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1. INTRODUCTION

Plasma represents the forth state of matter, must recall to

the properties of a neutral gas to understand the plasma. A

gas is described by the number of particles per unit volume

(n) in m−3. The motion of the particle in thermodynamic

equilibrium is determined by the temperature (T) of the gas.

The result of number density and temperature gives the

pressure (p = nkBT), in which kB is Boltzmann’s constant.
[1]

Langmuir is the first one who introduced the word

“plasma” in 1928. Which is described in terms of the

ionization degree. They considered state of a balanced gas

because it does contains most ions of the matter around

consists of neutral atoms and equal number of electrons (−)

and protons (+). 

The main difference between a neutral gas and a plasma is

mechanism of collision. At which Coulomb force dominated

the electrostatic interaction in plasma while in the gas the

Vander-Vaals collisions governed.[2] 

Energy loss is the most important phenomenon accompanied

the interaction of charge particles with dense and hot target

plasma. The aim of this work is to study the energy loss of

proton in two cases of interaction, point-like and correlate

protons in the dense classical plasma for different temperatures

and densities, many equations were used to enhance the

stopping power of proton ions in plasma.[3,4]

In order to calculate the stopping power the present work

depended on several parameters (i) Correlation effects of

Proton in plasma gas (ii) The constant of ions colliding

distance (iii) Range of distances between incident proton

with target in different temperature and densities.[4,5]

In classical plasma the motion of ion in general is specific

by the collision and degenerate electrons surrounding it,

where the distance of this ion is often reduced by collisions

with ions and electrons and because coulomb effect all

would help to stop the ions in plasma and loss the energy.[6]

The present work shows the energy loss of the cluster

important differences, called vicinage effects.[7,8] Originally

vicinage effect lies in the interference produced by the

electronic excitations of the target due to the correlated

motion of the particles that form the cluster.

A Frotran-90, program has been written to analysis data

and developed to treat the processes to involve the interaction

of hydrogen clusters in plasma.[9]

2. THEORETICAL BACK GROUND

2.1 Energy loss of proton in plasma jellium

A plasma is a neutral ionized gas (through heating or

photoionization), consists of electrons and ions, it has a low

sufficient density to behave classically, moving the proton in

the plasma makes the cloud of oppositely charge around it,

this cloud of electrons has been represented Debye length.[10,11]

Briefly formulation for di-cluster stopping in a dense and

hot classical plasma is shown in for a cylindrical geometry[12,13]

The interaction between proton clusters and plasma gas is studied using the dielectric function by fried-conte formalism. The
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defined by drift velocity V and interparticle distance r12 as

shown in Fig. 1, any velocity between the two charges z1 and

z2 are neglected.
[14]

To calculatethe dicluster stopping power in Fig. 1 the

electrostatic potential a basic system where the two ions are

at rest.[6]

(1)

Where  represent the potential at postion (r12), z1
and z2 represent the incident and target ions respectively,

 is the dielectric function for a Maxwelian classical

electron in plasma. 

In this work we used a rather moderate temperature T

approximately equal to a few eV at range (2−10) eV and

density 1017 cm−3. Depending on the dielectric theory by

Maxwell and classical electron plasma many expression

equations have been solved. Fried-Conte equations are

solved analytically and numerically for stopping single

proton (point like Spoint), pair proton (correlated Scorrelated), to

obtain the best (ECS) in plasma of proton.

To get rid of problems physically of the heavily dynamic

scaling variables called plasma units with dimensionless

variables.[15,16]

(2)

Any charged particle inside the plasma attracts other

particles with an opposite charge and repels those with the

similar charge, so that form a net cloud of opposite charges

around itself called Debye length.[17] This cloud screen helps

to stop a large number of ions. This shielding represent a

measure the sphere due to the influence of a test charge in a

plasma. Debye length depends on the energy of incident ion

and the density of target shown below.[18]

(3)

Where λD is the Debye length in atomic unit (a.u), n is the

density of electrons (or ions) cm−3 and T is the temperature in

the (eV), the numbers of electrons in a Debye sphere ND in

cm−3, and ωp is the electron plasma frequency, as shown.

Finally the thermal velocity,  and KB =

1.38 × 10−23 is the Boltzman constant.

