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Dressing effects on elastic collisions in dusty plasmas
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Elastic collisions between two dressed grains charged with the same sign in dusty plasmas are investigated
using the first- and second-order eikonal method. An interaction potential model taking into account the cross
terms of shield effects is applied to describe the interaction potential between dressed dust grains in dusty
plasmas. The impact parameter method is applied to investigate the variation of the eikonal phase and elastic
cross section as functions of dust charge, Debye length, and collision energy. The result shows that the
potential well in the interaction potential plays an important role in the elastic cross section as well as in the
eikonal phase. It is also found that the dressing effects significantly increase the elastic cross section and
change the sign of the eikonal phase. It is also found that the second-order eikonal phase is caused by the pure
plasma screening effects.
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I. INTRODUCTION

The elastic collision process has been known to be on
the major collision processes in many areas of physics.
cently, atomic collision processes in plasmas are of g
interest since these processes can be used for plasma
nostics@1–4#. The elastic electron-ion collision process@5#
in dense plasmas have been investigated using the eik
method @6,7#. The eikonal approximation has been wide
used in many collision processes@5–7#. This eikonal method
has a great advantage since we can obtain the general
tinuum wave functions for the collision system in terms
the eikonal phase including all physical information. The
using the eikonal wave functions, we can readily calcul
and investigate various cross sections for particle collisi
in plasmas.

In recent years, there has been a considerable intere
the dynamics of gases and plasmas containing dust part
including collective effects, nonlinear effects, and stro
electrostatic interaction between the charged compone
These dust-plasma interactions occur not only in space p
mas but also in the laboratory plasmas. Several atomic
cesses in dusty plasmas have been investigated in ord
obtain the information of relevant plasma parameters@8–10#.
To the best of our knowledge, however, elastic collisions
two dressed grains charged with the same sign in dusty p
mas have not been investigated as yet. The theoretical ca
lation of collision cross sections in dust plasmas can b
useful tool for investigating interaction potentials in dus
plasmas. Thus, in this paper we investigate the elastic c
sion process between dressed dust grains charged with
same sign in dusty plasmas using the first- and second-o
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eikonal method. An interaction potential model@11# taking
into account the cross terms of shield effects is applied
describe the interaction potential between negatively char
two dressed dust grains in dusty plasmas. The semiclas
impact parameter method is applied to visualize the first-
second-order eikonal phases as functions of the impact
rameter and plasma parameters.

In Sec. II, we discuss the eikonal method and derive
first- and second-order eikonal phases and the elastic c
sion cross section. In Sec. III we obtain the analytic expr
sions of the eikonal phases and the elastic cross section
dressed grain-grain collisions in dusty plasmas including
dust-Debye sphere interaction terms, i.e., the dressing te
We also investigate the dressing effects on the eikonal ela
collision cross section as well as on the total eikonal pha
Finally, in Sec. IV, a summary and discussion are given.

II. FIRST- AND SECOND-ORDER EIKONAL METHOD

Using the first-order theory arising from the integr
Lippmann-Schwinger equation@12#,

C~r !5f~r !1E d3r 8G0~r2r 8!U~r 8!C~r 8!, ~1!

whereU(r ) @[2mV(r )/\2# is the reduced potential energ
m is the reduced mass of the collision system,C(r ), f(r ),
and G0(r2r 8) @52(4p)21eikur2r8u/ur2r 8u# are the solu-
tion of the time-independent Schro¨dinger equation, the solu
tion of the homogeneous equation, the Green’s function,
the free-particle propagator, respectively, such that

~¹21k2!C~r !5U~r !C~r !, ~2!

~¹21k2!f~r !50, ~3!

