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Abstract 
 
We investigate the interaction of proton with a solid target, describing the wake 

effects by taking fitted parameters with experimental values of energy loss function ELF for 
copper using the dielectric function of random phase approximation (RPA). The results 
exhibited a damped oscillatory behavior in the longitudinal direction behind the projectile. 
In addition, the wake potential becomes asymmetric around the z-axis with proton velocity 
values higher than Fermi velocity ߭  ߭, as well as it depends on the position of projectile 
in cylindrical coordinates . 

 
Keywords: Wake potential; Wake phenomena; Dielectric function.     
PACS: 75.47-m, 7722Ch 

 
1. Introduction  
 
The subject of interactions of charged particles and matter has received increasing 

interest in the field of condensed-matter and surface physics over the past years. Especially 
since the rapid development of semiconductor technology, proton beam writing (PBW)[1], 
irradiation of quantum dots and welding of nanotubes by ion beams. Material modification, 
induced by swift heavy ions, has been intensively studied in all kinds of materials, from 
insulators to superconductors and from crystalline to amorphous materials [2, 3]. The 
problem of charged particles interacting with solids has received much attention during the 
past years mainly related to the wake potential, the energy loss and the ion-induced electron 
emission. By using the dielectric response theory, several authors have studied wake 
potential for an ion moving on the solid surface  [4]. 

The theory of wake phenomena which concerns the electron density fluctuations 
excited by charged particles moving in an electron gas has stimulated many experiments  
[5], In 1940 Fermi pointed out that a swift charged particle traversing condensed matter 
carries with it an induced electromagnetic field which gives rise to a significant reduction in 
the energy loss (Fermi density effect). Early studies of this ‘wake’ field focused on particles 
moving at relativistic velocities  [6, 7]. Theoretical estimates were based on the Lindhard 
ideas [8], and the stopping medium that was considered mostly is the Fermi gas  [9-11]. N. 
Bohr (1948) treated the penetration of atomic particles through matter as shown in Fig.1 
where a positive charged particle (ܼଵ݁) penetrates a material and moves along the path c. 
The induced electric field slows down the projectile, such a field is the result of the induced 
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polarization of the material. The atomic electrons are slightly displaced in the 'wake' of the 
projectiles. This effect is strongest behind the projectile than in front of it, and consequently 
the projectile feels a retarding force (ܼଵ	݁	ܧௗ), Where  ܧ is the induced electric field. The 
retarding force is induced since the field is due to the presence of the projectile, and to 
estimate the strength of the field ܧ , We may simply calculate the electric charge 
accumulated in the " wake" of the particle, represented by the cone A   shown in Fig. 1 
containing the atoms for which the collision is practically completed [12-14]. 

 
 
  

 
 
 
 
 
 
 
 
 
 
 

The wake phenomenon received considerable interest in connection with 
experimental observations on the passage of swift molecules and clusters. A detailed 
investigation of the wake potential has been made by Isabel Abril et al. [8], they found that 
the position of the dip wake is closer to z=0 when using the more realistic Mermin model 
compared to the Lindhard model. Subsequent developments made by A. Schinner and P. 
Sigmund [10, 15] described the wake potential induced by a swift nonrelativistic ion using 
classical and quantum oscillators. 
 We have developed a theoretical model and a simulation code to study the wake 
potential of proton moving in the copper target, in this work, we show the suitability both 
treatments by comparing their results with available data from experiments. Firstly, we 
evaluated the wake potential for different values of ࣋	 coordinates ሺ	ߩ ൌ 0,3	and	5ሻ a.u as a 
function of distance z at the certain value of projectile velocity ʋ = 5 a.u.  The second 
procedure to study the relation between wake potential ∅ௐሺߩ,  ሻ and z at different protonݖ
velocities spanning values less, around and higher than Fermi velocity ߭ ൌ 1.12	a. u., at 
coordinate ߩ ൌ 0. In the next section, we briefly review the concept of wake phenomena by 
interaction of swift heavy ion with matter. While the dielectric formalism and the 
experimental fitted parameters of energy loss function (ELF) to the RPA dielectric model is 
provided in section three.  The result and discussion are presented in section four, atomic 
units will be adopted throughout the paper.   