In the classical dense plasma, dielectric formalism

describe the stopping power and  in dielectric function

represents the plasma dispersion function,[19,20] where,

 (4)

with damping  for collisionless plasma, take

Plasma dispersion function  has been derivation from

of the longitudinal electron capability for a nonrelativistic

thermal electron gas. In this paper, using formula to study the

propagation of waves in a hot plasma when the particle

move behind it conical wave.[21]

This form of dielectric function is useful to study movement

of ions in the target of plasma gas and give information

about the energy loss of ions and correlated with others in

case of fast ions moving with velocities perpendicular with

other ion.[22]

The dielectric function of fried-Conte expression is

explained below.[23]

 (5)

While the fried-conte expression is described in eq.,

(6)

(7)

 (8)

(9)
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Therefor the dicluster stopping become,

(10)

Assume , therefor Eq. (5) become,

(11)

Therefore,

(12)

(13)

The general equation for point-like and correlated ions,

(14)

The first term represents the energy loss of an ion impact

on the electron target plasma. Spoint is determined by the

interaction of the ion with the target electrons,

 

(15)

, where V is velocity transvers

(projectile velocity).

and the second term represent by pair ions correlations with

the target

(16)

The expression of a normal Bessel functionis ,

= Vt and = Vt + r12, respectively where 

denotes the electrostatic potential of one unit charge. r1 and

r2 are the longitudinal and transversal projection of r12 and v.

This equation usedin order to describe the response of the

medium.[24]

The correlation effects of charged particles are highly

important to study the stopping power in dense classical

plasma.

2.1.1 Interaction of Point like projectile (un-correlation)

The stopping power formula of point-like projectile

distribution in classical plasma is evaluated by using fried-

Conte expression given, by Eq. (15)

(17)

 (18)

Where, 

2.1.2 Interaction of pair proton (Correlation)

The correlation effects of charged particles are important

to study the stopping in the dense classical plasma. The

stopping power formula of fast proton with pair of projectile

distribution in the classical plasma that includes the stopping

of point-like and stopping pair ion (correlated) is shown in

Eq. (16);[13]

2.2 Enhanced correlation stopping (ECS)

There are many methods to enhance the stopping power of

the ions in the plasma, such as stopped dicluster in the target

of Hydrogen. When impact of the diclusters of the ions

(protons) with electrons of target generated a huge assortment

of charge configurations leading to ECS.[6]

To study the ECS we adopted two equations, the first one is:

(19)

Where the Sstop. represente the total stopping (Spoint+ Scorr.)

that are defined previously. and second equation obviously

related quantity of great interest is 

(20)

Obviously the ratio of correlated to uncorrelated stopping

can be seen the ratios are independent of target coupling.
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3. DISCUSSION AND CONCLUSION

In this work (Eq. (10)) has been used as the key equation

for stopping power calculations. Additionally Fortran program

has been written for our data analysis.

As well (Eq. (10)) has been applied to evaluate the general

equation stopping power of proton which contains groups of

terms like Kmax, Deby length, Deby density and Bessel

function….all these parameters are helped to evaluate the

energy loss as function of velocity of incident proton in

plasma gas. moreover the used ratios in equations (13), (14)

to enhance the stopping of (point-like, correlated and general

equation of stopped) with dimensionless accuracy of

velocity (v/vth) range (0 to 90) and the densities (2 ×

1017cm−3) for different value of temperatures (2, 6, 10 eV).

Figure 2 and 3 demonstrate two targets plasma, dropped

Fig. 2. Enhanced diclustr proton by use Eq. (19) where R = λD for
dicluster of proton with z1= z2= z, of dimentionless parameter,
ne = 2 × 1017 cm−3 , (a) T = 2 eV, (b) T = 6 eV, (c) T = 10 eV.

Fig. 3. Enhanced dicluster proton by use Eq. (20) where R = λD for
dicluster of proton with z1= z2= z, of dimensionless parameter,
ne = 2 × 1017 cm−3 , (a) T = 2 eV, (b) T = 6 eV, (c) T = 10 eV. 
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dicluster of proton at constant density (ne = 2 × 1017) for

different temperatures (T = 2, 6, 10) eV. Depicted of the term

of v/vth and B/λD at interchange distance R = λD Note, the

shapes appear different in length and form of surface where

increase temperature lead to increase the collisions between

proton and electrons target that cause increase folds more,

mean happening different stopped of proton after several

collisions and (ESC) increases with v and roughly constant.

That make the cloud from electrons around ions called

Debye length dependent on density and temperature of target

plasma according to Eq. (3).

Figure 4 has been employed enhance equations (19)

and (20) at constant temperatures (2 eV) and density (2 ×

1017cm−3) to show different enhanced through the two

figures, where Eq. (19) shows more enhanced in the stopped

because the ratio of the protons dicluster to the total stopped

more interaction than the ratio of the dicluster to point-like

Eq. (20) the interaction increase of the energy loss of

diclusters.

The energy loss of the incident ion affected on the target

plasma is specified by the interaction of the ion with the

target electrons and coulomb effect. The range of velocity

incident ions depended on the number of collisions which

led to lose energy and stopped .

