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ABSTRACT: The analytic form of the electrostatic potential felt by a slowly moving test charge in Maxwellian dusty
plasma is developed. It has been shown that the electrostatic potential is composed of three parts: i) the Debye-Hiickel
screening term, ii) the near-field wake potential and iii) the dust charge perturbation effect. The last two terms depend
on the velocity of the test charge, the number density of the plasma electrons and the dust grain parameters. Precise
energy eigenvalues of hydrogen-like carbon ion under such plasma environment has been estimated by employing
Rayleigh-Ritz variational calculation. The form of the potential facilitates the removal of /-degeneracy and |m|-degeneracy
in the energy levels. A detailed analysis shows that the energy levels gradually move to the continuum with increasing
plasma electron density and the variation of ion velocity. Incidental degeneracy of the energy levels and level crossing
phenomena have been observed with the variation of plasma electron density.
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I. INTRODUCTION

In recent years, dusty plasmas are attracting considerable attention in the field of plasma physics research. In
addition to electrons, ions, neutrals as present in ordinary plasmas, dusty plasmas contain massive particles of
nanometer to micrometer size. The dust grains may be metallic, conducting, or made of ice particulates. Plasma
with dust particles or grains can be termed as either ‘dust in plasma’ or ‘dusty plasma’ depending on the relative
values of three characteristic lengths : 1) the dust grain radius (7 ), ii) the average inter-grain distance (@) and iii) the

Debye radius (A,). For r, < A, < a, charged dust particles are considered as a collection of isolated screened

grains, which corresponds to ‘dust in plasma’. For the condition 7, < a < 4, dust particles participate in the collective
behavior and in that case the plasma is said to be ‘dusty plasma’. Dusty plasmas are most abundant in astrophysical
objects like in the planetary rings, in cometary tails or in interstellar clouds [1, 2]. Dusty plasmas are also formed in
laboratory based experiments like dc and rf- discharges, plasma processing reactors, fusion plasma devices, solid-
fuel combustion products efc. [3]. Dusty plasmas play important role in formation of plasma crystals as under some
plasma conditions dust grains can order themselves into crystal-like structure [4, 5].

There are a number of theoretical studies of plasma wave modulation, transport phenomena of the particles, ion
drag forces, phase transitions, crystallization of dust grains under dusty plasma environment [6-13]. But the effect
of dusty plasma on the structural properties of atoms is rather scanty [14]. The most important part of such studies
is to develop an appropriate model interatomic potential from a pure electrostatic view which can mimic the conditions
of such plasma environment. Unlike the plasma modeled by exponentially screened Coulomb potential, the model
potential for dusty plasma contains a complex character [14-18]. The closed form of the far-field potential felt by a
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slowly moving test charge through unmagnetized dusty plasma in the spherical polar co-ordinate was first derived
by Shukla [15]. It is shown that the effective potential consists of three parts: exponentially screened Coulomb part,
far-field wake potential part and dust charge fluctuation term. Shukla ez al. [16] developed another form of the far-
field potential of a slowly moving test charge in a plasma that consisted of positive dust grains and electrons. The
dust grain charge fluctuations and collisions among neutral atoms, electrons and dust grains were taken into account.
In the work of Moslem et al. [17], the Debye—Hiickel screening potential and oscillatory wake field potential
distribution around a test charge particle moving in the dusty plasma medium were derived by solving the linearized
Vlasov equation along with the Poisson equation. Ali ef al. [18] also used Vlasov-Poisson equation to formulate the
electrostatic potential caused by a test charge in unmagnetized non-Maxwellian dusty plasma where the plasma
particles are : superthermal hot electrons, cold fluid electrons, neutralizing cold cations and charge fluctuating
isolated dust grains.

The aim of the present paper is to formulate the near field potential felt by an atom/ion moving slowly through
unmagnetized dusty plasma and apply the potential to find the binding energies of one-electron ion. The binding
energies of moving hydrogen-like carbon (C°*) ion under different conditions of the classical dusty plasma are
estimated by using variational method. It is observed that the /-degeneracy of the hydrogenic energy levels
corresponding to a principal quantum number is lifted under this potential. Moreover, a partial removal of the m-
degeneracy is also observed. In particular, we have calculated the energy values of C** ion in /s, 2s, 2p, and 2p,
states by varying the velocity of the ion and the plasma electron density as well. The details of the formulation of the
inter-atomic potential for slowly moving test charge under dusty plasma is given in the Sec. II, the details of the
variational method used for the atomic structure calculation is given in Sec. III, computational results are given in
Sec. IV and final conclusion in Sec. V.