~¹21k2!G0~r2r 8!5d3~r2r 8!, ~4!

ity,
:
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wherek (5A2mE/\2) is the wave number,E is the collision
energy, andd3(r2r 8) is the three-dimensional Dirac delt
function. If we have chosen thez axis in the direction of the
incident wave numberki and using the expansion techniqu
on the free outgoing Green’s function@7#, we then obtain the
eikonal wave functionCE(r ) as

CE~r !5~2p!23/2expF ik i•r2
i

2ki
E

2`

z

dz8U~b,z8!G , ~5!

whereb is the impact parameter and the integration in
phase factor is along a straight line parallel tok i . This eiko-
nal method is equivalent to the Glauber approximation in
potential scattering. The relation between the Glau
method and other methods such as the Born and clas
methods can be considered using the parameteruVud/\v for
the potential scattering, whereuVu is a typical strength of the
interaction potential,d is the potential action distance, andv
is the collision velocity. Since this parameter can be b
greater and smaller than the unity in the Glauber approxi
tion, the Glauber method has a wide range of applicability
the potential scattering process@13#. If we adopt a cylindrical
coordinate system such thatr5b1zn̂, n̂ being a unit vector
perpendicular to the momentum transferD ([k i2k f), i.e.,
n̂•D50, and the integral over the variablez, the eikonal
collision amplitudef E is then found to be

f E52
1

4p E d3r ei D•rU~r !expF2
i

2ki
E

2`

z

dz8U~b,z8!G .
~6!

After some algebra, the total elastic collision cross sect
using the eikonal method is given by

sE5E dV u f Eu2,

52pE db bUexpF i S 1

k
x1~b!1

1

k3 x2~b! D G21U2

, ~7!

where the differential solid angledV was replaced by
d2D/k2 ~here, uk i u5uk f u5k! and x1(b) and x2(b) are the
first-order and second-order eikonal phases, respectively

x1~b!52
m

\2 E
2`

`

dz V~r !, ~8!

x2~b!52S m

\2D 2E
2`

`

dz V~r !FV~r !1r
d

dr
V~r !G ~9!

with r 5(b21z2)1/2.

III. DRESSED GRAIN-GRAIN COLLISION

Very recently, the interaction potential@11# between two
dressed dust grains in dusty plasmas has been obtaine
cluding the interaction terms between two grains, two Deb
spheres, and two grain-Debye sphere. We suppose that
dust grains possess spherical shape with radiusa1 and a2 ,
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and charged negativelyQ1 (52Z1e) and Q2(52Z2e).
Then, the total interaction potential energy between t
dressed dust grains charged the same signQ1 andQ2 can be
obtained as

V~r !5
Q1Q2

r
e2r /LS 12

r

2L D , ~10!

whereL is the Debye length. This form of the interactio
potential is valid forL@a1 ,a2 . For typical laboratory and
astrophysical dusty plasmas, it has been known that the
bye length is much greater than the grain size, i.e.,L@a.
Here, the pure exponential term@(2Q1Q2/2L)e2r /L# in Eq.
~5! represents the attractive interactions between the gr
Debye sphere~two cross interactions!. Recently, Chenet al.
@14# used a more approximate method to calculate the in
action potential and then obtained a similar conclusion. If
neglect the interaction between the grain and the De
sphere, the interaction potentialV(r ) becomes the Yukawa
type @15# potentialV(r )5Q1Q2e2r /L/r . The interaction po-
tential Eq.~10! has a zero point atr /L52 and a potential
well near the minimum positionr /L'2.7. Then, negatively
charged two dust grains can attract each other beyond
minimum position. Various mechanisms of attractive effe
for charged dust grains in dusty plasmas have been also
posed@16–18#. Recently, the horizontal part of the dust-du
interaction potential was measured for several plasma co
tions @19#. The effective dusty charge and the screen
length were also obtained. It has been known that the
namic screening effect is identical to the static Debye scre
ing since the plasma dielectric function becomes the st
value when the velocity of the projectile is less than t
thermal velocity of the plasma particles@20#. In dust-dust
collisions, the velocity of the dust particle is usually less th
the ion thermal velocity because of the large mass ra
M /mi , whereM is the dust mass andmi is the ion mass. A
discussion on the effects of the plasma ions in interaction
dust grain was given by a recent excellent paper
Vladimirov and Nambu@16#. However, we neglect the ve
locity effect on the interaction potential since it is sma
when the velocity of the projectile is less than the ion th
mal velocity. Thus, the interaction potential Eq.~10! is quite
reliable for describing dust-dust collision processes in du
plasmas. The use of the interaction potential@Eq. ~10!# and
the impact parameter approach allows us to derive ana
expressions for the first-and second-eikonal phases as
lows:

1

k
x1~ b̄!52S m

m
D 1/2

2Z1Z2

Ē1/2
E

0

`

dz̄
exp~2Ab̄21 z̄2!