Figure 5 used different distances (1, 2, 3, 4) a.u for the

incident proton on target plasma obviously stopping

proportion at to their distance, when increases the distance

the collisions increase and the ratio of ionization.

Fig. 4. (a) Eq. (19) Ratio of the correlated stopping power to the gen-
eral equation of stopping power for with z1= z2= z, R = λD and v/vth,
T = 2 eV and ne = 2 × 1017. (b) same as (a) but use ratio R2 Eq. (20)

Fig. 5. (a) ratio R1 Eq. (19) for dicluster with z1= z2= z, R = λD, v/
vth, T = 2 eV and ne = 2 × 1017 at different distence (a) R = 1 a.u, (b)
R = 2 a.u, (c) R = 3 a.u, (d) R = 4 a.u. 
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4. CONCLUSIONS

Dielectric dispersion function is important in the presented

work, the stopping power of proton clusters penetrating

plasma has been studied theoretically and analytical for a

group of parameters in classical dielectric, to calculate

stopping power. Enhanced equations are solved to study

stopping in plasma gas. Using these equations to study the

ratio between total stopping ions to point-like and the second

case represent the ratio between correlated stopping ions to

point-like. 

• Formation cloud of electrons around the ion called Debye

length which depends on the temperature and density of

the medium.

• Increasing temperature led to increase the collisions

between proton and electron target. Which helpedto stop

the proton in the medium such as plasma.

• Changing temperature affected on the number of folds,

where the number of folds increases with increase the

temperature.

• The ratio correlated ion to total stopping gave best

enhanced in stopping than ratio (correlated to point-like

stopping). This mean the incident ions suffer from

collisions in first case more than in second case.

REFERENCES

1. O. Boine-Frankenheim, Phys. Plasmas 3, 1585 (1996).

2. P. K. Shukla and M. Akbari-Moghanjoughi, Phys. Rev. 87,

043106 (2013).

3.  F. Javier Pérez-Pérez and I. Abril, Phys. Rev. A. 54, 187

(1996).

4. S. S. Pavlov and F. Castejón, Plasma Dispersion Functions

for Complex Frequencies, p. 7, Institute of Plasma physics

NSC- KhIpt (2005).

5. O. Boine-Frankenheima, Phys. Plasmas 3, 5 (1996).

6. C. Deutsch and P. Fromy, Phys. Rev. E 51, 1 (1995).

7. M. Bonitz, E. Pehlke, and T. Schoof, Phys. Scr. 88, 7

(2013).

8. D. Summers and R. M. Thorne, AIP Phys. Plasma 3, 1885

(1991).

9. B. D. Fried and S. D. Conte, The Plasma Dispersion Func-

tion, Academic New York, 13, 2 (1961).

10. P. M. Bellan, Fundamentals of Plasma Physics, p. 3, Cam-

bridge, New York, Melbourne (2006).

11. Y. D'Avanzo, M. Lontano, and P. F. Bortignon, Phys. Rev. E

47, 3574 (1993).

12. Y. D'Avanzo, M. Lontano, and P. F. Bortignon, Phys. Rev. A

45, 6126 (1992).

13. Michael Fowler, Scattering Theory. Spring Phys 852, 11

(2008).

14. D. Ballesterand and I. M. Tkachenko, Physics-plasma-ph,

1, 0812.4298 (2008).

15. C. Deutsch, Particle Accelaerators, Gordon and Breach

Science Publishers, 37-38, pp. 355-359 (1992).

16. A. Piel, Plasma Physics, Plasma Physics Springer-Verlag

Berlin Heidelberg, p.8 (2010).

17. I. Villo-Perez1, N. R. Arista, and R. Garcia-Molina, Phys.

35, 01 (2002).

18. S. Della-Negra and A. Brunelle, Nucl. Instrum. Methoeds B

74, 453 (1993).

19. G. Basbas and R. H. Ritchie, Phy. Rev. A 25, 1943 (1982).

20. C. Deutsch, G. Maynard, and M. Chabot, The Open Plasma

Phys. J. 88, 1876 (2010).

21. Y.-H. Song and Y. Wang, Phys. Plasmas 20, 102121

(2013).

22. T. Peter and J. Meyer-ter-Vehn, Phy. Rev. A. 43, 43 (1991).

23. N. R. Arista, Nuclear Instruments and Methods in Physics

Research B, 164-165, 1-1030 (2000).

24. M. Bonitz, P. Ludwig, and J. W. Dufty, Physics.plasma-ph

88, 057001 (2013). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages 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 true
  /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 false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /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 [2834.646 2834.646]
>> setpagedevice