 
2. Wake potential  
 
The wake potential is a scalar electric potential  w r   in a homogeneous isotropic 

solid target medium due to swift point charge Ze moving with constant velocity  റ߭  [10, 11, 
16]. The energy loss of a fast charged particle moving in condensed matter can be described 
in terms of the complex dielectric function of the target response, which manifests itself as a 
cylindrically symmetric wake of proton behind the particle, [9, 11]. The wake effect 

Fig.1: The penetration of charge particle through matter, the polarization in 
constituent atoms indicated by arrows. The letters c, i  and d represent particle 
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produced by a proton can be described by the dielectric function  ,k  given by the 

following expression[15]: 
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, therefore equation (1) in the cylindrical coordinates 

 ,z   becomes:  

 

 
   1 ( / )2 1

, . 1
( , )

i
zz e dk

w z d e
k k

 
    

  
  
  

                                             

(2)            

Because of the axial symmetry around the path of the moving charge, the cylindrical 
coordinate z and ρ are sufficient to represent the parallel and perpendicular projections of 
the vector ݎറ relative to the direction of motion. Then the wake potential may be expressed 
more explicitly as Abril et al (1998)  [9]. 
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Where  ܬሺݔሻ is the Bessel function of zero order?  
 

3. Dielectric Formalism     
 
The dielectric function describes the interaction of fast ions with the target electrons 

and nuclei in atoms of matter. The uses of the dielectric formalism to study the energy loss 
function of charged particles, which reduces gradually its energy, and affects its direction of 
motion as well as its charge state. The Random Phase Approximation originally derived by 
Lindhard, was used to treat many properties of the electron gas. Moreover, the general RPA 
method has had wide applications to the treatment of plasma wake oscillations in finite 
geometries and in special problems in which other approximations are not applicable at high 
velocities  ߭  ߭  . The RPA - dielectric function is given by the following equation [5, 17], 
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Where the plasma frequency	߱		is given by,                               
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	߱	: is	the	angular		frequency		, ߛ ∶ the	damping	constant and ݊	:	the electron density. 

 The set of optical data ሺ߱	,  ሻ used in this work was taken from reference	ܣ	and	ߛ
[18] as shown in Table 1, The real and imaginary part(ELF) of the equation (3) are given by 
following equations[9],   
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Table 1: Values of the experimental fitting parameters used the evaluation of equations (6, 7) for the 

element solid Cu studied in this work [8, 17] 
 

 

 

 

 

 

 
 

 

4. Results and Discussion 
 

The Wake potential calculation results for a particle moving in copper for velocity 
value ʋ =  5  a.u. at ρ = 0 ,3 and 5 a.u. Using RPA dielectric function, are shown in Figure 2  
using cylindrical coordinates. We show the general shape of the wake potential derived from 
equation (3) which exhibits a damped oscillatory behavior in the longitudinal direction 
behind the projectile; the pattern of these oscillations decreases exponentially in the 
transverse direction. In addition, this wake potential extends slightly ahead of the projectile. 
At coordinate value (ρ = 0) the wake potential ∅௪	ሺߩ ൌ 0, ݖ ൌ 0ሻ has the lowest negative 
value (maximum dip depth), because	ܬሺ0ሻ ൌ 1, We also note that the depth  ∅ௐሺߩ,   ሻݖ

Element ݅ 
 

i
  (a.u.) ߛሺܽ. .ݑ ሻ ܣ 

Cu 

1 
2 
3 
4 
5 

0.15 
0.37 
0.7 
1.05 
2.9 

0.04 
0.22 
0.3 
0.3 
5.6 

0.02 
0.2184 
0.2449 
0.1524 
0.3564 
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increases as the value of the coordinate ρ decreases, because the wake potential is strongly 
dependent on ܬሺ	ߩ	, ߩ ሻ .i.e, atݖ → 0	, ሺ0ሻܬ	 → 1	. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2: Wake potential for particle moving in copper with velocity ʋ = 5 a.u. at ρ = 0, 3 and 5 
a.u., using RPA dielectric function 

Fig. 3 shows the results of the relation between ∅ௐሺ	ݖ, ߩ ൌ 0ሻ and z for different 
Proton velocities spanning values less, around and higher than Fermi velocity ߭ ൌ
1.12	ܽ.  We observe an oscillation in the wake potential in the region behind the proton for .ݑ
velocity values higher than Fermi velocity  ߭ ൌ 1.5	,5	ܽ݊݀	10	ܽ. ൫߭ , ݑ  ߭൯. In addition, 
the depth of the wake potential is observed to be inversely proportional to the proton 
velocity  ࣏ as depicted in Figure 3. The Wake potential depends on proton position (z), as 
well as the proton velocity	࣏. In the same figure, as the value of the velocity υ increases, 
∅ௐሺߩ, ,ߩሻ becomes increasingly asymmetric about the z-axis, also the oscillation in ∅ௐሺݖ   ሻݖ
increases and its depth decreases as the velocity υ increases. 

