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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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[. INTRODUCTION eikonal method. An interaction potential modéfl] taking
into account the cross terms of shield effects is applied to
The elastic collision process has been known to be one alescribe the interaction potential between negatively charged
the major collision processes in many areas of physics. Réwo dressed dust grains in dusty plasmas. The semiclassical
cently, atomic collision processes in plasmas are of gredimpact parameter method is applied to visualize the first- and
interest since these processes can be used for plasma dig§cond-order eikonal phases as functions of the impact pa-
nostics[1-4]. The elastic electron-ion collision procelly ~ rameter and plasma parameters. .
in dense plasmas have been investigated using the eikonal In Sec. ll, we discuss the eikonal method and derive the
method[6,7]. The eikonal approximation has been widely first- and second-order eikonal phases and the elastic colli-
used in many collision processgs-7]. This eikonal method sion cross section. In Sec. Il we obtain the analytic expres-
has a great advantage since we can obtain the general cotions of the eikonal phases and the elastic cross section for
tinuum wave functions for the collision system in terms of dressed grain-grain collisions in dusty plasmas including the
the eikonal phase including all physical information. Then,dust-Debye sphere interaction terms, i.e., the dressing terms.
using the eikonal wave functions, we can readily calculatéVe also investigate the dressing effects on the eikonal elastic
and investigate various cross sections for particle collision§0llision cross section as well as on the total eikonal phase.
in plasmas. Finally, in Sec. IV, a summary and discussion are given.
In recent years, there has been a considerable interest in
the dynamics of gases and plasmas containing dust particles II. FIRST- AND SECOND-ORDER EIKONAL METHOD
including collective effects, nonlinear effects, and strong
electrostatic interaction between the charged components, ; _
These dust-plasma interactions occur not only in space pla&/PPmann-Schwinger equatidi2],
mas but also in the laboratory plasmas. Several atomic pro-
cesses in dusty plasmas have been investigated in order to q,(r)=¢(r)+J dBr'Go(r—rHUr )W), (1)
obtain the information of relevant plasma parameft8rs1Q].
To the best of our knowledge, however, elastic collisions of o )
two dressed grains charged with the same sign in dusty pladthereu(r) [=2uV(r)/47] is the reduced potential energy,
mas have not been investigated as yet. The theoretical calct- 1S the reduced mass of the CO'!'S'O” systeh(r), ¢(r),
lation of collision cross sections in dust plasmas can be @nd Go(r—r') [=—(4m) teX""l/|r—r’|] are the solu-
useful tool for investigating interaction potentials in dusty tion of the time-independent Schiieger equation, the solu-
plasmas. Thus, in this paper we investigate the elastic collition of the homogeneous equation, the Green’s function, i.e.,
sion process between dressed dust grains charged with thige free-particle propagator, respectively, such that
same sign in dusty plasmas using the first- and second-order

Using the first-order theory arising from the integral

(VZHKH)W(r)=U(r)®(r), 2
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wherek (= 2 E/#%?) is the wave numbeE is the collision and charged negativel®, (=—2Z,e) and Q,(=—Z€).
energy, ands®(r—r’) is the three-dimensional Dirac delta Then, the total interaction potential energy between two
function. If we have chosen theaxis in the direction of the dressed dust grains charged the same &@gandQ, can be
incident wave numbek; and using the expansion technique obtained as

on the free outgoing Green'’s functipn], we then obtain the

eikonal wave function?c(r) as V(r)= erQZ e—r/A( 1— %) (10

, (5 whereA is the Debye length. This form of the interaction
potential is valid forA>a,,a,. For typical laboratory and

whereb is the impact parameter and the integration in the@Strophysical dusty plasmas, it has been known that the De-
phase factor is along a straight line parallekjo This eiko-  bYe length is much greater than the grain size, exa.
nal method is equivalent to the Glauber approximation in thd1€re, the pure exponential tefif— Q,Q,/2A)e™"*] in Eq.
potential scattering. The relation between the Glaubef®) represents the attractive interactions between the grain-
method and other methods such as the Born and classicR€PYe spherétwo cross interactions Recently, Cheret al.
methods can be considered using the paranj#fieli7v for [14} used a more approximate methoq to calculate_the inter-
the potential scattering, whe¥| is a typical strength of the action potent!al and ;hen obtained a S|m|la.r conclusion. If we
interaction potentiald is the potential action distance, and N€glect the interaction between the grain and the Debye
is the collision velocity. Since this parameter can be botrsPhere, the interaction pmem"‘i«f{% becomes the Yukawa
greater and smaller than the unity in the Glauber approximayP€[15] potentialV(r)=Q;Q,e™"""/r. The interaction po-
tion, the Glauber method has a wide range of applicability infential Eq.(10) has a zero point at/A=2 and a potential
the potential scattering procefss]. If we adopt a cylindrical  Well near the minimum position/A~2.7. Then, negatively
coordinate system such that b+ zh, A being a unit vector charged two dust grains can attract each other beyond this
perpendicular to the momentum transfer(=k; —k;), i.e.,, ~minimum position. V.ano.us mechanisms of attractive effects
A-A=0, and the integral over the variabie the eikonal for charged dust grains in dusty.plasmas have been also pro-
collision amplitudef¢ is then found to be _posed[lﬁ—la. Repently, the horizontal part of the dust—dust'
interaction potential was measured for several plasma condi-