II. NEAR-FIELD POTENTIAL FELT BY A SLOWLY MOVING “TEST CHARGE” IN CLASSICAL
DUSTY PLASMA

The field ( ;) of a charge ¢ moving with a velocity 3 in a dielectric medium is given by the Poisson’s equation
[20],

ﬁ.ﬁziﬁ(f—ﬁt) (1)
€y
where D = — Dﬁ(p , D being the dielectric constant of the medium and ¢ being the potential in the medium. Using

the relation and making a Fourier transform followed by an inverse Fourier transform, we obtain the expression for
the potential as [20]
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Here j=+/—1 and g is the permittivity of free space. The dielectric constant of the medium is given by,

D(IE_E'ﬁ):1+Xe+Xi+Xd 3)

where, ., |_.., is the electric susceptibility for the plasma species ‘s’ (s=e,i,d corresponding to electron, ion and

dust, respectively).

Considering the Maxwell-Boltzmann distribution for the plasma particles, the electric susceptibility due to the
thermal motion of plasma electrons and ions is given by [20],

_ [y mka
Holer T2 |72 o, “)
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The electric susceptibility due to dust grain charging and thermal motion is given as [15],

1 l—'—k'u+l Vo
YT Ny, ey - ki

— 80 m s Tv
Ay = n.gq 2 is the Debye screening length of the plasma species ‘s’. T, m, ¢ _and n_are absolute temperature,

s )

mass, charge and equilibrium number density respectively of species ‘s’. The thermal speed of the plasma species

K ,T,
s’ is given by, Vis — " where K, is the Boltzmann constant.

If we consider that the dust grain contains negative charges only, then the quasi-charge neutrality condition

within the effective Debye-sphere of the plasma becomes, n,9, =n,q, tn,q, . For v >> ‘l;ﬁ , electric
susceptibility due to the dust grain becomes,
1 7 ki v v (#ﬁ)
~—|1-7. = + ed _ g ed
Y er [ N2 kvth v, e (%)
Using (4) and (5), one can obtain the modified form of (3) as,
D(Ig —E-u) 1+ L Y Z (];ﬁ)
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For very slowly moving atom/ion i.e. v,, >> u , which means the thermal Mach number (defined as the ratio of

ion velocity and thermal velocity of plasma particles) remains below unity, the inverse of dielectric function becomes,

1 K2 Y 1 vlka
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4
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Here, 0 is the angle between 7 and 7; and (9 + ;7) is the angle between j and j . Using equation (8) one can
dissolve equation (2) into three parts that may be given as follows:

P=¢, +, to;
where we define the first part as
2
q A i q
b =33 5o dk= e/ (10)
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The method of solving the integral can be found in ref. [21]. Thus the potential ¢, is of the form of Debye-
Hiickel potential [22], where A, signifies the effective or total Debye length of the plasma. The inverse of Debye

length is known as Debye parameter or simply screening parameter (n) i.e. # = %1[ . The second part of the

potential @ is

2 _ jkrcos
k e] n

0, = j L f(

cosln + 8 )sinndndrdk
8w'e,* (1+4°22 ) (n+Osinnd (11)

Here we have used the volume element ¢°k = k’sinndndzdk in spherical polar coordinate (k,#,7). One can
nan n

get the imaginary solution of the angular part of the integral (11) as,

2z 7w .
o cos . _4mcos @ ( coskr sinkr
,Io,,'[oej " cos (77 + 9)sm ndndr = I ( PR (12)
Now using (12), equation (11) reduces to
qo,cos6 Tk j(kr)
P, == : : dk (13)

272.2‘90 k=0 (1 + kzﬂtz)z

Here j, (kr) is the spherical Bessel function of first order [19]. The solution of integral (13) can be done using the
standard Meijer’s G function [19] and the solution technique described in [21], where in the limit » < 2 A the above
integral becomes

kJ:O (1 E /1? )2 ) /1;1 "o /@ , K (x) being the Macdonald function or modified Bessel function of second
kind [19].