Ab̄21 z̄2

3S 12
Ab̄21 z̄2

2
D ,

52S m

m
D 1/2

2Z1Z2

Ē1/2
FK0~ b̄!2

b̄

2
K1~ b̄!G ,

~11!
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1

k
x2~ b̄,aL!52S m

m
D1/2

2~Z1Z2!2

Ē3/2
aLE

0

`

dz̄
exp~22Ab̄21 z̄2!

Ab̄21 z̄2

3S 12
Ab̄21 z̄2

2
D S 2

3

2
1

Ab̄21 z̄2

2
D

5S m

m
D 1/2

2~Z1Z2!2

Ē3/2
aLF S 3

2
1

b̄2

8
D K0~2b̄!

2
5b̄

2
K1~2b̄!1

b̄2

8
K2~2b̄!G , ~12!

where b̄ ([b/L) is the scald impact parameter,Ē ([E/R
5mv2/2R) is the scaled collision energy,m @5M1
M2 /(M11M2)# is the reduced mass of two dust grains w
massM1 andM2 , R (5me4/2\2>13.6 eV) is the Rydberg
constant,m is the electron mass,aL ([a0 /L) is the scaled
reciprocal Debye length,a0 (5\2/me2) is the Bohr radius,
andKn are the modified Bessel functions@21# with ordern. It
is important to note that the second-order eikonal ph
x2(b̄,aL) vanishes whenL→`. Thus, it is found that the
second-order eikonal phase is the pure plasma screenin

TABLE I. Numerical values of the total elastic collision cros
section in units ofpL2 for Z151000,Z25500,a150.02mm, and
a250.01mm.

Ē sE(aL ,Ē)a/pL2 sE8 (aL ,Ē)b/pL2

100 1297.0 965.8
300 1183.6 931.7
600 1074.4 906.7

aThe total elastic collision cross sectionsE(aL ,Ē) including the
interactions between the grain-Debye sphere.
bThe total elastic collision cross sectionsE8 (aL ,Ē) neglecting the
interactions between the grain-Debye sphere.
02640
e

ef-

fect. Then, the scaled total eikonal elastic dust-dust collis
cross section in units ofpL2 is given by

sE~aL ,Ē!/pL25E db̄ 2b̄uexp@ ix~ b̄,aL ,Ē!#21u2,

~13!

where x(b̄,aL ,Ē) @[x1(b̄)/k1x2(b̄,aL)/k3# is the total
eikonal phase. In this work, we neglect the charging eff
@22# that is a defining characteristic of dusty plasmas. It tu
out that mutual charging effects are found to be unimport
at the grain-grain collision considered in this work, main
one Debye length. However, the charging effects start to
come important at distances of the closest approach sm
than the Debye length. The Debye shield distortions star
become a concern at small separations. However, we
interested in distant collisions (b>L) between two dressed
dust grains. Thus, the Debye shield distortion effects, i
nonlinear screening effect on the interaction potential is
pected to be quite small and then negligible for distant
counters (b>L) of dust grains. Since the results, Eqs.~11!,
~12!, and ~13!, are all scaled in units of the Debye lengt
these results can be applied to duty plasmas where the D
screening effect plays an important role. Thus, the result
the eikonal phases Eqs.~11! and~12! and the collision cross
section@Eq. ~13!# are found to be quite reliable for the do
mainb>L. If we neglect the grain-Debye sphere interacti
terms, i.e., the dressing terms, the first- and second-eik
phases are just found to be

1

k
x18~ b̄!52S m

m
D 1/2

2Z1Z2

Ē1/2
K0~ b̄!, ~14!

1

k
x28~ b̄,aL!5S m

m
D 1/2

2~Z1Z2!2

Ē3/2
aLK0~2b̄!. ~15!