\IfE(r)z(Zq-r)3’2ex+ki-r—zl—kij:dz’U(b,z’)

1 , i [z tions [19]. The effective dusty charge and the screening

fe=— EI d’r e'A'rU(f)eXF{— XJ dz’U(b,z’)}. length were also obtained. It has been known that the dy-

te ©6) namic screening effect is identical to the static Debye screen-

ing since the plasma dielectric function becomes the static

After some algebra, the total elastic collision cross sectioryalue when the velocity of the projectile is less than the
using the eikonal method is given by thermal VelOCity of the plasma partICIGEQO] In dust-dust

collisions, the velocity of the dust particle is usually less than

) the ion thermal velocity because of the large mass ratio

UE:f dQ [fel*, M/m;, whereM is the dust mass ana; is the ion mass. A
discussion on the effects of the plasma ions in interactions of
(1 1 2 dust grain was given by a recent excellent paper by

=27Tf db b eXF{' gxa)+ FXZ(b)) -1/, (1) Vladimirov and Nambu[16]. However, we neglect the ve-

locity effect on the interaction potential since it is small
where the differential solid anglel) was replaced by When the velocity of the projectile is less than the ion ther-
d2A/k? (here, |ki|= k¢ =k) and y;(b) and y,(b) are the mal velocity. Thus, the interaction potential Eq0) is quite

first-order and second-order eikonal phaseS, respective|y, reliable for deSCfibing dust-dust collision processes in dUSty
plasmas. The use of the interaction potenitid). (10)] and

J the impact parameter approach allows us to derive analytic
x1(b)=-— ﬁﬁmdz M), ®) expressions for the first-and second-eikonal phases as fol-
lows:
w\? (= d =
x2(0)= —(gz) f dz V<r>[V(r>+ravm} (9) 1= [w) P22z, de_exp(— b2+ 72
GO ) B LT
with r=(b?+ 2212,
b2+72
I1l. DRESSED GRAIN-GRAIN COLLISION X( 1- T) ,
Very recently, the interaction potentigll] between two
dressed dust grains in dusty plasmas has been obtained in- 1255 5 b
cluding the interaction terms between two grains, two Debye e 172 KO(E)_ - Kl(E) ,
spheres, and two grain-Debye sphere. We suppose that two m E2 2
dust grains possess spherical shape with radjuand a,, (1)
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TABLE I. Numerical values of the total elastic collision cross fect. Then, the scaled total eikonal elastic dust-dust collision

section in units ofrA2 for Z;=1000,Z,=500,a,=0.02um, and
a2:001,um

E oe(ay ,E)¥/ mA? ot(ay ,E)P wA?
100 1297.0 965.8
300 1183.6 931.7
600 1074.4 906.7

2The total elastic collision cross sectiar:(a, ,E) including the
interactions between the grain-Debye sphere.
®The total elastic collision cross sectiorf(a, E) neglecting the
interactions between the grain-Debye sphere.

1 2(Z.2,)%> (> _exp—2Vb2+Z2
=xz(b,ay)=- £ mgaAJ dz. a )
k m E3/2 0 \/EZJF?
( \/F%?)( 3 \/F%?)
x1-— || -2+ ———
2 2 2
1/2 5
2(Z,Z,)? 3 b? _
) Aazr, (_+_>K0(2b)
m E3/2 8

50 _ Db? _
— T Kq(2b)+ —Kx(2b) |,
2 8

cross section in units ofA? is given by

selay E)imA>= [ dbablexdix(bay B)1-17
13

where x(b,a, ,E) [=x1(b)/k+ x»(b,a,)/k?] is the total
eikonal phase. In this work, we neglect the charging effect
[22] that is a defining characteristic of dusty plasmas. It turns
out that mutual charging effects are found to be unimportant
at the grain-grain collision considered in this work, mainly
one Debye length. However, the charging effects start to be-
come important at distances of the closest approach smaller
than the Debye length. The Debye shield distortions start to
become a concern at small separations. However, we are
interested in distant collisiond& A) between two dressed
dust grains. Thus, the Debye shield distortion effects, i.e.,
nonlinear screening effect on the interaction potential is ex-
pected to be quite small and then negligible for distant en-
counters b=A) of dust grains. Since the results, E¢El),