Using the above result and putting o, from equation (9) one can get from equation (13) as,

p, =—-Crk, (% jcos@ (14)
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qu 1
. o . C= . § .
This potential is called the near field wake potential and 4z, Pr v /13 is the wake-coefficient.
Let us now consider the third part of potential,
3 jkrcosy
_.qo, ¢ ke .
;=] cos(;y+0)sm;7d;7drdk
3 87[380 j(l+k2212)2 (15)

Here, the angular part of the integration is same as the angular part in wake potential. So, by using equation (12)
one can rearrange equation (15) in the following way,

3

_ go,cosf T k(krcoskr —sinkr)

= dk
2ne,r? 2, (l+k2/1[2 )2 (16)

Let us now consider a standard integral [23],

ksinkr . ar -
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Using the integrals (17) and (18) and the value of o, from equation (9), equation (16) takes the following form,

P, = —Deiﬁ’ cost) (19)

— uved
where, D= de. DI2V2 This potential is due to dust perturbation part and will vanish if the moving test charge
0 i ¢

is static i.e. u = 0 and/or the electron-dust collision is absent i.e. v ,= 0.

I11.CALCULATION OFENERGY LEVELSOFHYDROGENLIKE ION

To estimate the modified non-relativistic energy eigenvalues of slowly moving hydrogen-like ion in the presence of
an external classical dusty plasma environment, Rayleigh-Ritz variation calculation has been done (a.u. is used
hereafter). The expectation value of kinetic energy is given by,

oryY 1(owY 1 (o¥Y |,
"= Ka_J %) *rarala) }d r 20

Where 737 = 1-2sinfd6dwdr 1S the volume element in spherical polar (r, H,a)) co-ordinate ()< < o0,

0<0<x, 0<w<2x). The effective potential energy of the atom can be written as,

e

= —%eiru’ +CrK ,(r/ 2, Jcoso +De”" " cosh (21)

Thus the expectation value of potential energy is given by,
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V)= JVeffy/ d’v (22)
The normalization term is given by,
N) = j?’zd3f (23)

The trial wavefunction is taken as, ¥ = R, (ar)Ylm (H,w)A(H), where R, (ar) is the radial part of hydrogenic

wavefunction [24] with ‘o’ as variation parameter, Y, (00)) is the spherical harmonics [24] and A(@) = (y + ﬂcos@)

is the orbital distortion part [21] with “y* and ‘B’ as variation parameters. For the static ion (# = 0), wake and dusty
potentials will be absent and in this case we set y =1 and § = 0.

Let us now consider the one-electron auxiliary integral for radial part,

/
e dr =L

w(p.p)= = (24)
0 P

”"—aS

Iz

and the integral necessary to evaluate the expectation value of wake potential,

pvpcf :j ol ””K fr)dr

_ N7 (28) T(p+v)T(p-v) R VU | .P—&j
C(pre)™ r(p+ ) m[”*”é””é’wa (25)

., L F (a,b; c; x) is the confluent Hypergeometric function and Re(p) > ‘Re(v)‘ and Re(p +§) > ([23].
The expectation values using (20),(22) and (23) for the 1s,, 2s,, 2p, and 2p, states are given as follows.

where

1s —state

Using the trial wavefunction as lP(r, Qa)) =e " A(H), the expectation values can be derived as

(T)= [7/2 + %Zjazwl (2,2a)+ 23£W1 0.2a)

V)= —2q[72 + %ZJWI (1L,2a + )+ %CyﬂU1 (4.0.2a, )+ %D%Wl (2,20 + 1)
(N)= 2[# +’BT]W1(2,20()

2s, — state

Using the trial wavefunction as SU(r, 0, a)) = (1 - ar)e”” A(H), the expectation values can be derived as
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<T>=a2(yz%ZJWI<z,2a>—4am<s,za>+a2m<4,za)]+252 [7(0.26) = 2007, (1.20) +a'W; (2.20)
()= —261(y2 +%2J[Wl (1204 1) =200, (220 + 1) + o'W, (3,204 )|

+§Cy,8[U1 (4,020, 1) 20U, (5.0.2a, 1) + &’U, (6,0,20,11) |

+:Dy,8[ [(2.2a+ u) = 2aW, (3,20 + p) + o'W, (4.20+ 1) |

(N)= 2@2 +%2J[Wl (2.20)—2aW, (3.2a) + o'W, (4,20) |

2p, — state

Using the trial wavefunction as, lP(r, 0, a)) = re””cosHA(H) , the expectation values can be derived as

<T>—(y3 J W, (2.20) 20cW](3,2a)+a2Wl(4,20c)]+2(; 4ﬁ5 le(z,za)

7
<V>——2q(y? ﬂ— (320(-1-/1)-1- CypU, (6020(/1)+§D)/[)’W(42a+1u)

2p, —state

Using the trial wavefunction as, lP(r, 0, a)) = —re “sinfe’” A(H) the expectation values can be derived as

2

<T>_2(§+[;_2 [ W, (2.20) - 20cW1(3,2a)+a2Wl(4,2&)]+4(%+%2]Wl(2,2a)

<V>——4q(§+—2 (32a+ﬂ)+£Cy[>’U (602au)+%DyﬁW(42a+,u)
4B
(N) 4(3+15JWI(4,20¢)

The variational energy eigenvalue is now given as,

T)+(V
E= % =E,, (a,B,y)

The parameters (a, ,By) have been optimized using Nelder-Mead algorithm [25].

