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Screened interaction potentials in dusty plasmas taking into account the polarization of dust

particles have been obtained. On the basis of screened potentials scattering processes for ion-dust

particle and dust particle-dust particle pairs have been studied. In particular, the scattering cross

section is considered. The scattering processes for which the dust grain polarization is unimportant

have been found. The effect of zero angle dust particle-dust particle scattering is predicted. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922908]

I. INTRODUCTION

Dusty plasma has been the subject of an intensive

research over the last twenty years. There is a large amount of

experimental data on static and dynamic properties of dusty

plasmas, which were successfully explained in the framework

of theoretical models and computer simulation (see, for exam-

ple, Ref. 1 and references therein), where the interactions

between particles were taken as the Yukawa potential.

It is known that the potential formed around the dust

particle can deviate from the Yukawa potential.2–5 In Refs. 6

and 7, it was shown that the potential of a dust particle can

have an asymptotic behavior �r�n, with n¼ 2, 3, due to the

loss of ions and electrons on the surface of the dust particle.

In Ref. 8, it was shown that such a behavior of the potential

has a minor effect on scattering processes in dusty plasmas.

There is also a possibility of attraction between likely

charged dust particles. One of the possible mechanisms that

may cause this process is induced polarization of dust parti-

cle9,10 or polarization of the dust particle þ captured ions

cloud in an electric field.11–13 The attraction of one dust par-

ticle to the other dust particle in a dc gas discharge as the

result of ion focusing got its theoretical explanation in Refs.

14 and 15. A detailed study of ion scattering by dust grains

using the Yukawa potential was performed in Refs. 8 and 16.

Using the Boltzmann equation, the authors17–19 showed

that the impact of dust particles on the surrounding plasma

can be significant. In particular, it can be explained by the

absorption of electrons and ions by the dust grain. The influ-

ence of dust particles on the plasma depends on the number

density of dust grains and on the dust scattering (absorption)

cross section. Therefore, from the point of view of practical

application, it is important to study the dust particle-plasma

interaction in plasmas where the dust particles appear (com-

plex plasmas), for instance, in different kinds of discharges

and in the Tokamak, where dust grains are formed near the

wall.20–23 However, no detailed investigations of the influ-

ence of the dust particle polarization on the scattering proc-

esses have been carried out (hereafter, dust particle

polarization means induction of a dipole moment due to the

charge deposition on the grain surface by the electric field of

the other particle or by an external electric field). The aim of

the present work is to fill this gap. To this end, scattering of

ions on a spherical dust grain taking into account dust parti-

cle polarization was studied. The dust particle-dust particle

scattering process was also studied in the assumption that

dust particles can have an induced dipole moment.24 The

absorption of ions and electrons by dust particles and coagu-

lation of dust grains were not considered.

In Sec. II, the ion-dust particle and dust particle-dust

particle interaction potentials taking into account dust polar-

ization but neglecting screening by the surrounding plasma

are obtained and effective screened potentials are derived. In

Sec. III, scattering processes in the complex plasma are

considered.

II. SCREENED INTERACTION POTENTIALS

A. Screened ion-dust particle interaction

The interaction potential of the ion with a spherical dust

grain without taking into account screening has the following

form:9,25

/ rð Þ ¼ � e2Z

r
� n

2

e2a3

r2 r2 � a2ð Þ ; (1)

where a is a dust radius, n is equal to one for the metal grain

and n¼ (ed� 1)/(edþ 1) for the dielectric grain. In Ref. 25,

the dust particle charge was calculated by solving

Schrodinger equation for the electron with potential (1), and

the obtained result was in good agreement with the experi-

mental data. Fig. 1(a) shows the potential (1) for different

values of the dust particle charge. The polarization effect

becomes important as the dust particle charge decreases.

The adequate investigation of scattering processes in

plasma requires taking charge screening into account.8 In

order to obtain the effective screened potential, a well-

known formula for the effective potential in the Fourier

space is used

~U kð Þ ¼
~/ kð Þ
e kð Þ

; (2)
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where ~/ðkÞ is a Fourier transform of the potential (1) and

e(k) is the static dielectric function of plasma in linear

response approximation26

e kð Þ ¼ 1þ k2
D

k2
; (3)

where kD is a screening length (equal to the inverse value of

the Debye length k).

The Fourier transform of the potential (1) is equal to

~/ kð Þ ¼ � 4pe2Z

k2
þ ne2ap2

k
1� cos kað Þð Þ: (4)

Substituting Eqs. (4) and (3) into Eq. (2) and performing

an inverse Fourier transformation, we can obtain the follow-

ing screened interaction potential of the dust particle with an

ion:

Uid rð Þ ¼ � e2Z

r
exp �rkDð Þ þ ne2a

2

� 1

r2
� a

r r2 � a2ð Þ þ
f r þ að Þ þ f r � að Þ

2
� f rð Þ

2rk�1
D

2
4

3
5
;

(5)

where

f ðxÞ ¼ expð�xkDÞEiðxkDÞ � expðxkDÞEið�xkDÞ; (6)