(12), and(13), are all scaled in units of the Debye length,
these results can be applied to duty plasmas where the Debye
screening effect plays an important role. Thus, the results of
the eikonal phases Egdll) and(12) and the collision cross
section[Eq. (13)] are found to be quite reliable for the do-
mainb=A. If we neglect the grain-Debye sphere interaction
terms, i.e., the dressing terms, the first- and second-eikonal

(12 phases are just found to be
1 u 12 7.2, —
whereb (=b/A) is the scald impact parametdt, (=E/R EXl(b): i m E12 Ko(b), (14)
=uv?/2R) is the scaled collision energyu [=M;
M, /(M{+M,)] is the reduced mass of two dust grains with 172 5
massM; andM,, R (=me&*/242=13.6 eV) is the Rydberg 1 '(bray)= K| 22442y a,Kq(2D) (15)
constantm is the electron mass, (=ay/A) is the scaled kX2 oA E A0 '

reciprocal Debye lengtha, (=%2/m¢€?) is the Bohr radius,

andK, are the modified Bessel functiof1] with ordern. It In order to explicitly investigate the dressing effects, i.e.,
is important to note that the second-order eikonal phaséhe grain-Debye sphere interaction effects, on the eikonal
XZ(EaA) vanishes whem\ — . Thus, it is found that the e€lastic cross section for dressed dust-dust collisions in dusty
second-order eikonal phase is the pure plasma screening ¢flasmas, specifically, we set;=0.02um, a,=0.01um,

FIG. 1. The three-dimensional plot of the ra-
tio of the total eikonal phasg(b,a, ,E) includ-
ing the interactions between the grain-Debye
sphere[Egs. (11) and (12)] to the total eikonal
phasey’(b,a, ,E) neglecting the interactions be-
tween the grain-Debye sphefé&qgs. (14) and
(15)] as a function of the scaled collision energy
and the scaled impact parameter for 1.

o 2

Phase Ratio
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-(,.93 0 FIG. 2. The ratio of the total eikonal phase
(14 x(b,a, ,E) including the interactions between
Q the grain-Debye sphere to the total eikonal phase
202 x'(b,a, ,E) neglecting the interactions between
o the grain-Debye sphere as a function of the scaled

0.4 impact parameter whels = 300.
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Z,=1000, Z,=500, A=50a,, and the density of the dust IV. SUMMARY AND DISCUSSION
grains isp=2 gcm 3 [23]. Since we choosA>a,, a,, the
form of the interaction potentidEq. (10)] is reliable to de- We investigate the elastic collision process between two

scribe the interaction between two dressed dust grains. Tabiressed grains charged with the same sign in dusty plasmas
I shows numerical values of the total elastic collision crossusing the eikonal method. An interaction potential model tak-
section in units ofrA%. As we see in this table, the dressing ing into account the cross terms of shield effects is applied to
effects significantly increase the elastic cross section, for exdescribe the interaction potential between dressed dust grains
ample, 26% and 21% foE=100 andE=300. It is found in dusty plasmas. The impact parameter method is applied to
that the dressing effects are reduced as an increase of thevestigate the variation of the first- and second-eikonal ei-
collision energy. Figure 1 shows the three-dimensional plokonal phases and the elastic cross section as functions of dust
of the ratio of the total eikonal phaggb,a, ,E) including charge, Debye length, and collision energy. The result shows
the interactions between the grain-Debye sphié&ms.(11)  that the potential well caused by the dressing effect in the
and (12)] to the total eikonal phasg’(b,a, ,E) neglecting interaction potential plays a significant role in the elastic
the interactions between the grain-Debye sphli&gs. (14)  collision cross section as well as in the eikonal phase. It is
and(15)] as a function of the scaled collision energy and thealso found that the dressing effects significantly increase the
scaled impact parameter foe 1 since our results Eqgll)  €lastic collision cross section. The dressing effects are also
and(12) are quite reliable fob=A. Figure 2 shows the ratio found to be decreased with increasing the collision energy. It
of the total eikonal phasg(EaA E) including the interac- is found that thegressing effects also change the sign of the
tions between the grain-Debye sphere to the total eikonagikonal phase fob>1.5 due to the long-range dust-dust in-
phasey’(b,a, ,E) neglecting the interactions between the teraction. It should be noted that the second-order eikonal
grain-Debye sphere wheB=300. As we see in these fig- phase Is _causeq by the pure p'as”.‘a screening e_ffgcts. These
c{]esults will provide useful information on the collision pro-

ures, it is found that the dressing effects change the sign bet wo d q X h d with th
the eikonal phase fob>1.6. It means that the attractive cesses between two dressed grains charged wi € same
sign in dusty plasmas.

interaction is dominant for long-range collisions. This attrac-
tive behavior of the dust particles is a result of the plasma
polarization. The position of the potential well due to the

attractive interaction caused by the polarization does not de-

pend on the charges of dust grains fhe-a,, a,. Very, ACKNOWLEDGMENTS
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