 
Fig. 3: Wake potential at ߩ ൌ 0 plotted as a function of distance z a.u. for the different velocities 
higher and lower than Fermi velocity, created by proton moves in copper, using RPA dielectric 

function 
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For comparison of present work with others  Figure 4 , shows the wake potential for 
copper target at projectile velocity 1 a.u. , calculated in the present work (solid curve ) 
compared with Ref  [9] (dashed curve). One can notice that  there is good agreement 
between them, both show the same qualitative behavior, the relatively quantitative  
difference could be attributed to use of different models ,i.e. RPA  in our work  and 
Mermin–type ELF in Ref[9],in addition possibly  to different computational methods. 

 

Fig. 4: Wake potential at ρ = 0   by proton moves in copper for velocity 1 a.u. , the solid lines are 
derived from the RPA- ELF (present work), and the dashed lines are the results obtained with the 

Mermin –type ELF Ref [8] 
 

5. Conclusions  
 
We have presented a theoretical treatment and simulation code to evaluate the wake 

potential of swift heavy ion moving in the solid target material. 
The interaction of proton channeling inside a copper target with the different 

projectile velocities for the RPA dielectric function has been investigated numerically based 
on the dielectric response theory of energy loss function ELF. We observed from our 
calculations, that the oscillating wake effects occur behind the particle opposite to the 
direction of the particle motion in the solid material and depends on cylindrical coordinate’s 
value (ρ, z). The wake potential J  ∅ሺ	z, ρ ൌ 0ሻ	for projectile velocity less than Fermi 
velocity	߭ ൏ ߭ (i.e,		 ߭ ൌ 	1.12	a. u.), exhibited no oscillations, while for particle velocities 
higher than Fermi velocity ߭  ߭  the oscillating wake effects appear behind the particle 
(i.e,ݖ  0 ). Obviously the asymmetry in the wake potential increased as the velocity 
increases, and the oscillations of the wake potential developed in the region behind the 
projectile. Moreover for the wake potential ∅ௐሺ	ݖ, ߩ ൌ 0ሻ	with projectile velocity ൌ 1	ܽ.  , .ݑ
we find a good agreement with  previous work based on  Mermin type ELF [8]. From 
comparison of wake potential in the RPA model (present work) with the Mermin dielectric 
function model, we find that our calculation results in this work are reasonably reliable. In 
future work, we would like to extend the present work to investigate the interaction of the 
charged particles with metal films. 

 



Int. J. Nanoelectronics and Materials 9 (2016) 173-180 

 

171 
 

References 

[1] Y. Yao, P. Santhana Raman et al., Microsyst. Technol. 20 (2014) 2065 
[2] A. V. Krasheninnikov and K. Nordlund, Nucl. Instr. and Meth. B 216 (2004) 355 
[3] A. S. El-Said, Nucl. Instr. and Meth. B 282 (2012) 63 
[4] Y. N. Wang, X. L. Deng et al., Nucl. Instr. and Meth. B 135 (1998) 164 
[5] P. M. Echenique, R. H. Ritchie et al., , Phys. Rev. B 20 (1979) 2567 
[6] P. M. Echenique, J. C. Ashley, and R. H. Ritchie, Eur. J. Phys. 3 (1982) 25 
[7] P. Sigmund, Germany, (2006) 
[8] J.  Lindhard, Mat. Fys. Medd. Dan. Vid. Selsk. 28 (1954) 1 
[9] I.  Abril, R. Garcia-Molina et al., Phys. Rev. A 58, (1998) 357 
[10] A. Schinner and P. Sigmund, Eur. J. Phys. 66 (2012) 1 
[11] V. N. Neelavathi, R. H. Ritchie et al., Phys. Rev. Lett. 33 (1974) 30 
[12] N. Bohr, Mat. Fys. Medd. Dan. Vid. Selsk 18 (1948) 1 
[13] R. Egerton, 3rd ed. Springer US, (2011) 
[14] H. J. Frischkorn, K. O. Groeneveld et al., Phys. Rev. Lett. 49 (1982) 1671 
[15] P. Sigmund, Springer, Switzerland, (2014) 
[16] P. Sigmund, Nucl. Instr. and Meth. B 125 (1997) 77 
[17] R. H. Ritchie, W. Brandt et al., Phys. Rev. B 14 (1976) 480 
[18] C. C. Montanari, J. E. Miraglia et al., Phys. Rev. A 75 (2007) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




	Blank Page


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