In order to explicitly investigate the dressing effects, i.
the grain-Debye sphere interaction effects, on the eiko
elastic cross section for dressed dust-dust collisions in d
plasmas, specifically, we seta150.02mm, a250.01mm,
-

ye

-

y

FIG. 1. The three-dimensional plot of the ra

tio of the total eikonal phasex(b̄,aL ,Ē) includ-
ing the interactions between the grain-Deb
sphere@Eqs. ~11! and ~12!# to the total eikonal

phasex8(b̄,aL ,Ē) neglecting the interactions be
tween the grain-Debye sphere@Eqs. ~14! and
~15!# as a function of the scaled collision energ

and the scaled impact parameter forb̄>1.
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FIG. 2. The ratio of the total eikonal phas

x(b̄,aL ,Ē) including the interactions betwee
the grain-Debye sphere to the total eikonal pha

x8(b̄,aL ,Ē) neglecting the interactions betwee
the grain-Debye sphere as a function of the sca

impact parameter whenĒ5300.
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Z151000, Z25500, L550a1 , and the density of the dus
grains isr>2 g cm23 @23#. Since we chooseL@a1 , a2 , the
form of the interaction potential@Eq. ~10!# is reliable to de-
scribe the interaction between two dressed dust grains. T
I shows numerical values of the total elastic collision cro
section in units ofpL2. As we see in this table, the dressin
effects significantly increase the elastic cross section, for
ample, 26% and 21% forĒ5100 andĒ5300. It is found
that the dressing effects are reduced as an increase o
collision energy. Figure 1 shows the three-dimensional p
of the ratio of the total eikonal phasex(b̄,aL ,Ē) including
the interactions between the grain-Debye sphere@Eqs. ~11!

and ~12!# to the total eikonal phasex8(b̄,aL ,Ē) neglecting
the interactions between the grain-Debye sphere@Eqs. ~14!
and~15!# as a function of the scaled collision energy and
scaled impact parameter forb̄>1 since our results Eqs.~11!
and~12! are quite reliable forb>L. Figure 2 shows the ratio
of the total eikonal phasex(b̄,aL ,Ē) including the interac-
tions between the grain-Debye sphere to the total eiko
phasex8(b̄,aL ,Ē) neglecting the interactions between t
grain-Debye sphere whenĒ5300. As we see in these fig
ures, it is found that the dressing effects change the sig
the eikonal phase forb̄.1.6. It means that the attractiv
interaction is dominant for long-range collisions. This attra
tive behavior of the dust particles is a result of the plas
polarization. The position of the potential well due to t
attractive interaction caused by the polarization does not
pend on the charges of dust grains forL@a1 , a2 . Very,
recently Ivanov@24# obtained this polarization interaction i
dusty plasmas and got the same result with Eq.~10!. Thus,
the charging effect of dust particles is found to be unimp
tant in this case since the position of the equilibrium betwe
the repulsive and attractive interactions is greater than
Debye length. The result shows that the potential well p
duced by the attractive interaction between dressed dust-
grains plays an important role in collision processes in du
plasmas.
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IV. SUMMARY AND DISCUSSION

We investigate the elastic collision process between
dressed grains charged with the same sign in dusty plas
using the eikonal method. An interaction potential model ta
ing into account the cross terms of shield effects is applied
describe the interaction potential between dressed dust g
in dusty plasmas. The impact parameter method is applie
investigate the variation of the first- and second-eikonal
konal phases and the elastic cross section as functions of
charge, Debye length, and collision energy. The result sh
that the potential well caused by the dressing effect in
interaction potential plays a significant role in the elas
collision cross section as well as in the eikonal phase. I
also found that the dressing effects significantly increase
elastic collision cross section. The dressing effects are
found to be decreased with increasing the collision energ
is found that the dressing effects also change the sign of

eikonal phase forb̄.1.5 due to the long-range dust-dust i
teraction. It should be noted that the second-order eiko
phase is caused by the pure plasma screening effects. T
results will provide useful information on the collision pro
cesses between two dressed grains charged with the s
sign in dusty plasmas.
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