Eið�axÞ ¼ �
ð1

x

dx expð�axÞ=x;

EiðaxÞ ¼
ð1

x

dx expðaxÞ=x: (7)

Fig. 1(b) shows that the potential (5) is screened at

large distances. The comparison of potentials shows, that

when the condition a/(2Zk)< 0.1 is satisfied, the potential

(5) can be approximately described by the following empir-

ical formula:

Uid rð Þ ’ � e2Z

r
þ ne2a3

2r2 r2 � a2ð Þ

" #
exp �rkDð Þ: (8)

B. Screened dust particle-dust particle interaction

Let us consider a system of two dust particles. The first

dust particle is located in the field of the second one. The dis-

tance between dust particles is larger than their sizes. Then,

the total potential energy of the system can be expanded in

series (see Ref. 27)

U ¼ U0 þ U1 þ � � � : (9)

Here, U0 ¼ /0

P
eZ ¼ e2Z2

r �
d1n
r2 eZ,

U1 rð Þ ¼ d2E0 ¼
d2n

r2
eZ þ d1d2 � 3 d1nð Þd2n

r3
; (10)

d1; d2 are the dusty particles dipole moments. Further, we

neglect pure dipole-dipole interaction proportional to�1/r3

assuming that d1d2=ðeZkÞ2 � 1. This assumption is justi-

fied, as, usually, in real experiments on dusty plasmas the

Debye radius is larger than the dust particle size k> ad.

Therefore, the interaction potential of dusty particles has the

following form:12,27

/dd rð Þ ¼ e2Z2

r
þ eZDd

r2
; (11)

FIG. 1. The interaction potentials between particles of complex plasmas: (a)

the potential (1) for the different values of the dust particle charge in units of

e2Z/a; (b) the curves of the screened potential (5) (dashed line) and the

potential (1) (solid line) for Z¼ 10, n¼ 1, and a/k¼ 0.1 in units of e2Z/k; (c)

the curves of the screened potential (13) (dashed line) and the potential (11)

(solid line) for Dd/(eZk)¼ 0.1 in units of e2Z2/k.
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where Dd ¼ ðd1 � d2Þn, and n is a unit vector connecting

the centers of dipoles d1 and d2. The Fourier transform of

the potential (11) has the form

~/dd kð Þ ¼ 4pe2Z2

k2
þ 2p2eZDd

k
: (12)

Substituting Eqs. (3) and (11) into Eq. (2), after the

inverse Fourier transformation we obtain

Udd rð Þ ¼ e2Z2

r
exp �rkDð Þ þ eZDd

r

1

r
� kD

2
f rð Þ

� �
; (13)

where f(x) is given in Eq. (6).

The dust grains experience attraction at short distances

if Dd< 0. In Ref. 28, it was shown that such an attraction

caused by the charge-dipole interaction can lead to coagula-

tion of dust particles. Further, calculations for scattering

processes are made for Dd< 0.

From Fig. 1(c), it can be seen that the potential (13) is

screened at large distances.

In Ref. 29, the following formula for the interaction

potential between charged dust particles having dipole

moments was suggested

Udd rð Þ ’ e2Z2

r
þ eZDd

r2

� �
exp �rkDð Þ: (14)

From the comparison of the curves for potentials (13) and

(14), it was found that the potential (14) can be used correctly

when the condition jDdj=ðeZkÞ < 0:1 is satisfied (see Fig. 2).

In general, during the scattering process the dipole

moment of particles is not constant. The dust particle polar-

ization depends on a number of parameters such as particle

shape and size, and material and surrounding plasma. It

means that in any experiment depending on the above-

mentioned parameters, the value of dipole moment varies,

and it is difficult to calculate it. Further, we assume that

d¼ constant, though the question how good such an assump-

tion remains open, because, as far as we know, there were no

experiments where the scattering of two dust particles on

each other was studied in order to estimate the impact of the

dust particle polarization on the scattering process.

III. SCATTERING PROCESSES IN COMPLEX
PLASMAS

The classical scattering angle for two particles with

masses m1, m2 and with the interaction potential U(r) for a

given impact parameter q is equal to

vðqÞ ¼ jp� 2uðqÞj; (15)

where

u qð Þ ¼ q
ð1

rmin

dr

r2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Uef f r; qð Þ

p (16)

and Ueff is an effective interaction energy in units of the kinetic

energy of a projectile E¼mv2/2 has the following form:

Uef f r; qð Þ ¼
q2

r2
þ 2U rð Þ

mv2
: (17)

The effective potential (17) takes into account centrifu-

gal force. In Eq. (16), rmin corresponds to the distance of a

minimal approach at the given q and is obtained from the

equation Ueff(rmin, q)¼ 1. Using v(q), the scattering cross

section can be obtained from the well known formula

r ¼ 2p
ð1

0

ð1� cos vðqÞÞqdq: (18)

A. Ion-dust particle scattering

As the potential U(r), the screened interaction potential

of the ion with the spherical dust grain (5) is taken. Further,

a metal dust particle is considered n¼ 1. The scattering

process is characterized by the coupling parameter b¼ e2Z/

mv2k, where m is the ion mass, and by the dimensionless ra-

dius of the dust particle a¼ a/k.

