emitter compared to a structureless particle, it is enough to compare the power 
obtained with the full power of the  emitted structureless particle with mass m M+  and charge q  in the electric field 
E .This power is easy to obtain by means of the well-known Larmor formula: 

22 2
2

3 3

2 2= =
3 3solid
q q qEP v
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Comparing the emission powers obtained, one can evaluate the efficiency of composite particle emission 
compared with that of a structureless one. Really, they are related as  

2
0 02 ( )= =

( / )
comp col

solid col col

P a U V
P qE m

τη
π τ τ

− ∼ . 

Moreover, taking into account that the internal particle velocity change during the time of collision is comparable 
to its change during the time between the collisions, the efficiency can be evaluated in a simple correlation:  

col

τη
τ

∼ . 

The time of collision of internal particle with the shell is usually very small compared to the time between separate 
strikes upon the walls. So the composite particle, as an emitter, turns out several digits more efficient than a 
structureless particle. 
 

 
Fig.3. A typical emission power spectrum of a charged composite particle. 

Here 0
2= π
τ

Ω  is the frequency of colliding of internal particle and the shell. 

Let us now discuss the influence of the medium on the emission of such systems from the qualitative point of 
view. It should be noted that such influence is rather easy to take into account. Let us explain it on the most realistic 
case of shell friction on the medium. If the energy passed to the shell at collision with the internal degree of freedom is 
less than the energy spent on the friction during the period of movement, which corresponds to the case of low friction, 
the average tempo of shell acceleration will reduce, but in all the rest the character of composite particle movement and 
its emission will be preserved. The friction increased, the movement mode arises with the average velocity of shell 
movement is preserved, the movement of  internal degree of freedom is preserved qualitatively. Even at bigger friction 
when the average velocity of the shell movement becomes arbitrary small, the periodicity of the internal degree of 
freedom movement is preserved and so the character of such system emission s preserved qualitatively. In this case, the 
spectrum of emission and the rest of its characteristics are easy to obtain, making the shell mass tend to 
infinity M →∞ . 

Back to the dependence of the period upon characteristic parameters of composite particle, one should note the 
easiness of controlling the emission spectrum of a composite particle by changing the value of the electric field. In this 
sense, the system we have considered has an extra advantage, its frequency can be chosen in the range needed for the 
observation by choosing in the right way the value of the field or masses of external and internal degrees of freedom. In 
its turn, it enables passing more complicated information with the use of frequency modulation. Besides, such a particle 
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can be used as a detecting device of constant electric fields. 
In a more complicated case, the collisions of the internal particle alternately with both walls of the shell the 

resulting formula for the spectrum is supplemented by a multiplier corresponding to the interference between the 
collisions with the front and the rear walls. It is natural that this multiplier does not depend upon the frequency. Thus, 
the form of the power spectrum is the same in a more complicated case as well. 

 
CONCLUSION 

In the conclusion it is worth mentioning that the results obtained in the paper predict the characteristic properties 
of emission of structurally complicated particle with charged internal degrees of freedom when it moves in an constant 
electric field. Such a system can be regarded as a kind on nanoantenna. The presence of interaction between internal and 
external degrees of freedom is important for it. In a certain case, the properties of such emission carry information about 
the internal structure of a structurally complicated particle. Taking into account that with body size reducing, the 
number of internal degrees of freedom is decreased, one should expect the arising of such effects in nanoparticles of 
general nature. 

 
REFERENCES 

1. Yanovsky V.V., Tur A.V., Maslovsky Yu.N. Collision of a Structurally Complex Particle with a Barrier // Journal of 
Experimental and Theoretical Physics. – 2008. – Vol.106, No. 1. - P.187–201. 

2. Bogue R. Microrobots and nanorobots: a review of recent developments, Industrial Robot // An International Journal. – 2010. – 
Vol. 37. – Iss.4. – P.341 - 346. 

3. Bolotin Yu.L., Tur A.V., Yanovsky V.V. Chaos: Concepts, Control and Constructive Use. – Springer, 2009. - 198p. 
4. Schill G. Catenanes, Rotaxanes, and Knots. – Academic Press, 1971. - 204p. 
5. Smith B.W., Monthioux M., Luzzi D. E. Encapsulated C60 in carbon nanotubes // Nature. – 1998. - Vol.396. - P.323-324. 
6. Monthioux M. Filling single-wall carbon nanotubes // Carbon. – 2002. – Vol.40. – P.1809-1823. 
7. Suenaga K., Okazaki T., Hirahara K., Bandow S., Kato H., Taninaka A., Shinohara H., Iijima S. High-resolution electron 

microscopy of individual metallofullerene molecules on the dipole orientations in peapods // Appl. Phys. – 2003. – Vol.A76. – 
P.445-447. 

8. Yanovsky V.V., Tur A.V., Maslovsky Yu.N. A charged composite particle in a constant electric field // Theoretical and 
Mathematical Physics. – 2013. – Vol. 175(2). – P. 655–680. 

9. Ginzburg V.L. Theoretical Physics and Astrophysics. – Pergamon Press, 1979. – 464p. 
10. Jackson J.D. Classical Electrodynamics (3rd ed.). - New York, 1998. - 832p. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