(26)
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IV. RESULTSAND DISCUSSION

The energy values of Is,, 2s, 2p,and 2p, states of C** ion are given in the table 1 where, the electron densities (7,)
are taken in such a way that the dust radius (r,) remains smaller than the effective Debye length (X)) and different ion
velocities are considered for which the thermal Mach number remains below unity. We have chosen typical size of
dust radius as r,= 0.5 nm, charge accumulated on dust grain g,= 100g, and mass of dust grains as m,= 12000m,,
where m,, is the mass of hydrogen atom.

In the table 1, the first row corresponding to each state indicates the energy eigenvalue of the free static C** ion.
For a fixed value of ion velocity (u) the energy eigenvalues for all the states decreases as n, increases. Similar
feature can be seen as the ion velocity () increases for a fixed electron density 7. But the amount of decrease of
energy in the former case is much greater than the later one. Thus the effect of static screening or Debye-Hiickel
part i. e. first part of the effective potential (21), which is a function of plasma electron density (7,) and dust
parameters, is more pronounced than the effect of the second and the third part of the effective potential (21)
namely, wake-part and dusty-part, where the later two parts are dependent on ion velocity # and plasma electron
density (n,).

As shown in the table, for the static case (¢ = 0) due to the effect of Debye-Hiickel part in the potential, the
[-degeneracy gets removed at each density and as a result the energies of 2s,, 2p, and 2p, states become different.

Table1
Theenergy eigenvalues—E (a.u.) of 1s, 2s, 2p, and 2p, states of C> ion moving in dusty plasma estimated with
different sets of electron number density (n_in m®) and ion velocity (u in ms?)

State n, (m>) u (ms”) -E (a.u.) State n, (m>) u (ms”) -E (a.u.)
- - 18.0 - - 4.5
0 17.98216023 0 4.482196542
100 17.98216023 100 4.482162312
500 17.98216022 1020 500 4.482161888
102 1000 17.98216020 1000 4.482161358
5000 17.98216008 5000 4.482157116
o 10000 17.98215992 2p, 10000 4.482151815
0 17.44281241 0 3.957701449
100 17.44281012 100 3.957652599
10% 500 17.44280094 10% 500 3.957476414
1000 17.44278948 1000 3.957276511
5000 17.44271391 5000 3.955684605
10000 17.44263049 10000 3.953694721
- - 4.5 - - 4.5

0 4.482198883 0 4.482196542
100 4.482175960 100 4.482137215
102 500 4.482175932 102 500 4.482137073
1000 4.482175898 1000 4.482136897
5000 4.482175675 5000 4.482135483
2s, 10000 4.482175602 2p, 10000 4.482133716
0 3.961873870 0 3.957701449
100 3.961868049 100 3.957656795
500 3.961844765 500 3.957598066
10% 1000 3.961815660 10% 1000 3.957524654
5000 3.961664635 5000 3.956990871
10000 3.961452745 10000 3.956327567
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Because of the cos 0 term in the near field wake part and the dusty part in the effective potential, the degeneracy of
energy eigenvalues with respect to the absolute value of magnetic quantum number (|m)) is lifted (corresponding to
given n and /). For example, from the table 1, it can be seen that for ion velocity # = 1000 m/s and plasma electron
density n_= 10> m the energy eigenvalues of 2p, and 2p, states are -3.95727651 a.u. and -3.95752465 a.u., which
indicates that both the states are no longer degenerate. It is also noteworthy that for n =10 m> the 2p, state
energetically lies below 2p , while for n =10> m”, the 2p, state energetically moves above to the 2p, state, giving
rise to the level-crossing phenomenon. Thus one may opine that the relative positions of the states corresponding to
same n and /-values and different |m| values depend on the plasma density of the dusty plasma environment. Moreover,
it can also be argued that two different levels can be made degenerate i.e. incidental degeneracy [21] may occur by
tuning the plasma parameters.