Fig. 3 shows the scattering angle for different values of

the dust particle charge and dust particle radius. It is seen

that the influence of dust particle polarization on ion scatter-

ing is stronger for dust particles with smaller charge, but is

still negligible up to Z¼ 10. Calculations were made taking

into account a physical condition rmin> a. Fig. 3(b) shows

the scattering cross section calculated using the Yukawa

potential and the potential (5).

From Fig. 3, it is clearly seen that the polarization of the

spherical dust grain leads to an increase in the scattering cross

section at b< 1. For strong ion-grain interaction (b> 1,

which is typical for gas discharge dusty plasmas), the mo-

mentum transfer occurs at distances far beyond the Debye

length. Hence, the changes in the potential in close vicinity of

the grain will not affect the scattering process considerably.

Fig. 4 shows ions trajectories at a¼ 1, b¼ 30, and

Z¼ 10 calculated using the Yukawa potential and the poten-

tial (5). Parameters q/k¼ 5, q/k¼ 4.24 taken as in Ref. 16

and trajectories obtained in this study are in good agreement

with the result of Khrapak et al. (see Fig. 1 (Ref. 16)), which
FIG. 2. The curves of the screened potential (13) (dashed line) and the

potential (14) (solid line) for Dd/(eZk)¼ 0.05 in units of e2Z2/k.
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is a good check of our calculations. The figure also shows

the trajectories for q/k¼ 3.7 obtained using the Yukawa

potential and the potential (5).

B. Dust particle-dust particle scattering

As the interaction potential of dusty particles the poten-

tial (13), which takes into account an induced dipole

moment, is taken. Here, the coupling parameter is equal to

b¼ e2Z2/mv2k, where m is the mass of the dust grain. Also,

the parameter a is redetermined as a ¼ jDdj=ðeZkÞ.

FIG. 3. In (a), the scattering angle obtained using the Yukawa potential

(line 1) and the interaction potential (5) of the ion with the spherical dust

grain (line 2). In Figure 3(b), the scattering cross section obtained using the

Yukawa potential (line 1) and the interaction potential (5) of the ion with the

spherical dust grain (line 2) is shown.

FIG. 4. Ions trajectories during collisions at a¼ 1, Z¼ 10. The scattering

center is located at x¼ 0, y¼ 0.

FIG. 5. In (a) and (b), the dust particle-dust particle scattering angle

obtained using the Yukawa potential (line 1) and the dust particle-dust parti-

cle interaction potential (13) (line 2), which takes into account an induced

dipole moment, is shown. In Figure 4(c), the scattering angle obtained using

the dust particle-dust particle interaction potential (13) for the different val-

ues of b is given.
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Figure 5 shows the scattering angle for various a values

for b¼ 0.01, 0.1, 0.2. It is seen that for 0.005<b< 0.2 at

some critical values of the impact parameter qcr scattering at

a very small deflection angle occurs. This zero angle scatter-

ing effect is caused by the short range charge-dipole attrac-

tion and appears at larger values of the critical impact

parameter as the parameter a increases. The corresponding

trajectories of dust particles during collisions are shown in

Fig. 6. Fig. 7 shows the scattering cross section for a¼ 0.05

and for a¼ 0.1 is shown. It is seen that the difference

between the cross section obtained taking into account the

induced dipole moment and the cross section obtained using

the Yukawa potential appears when the zero angle scattering

effect arises. At high energies b< 0.005, the scattered parti-

cle does not experience any deviation from the Yukawa

potential; at low energies b> 0.2, the particle scatters form

the Yukawa-type tail of the potential (13) (see bottom figure

in Fig. 1) and does not reach the domain where the dipole-

charge interaction has a strong effect.

IV. SUMMARY AND CONCLUSIONS

The influence of dust particle polarization on classical

scattering processes in complex plasmas was studied using

the effective screened potentials. It has been found out that

there are scattering processes for which the polarization

effect is unimportant. In particular, the polarization of the

dust grain has a very small effect on the dust particle-dust

particle scattering in the range b< 0.005, b> 0.2.

Zero angle scattering is predicted for the coupling pa-

rameter b ranging from 0.005 to 0.2. For dust particle

charges Z¼ 103 and 102, the coupling parameter b¼ 0.1

corresponds to dust particle energies E’ 172 eV and

E’ 1.72 eV, respectively, where Telectron � Tion and the ion

temperature is taken equal to Tion¼ 300 K. In gas discharge

experiments, the kinetic energy of the dust particle has the

value up to 20 eV.30,31 Therefore, for low charged dust par-

ticles (Z¼ 100), the prediction of the dust particle-dust parti-

cle zero angle scattering can be checked experimentally.

It is should be noted that the dust particle can have a

dipole moment induced by an external electric field.29 In this

case, the potential (13) can be applied but the scheme from

Sec. III can not be used as the spherical symmetry is

violated.
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