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Introduction

Fine particle plasmas (dusty plasmas) are charge neutral mixtures of macroscopic fine par-

ticles (dust particles), ions, and electrons. Fine particles can be modeled by Yukawa particles

with hard cores embedded in the ambient plasma composed of ions and electrons. When the

latter is regarded as an inert background, we have the Yukawa one-component plasma (OCP).

The isothermal compressibility of OCP generally diverges with the increase of the Coulomb

coupling. In order to observe this thermodynamic instability, however, it is necessary to take the

background into account as a real physical entry to the system: This instability is suppressed

when the density of the background is kept constant. In the system of Yukawa particles embed-

ded in ambient plasma, it is shown that the total isothermal compressibility diverges when the

coupling of Yukawa particles is sufficiently strong[1].

Equation of State of Yukawa Particles and Ambient Background Plasma

We consider the system in a volumeV composed ofNi ions (i) with the chargee, Ne electrons

(e) with the charge−e, andNp fine particles (p) with the charge−Qe, satisfying the charge

neutrality condition for densities

(−e)ne + eni +(−Qe)np = 0. (1)

We assume thatni, ne ≫ np and take the statistical average with respect to electrons and ions to

have an expression for the Helmholtz free energy of the system.The effective interaction energy

for fine particles is given by[2]

Up = Ucoh +Usheath, (2)

Ucoh =
1
2

∫ ∫

drdr′
exp(−|r− r′|/λ )

|r− r′|
ρ(r)ρ(r′)− (sel f -interactions). (3)

Here the charge densityρ(r) = ∑Np
i=1(−Qe)δ(r− ri)+ Qenp includes that of the background

plasmaQenp and 1/λ 2 = 4πnee2/kBTe +4πnie2/kBTi. The termUsheath is the (free) energy as-

sociated with the sheath around fine particles. Fine particles interact via the Yukawa interaction

and effectively confined by the average charge density of background plasma composed of ions

and electrons. We explicitly take into account the contribution of the background plasma to the

equation of state. We also take the finite radius of fine particles into account.
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Our system is characterized by four parameters:

Γ =
(Qe)2

akBTp
, ξ =

a
λ

, Γ0 =
(Qe)2

rpkBTp
= Γ

a
rp

, A =
nekBTe +nikBTi

npkBTp
≫ 1, (4)

wherea = (3/4πnp)
1/3 is the mean distance between particles andrp is the radius of core of

fine particles. We assume three components have different temperatures,Tp, Ti, andTe. The total

pressure is approximately given by

ptot

npkBTp
≈

A
1−η

+
pp

npkBTp
, (5)

where

pp

npkBTp
≈

1+η +η 2−η 3

(1−η )3 +a1Γ̃ea2ξ

(

1
3

+
1
6

a2ξ +
r̃2

p

1+ r̃p

)

+a3Γ̃1/4ea4ξ

(

1
3

+
2
3

a4ξ +
r̃2

p

1+ r̃p

)

+
3
2

Γ̃ξ −2 r̃2
p

1+ r̃p
(1+ e−2r̃p)−

1
4

Γ̃ξ e−2r̃p , (6)

η =

(

Γ
Γ0

)3

, Γ̃ = Γ
exp(2r̃p)

(1+ r̃p)2 , r̃p =
rp

λ
=

a
λ

rp

a
= ξ

Γ
Γ0

, (7)

anda1 = −0.896, a2 = −0.588,a3 = 0.72,a4 = −0.22.

Phase Diagrams

When the coupling of fine particles becomes sufficiently strong, the total isothermal com-

pressibility diverges and we have a phase separation and related critical point[1]. Example

of phase diagrams are shown in Figs.1(a) and 1(b). In the(Γ, ξ ) plane, we have a domain

where phases with higher and lower densities coexist. In the(Γ/ξ 2, ptot) plane, we have a line

on which two phases coexist, terminating at the critical point. The former is analogous to the

density-temperature diagram and the latter, to the pressure-temperature diagram.

Density Fluctuations

The static form factor of Yukawa particlesS(k) is related to the dielectric response function

ε(k,ω = 0) describing the response to external Yukawa particle density via the fluctuation-

dissipation theorem as

S(k) =
k2 +1/λ 2

k2
D

[

1−
1

ε(k,ω = 0)

]

, (8)

wherek2
D = 4πnp(Qe)2/kBTp. In the limit of long wavelengths, the balance of the external force

and the pressure gradient gives

S(k) ∼

[

−
V

npkBTp

(

∂ ptot

∂V

)

Ti,Te,Tp

+O
(

k2)
]−1

. (9)
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Density fluctuations are thus enhanced near the critical point as shown in Fig.2.

Within the Yukawa OCP, the response to the external field is related to the ‘screened response’

and we have

SOCP(k) ∼

[

k2
Dλ 2−

V
npkBTp

(

∂ pp

∂V

)

Tp

+O
(

k2)
]−1

. (10)

The divergence of the isothermal compressibility of Yukawa OCP−(∂V/∂ pp)Tp
is not directly

related to the enhancement of the density fluctuation[3].

Applicability to Fine Particle Plasmas

There exist some aspects of fine particle plasmas which are not described by the Yukawa

system embedded in ambient plasma; for example, (a) anisotropy of interaction, (b) possible

existence of attractive interactions between particles[4], (c) nonlinear screening and deviation

from Yukawa interaction, and (d) thermodynamic openness.

As for (a), we assume that we have a bulk, approximately isotropic three-dimensional fine

particle plasmas which may be realized under microgravity or methods to effectively cancel the

gravity. The possibility (b) has the effect to make the conditions for strength of coupling in favor

of the instability. As for (c), collision experiments indicate that Yukawa repulsion works at least

in some range of mutual distance[5]. Though the aspects (b), (c), and (d) may influence critical

conditions quantitatively, we may expect our results may be applicable to fine particle plasmas

semi-quantitatively.

Thermodynamics of fine particles plasmas are characterized by theoretical parameters and it

is necessary to interpret them into experimental parameters. In fact, it is shown that character-

istic parameters realized by fine particle plasmas should satisfy the condition

ξ 2/(Γ/A) ≥ 3. (11)

We have a domain of experimental parameters for the the observation of the critical point where

the above condition is satisfied.

Conclusion

In order to observe phenomena near the critical point, it is necessary to have a bulk isotropic

three-dimensional system of fine particle plasmas. Though it is difficult to realize such a system

on the ground due to gravity on fine particles, we expect the experiment under microgravity

may provide a chance of observation.
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Figure 1: Examples of phase diagrams in(Γ/Γ0, ξ )-plane(a) and(ptot ,Γ/ξ 2)-plane(b).
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Figure 2: Density fluctuation enhancement. Numbers are enhancement in amplitude squared.
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