If the dust charge perturbation term is removed from the effective potential (by setting v, = 0), the energy of /s,
state for n, = 10* m> and u = 1000 ms™', becomes -17.44377726 a.u., whereas with dust potential under the same
plasma conditions and ion velocity, the energy of /s, state becomes -17.44278948 a.u. (as shown in table 1). Thus
in the presence of dust potential part, the energy of 1s, state becomes more positive by an amount of 9.8778 x 10+
a.u.

V. CONCLUSION

The electrostatic potential for a moving ion under classical dusty plasma is derived where the thermal Mach number
remains less than unity and dust grain radius is smaller than the effective screening length of the plasma. Subsequently,
the effect of such potential on the change of the energy eigenvalues of different states of hydrogen-like carbon ion
is studied under the framework of Rayleigh-Ritz variational method. The removal of accidental (/) degeneracy and
absolute magnetic quantum number (|m|) degeneracy are reported in case of an ion moving in the dusty plasma
environment. Level-crossing phenomenon has been observed between 2p, and 2p, states with the variation of
plasma electron density. The present form of the potential may be useful for calculating spectral properties of other
ions within dusty plasma surrounding. The energy eigenvalues reported here may serve as benchmark for future
theoretical research and also for experimental measurements under such plasma environment.

Acknowledgements

S.B. acknowledges the financial support under grant number PSW-160/14-15(ERO) from University Grants Commission, Govt. of India.
T.K.M. is grateful to the Department of Atomic Energy, BRNS, Government of India for financial support under Grant No. 37(3)/14/27/
2014-BRNS.

References
[1] C. K. Goertz, Rev. Geophys. 27 (1989) 271.
[2] L L. Spitzer, Physical Processes in the Intersteller Medium, Wiley, New York (1978).
[3] P. K. Shukla, A. A. Mamun, Introduction to Dusty Plasma Physics, IOP Publishing, Bristol (2002).
[4] J. H. Chu, Lin. I, Phys. Rev. Lett. 72 (1994) 4009.
[5] H.C. Lee, D. Y. Chen, B. Rosenstein, Phys. Rev. E. 56 (1997) 4596.
[6] S. A. Khrapak, A. G. Khrapak, A. V. Ivlev, H. M. Thomas, Phys. Plas. 21 (2004) 123705.
[7]1 G. C. Das, R. Deka, M. P. Bora, Phys. Plas. 23, (2016) 042308.
[8] L Denysenko, M. Y. Yu, K. Ostrikov, N. A. Azarenkov, L. Stenflo, Phys. Plas. 11 (2004) 4959.
[91 L H. Hutchinson, Phys. Plas. 18 (2011) 032111.
[10] S. A. Khrapak, Phys. Plas. 20 (2013) 013703.
[11] G. Lapenta, Phys. Plas. 6 (1999) 1442.
[12] K. Avinash, A. Bhattacharjee, R. Merlino, Phys. Plas. 10 (2003) 2663.
[13] L L. Semenov, A. G. Zagorodny, L. V. Krivtsun, Phys. Plas. 20 (2013) 013701.
[14] H. Hu, F. Li, Phys. Plas. 20 (2013) 023701.

International Review of Atomic and Molecular Physics, 6 (2), July-December 2015 / 81



S. Dutta, J. K. Saha, S. Bhattacharyya and T. K. Mukherjee

[15] P. K. Shukla, Phys. Plas. 1 (1994) 1362.

[16] P. K. Shukla, L. Stenflo, Plas. Phys. Rep. 27 (2001) 904.

[17] W. M. Moslem, R. Sabry, P. K. Shukla, J. Plas. Phys. 77 (2011) 663.

[18]S. Ali, S. Khan, Phys. Plas. 20 (2013) 072106.

[19] M. Abramowitz, 1. A. Stegun, Handbook of Mathematical Functions, Dover, New York (1972).

[20] E. M. Lifshitz, L. P. Pitaevskii, Physical Kinetics, Butterworth-Heinemann, UK (1981).

[21] S. Dutta, Jayanta K. Saha, T. K. Mukherjee, Phys. Plas. 22 (2015) 062103.

[22] P. Debye, E. Hiickel, Z. Phys. 24 (1923) 185.

[23] L. S. Gradshteyn, 1. M. Ryzhik, Table of Integrals, Series and Products, Tth ed. Academic, New York (1994).
[24]1 B. H. Bransden, C. J. Joachain, Physics of Atoms and Molecules, 2™ ed. Pearson Education, Delhi (2004).
[25]J. A. Nelder, R. Mead, Comput. J. 7 (1965) 308.

82 \ International Review of Atomic and Molecular Physics, 6 (2), July-December 2015





