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The effect of dust size distribution in ultracold quantum dusty plasmas are investigated in this paper. How the

dispersion relation and the propagation velocity for the quantum dusty plasma vary with the system parameters and

the different dust distribution are studied. It is found that as the Fermi temperature of the dust grains increases the

frequency of the wave increases for large wave number dust acoustic wave. The quantum parameter of Hy also increases

the frequency of the large wave number dust acoustic wave. It is also found that the frequency wp and the propagation

velocity vg of quantum dust acoustic waves all increase as the total number density increases. They are greater for

unusual dusty plasmas than those of the usual dusty plasma.
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1. Introduction

The dusty plasma physics has generated tremen-
dous interest recently owing to its importance in
space, astrophysics, and laboratory plasmas.[' =4 The
dusty or complex plasma consists of electrons, ions,
and extremely massive, highly charged micrometer-
sized dust particles. The collective dusty plasma in-
teractions have been studied both theoretically and
experimentally during the past few years.>® Dust
acoustic waves (DAW) were first reported theoreti-
cally in unmagnetized dusty plasmas by Rao et al.l”]
The existence of dust ion—acoustic waves (DIAW)
was also discovered by Shukla and Silin at higher
frequency.[® Laboratory experiments on dusty plas-
mas have confirmed the existence of DAW and
DIAW.[O~11]

Recently a great deal of attention has been fo-
cused on quantum effects in dusty plasmas.[12=15]
When a dusty plasma is cooled down to an extremely
low temperature so that the de-Broglie wavelength of
the charge carriers could be comparable to the dimen-
sion of the systems, the ultracold dusty plasma be-
haves like a Fermi gas and quantum mechanical effects
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are expected to play a central role in the behaviour
The thermal de-Broglie
wavelength for the j-th species is A\g; = h/m;Vp; =
aj/Apj, where a; = h/2q;,/mm;njo, Ap; is Debye
length, and ¢; is the charge (j =1,2,...,N), where

of charged dust particles.

we assume that there are N different dust particles.
For classical regimes, we assume Agp < Ap; and that
is why the charged particles are assumed as point-
like. But in quantum regimes, when Ag > Apj, the
quantum effects become more important and could

not be ignored any more.[12-16l

The important role
of quantum mechanical effects in plasmas has been
recognized in microelectronic devices,['”! dense astro-
physical systems,['®] metallic nanostructures,!'® and
laser plasmas.[2% In microelectro-mechanical systems,
the presence of charged dust impurities can affect the
system. Mathematically, the quantum hydrodynamic
(QHD)?Y model generalizes the fluid model for plas-
mas, due to the inclusion of a quantum correction
term, the so-called Bohm potential.

Although there are so many investigations on
quantum effects about the dusty plasmas, most of
them focused on the mono-sized quantum dusty

[12—15]

plasma. In fact, a dusty plasma consists of
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many different dust grains with different sizes.[22—26]
It has been widely accepted that the dust size dis-
tribution can be described by a power law in space
plasmas,[?728! and given by a Gaussian distribution
in laboratory plasmas.?? But generally, the dust size
distribution function does not exactly satisfy a power
law distribution nor a Gaussian distribution. The dis-
tribution function depends on many factors or the
environment. Therefore, it is important to investi-
gate the role an arbitrary dust size distribution plays
in quantum dusty plasmas. Recently, the dust size
distribution effect in quantum dust plasmas has also
been considered in a magnetized dusty plasmas.?”!
The character of the nonlinear waves has been studied
both theoretically and numerically.[??) However, until
now the linear or nonlinear waves in unmagnetized
quantum dusty plasmas taking into consideration the
dust size distribution have not been reported in the
literature.

In this paper, we first study the arbitrary dust size
distribution effects in unmagnetized quantum dusty
plasmas. We consider a polynomial-expressed distri-
bution of dust particles in quantum dusty plasma.
For dust grains with radius r in a given range
[Fmin, Tmax], the differential polynomial-expressed dis-

tribution function is of the form,?2®

n(r)dr = [ag + ayr + agr® + asr® +---]dr; (1)

it satisfies the following equation

Niot = / T ) dr, @)

Tmin
where r is the radius of dust grain, ag,a1,as2,as,...
are all constants, Nt is the total number density of
dust grains. Outside the limits r < ryin and 7 > ryax,
we use n(r) = 0.

In this paper, we consider the role of dust size dis-
tribution and employ the QHD model. We study the
dispersion relation and propagation velocity of quan-
tum dust acoustic waves in an unmagnetized, colli-
sionless, utracold quantum dusty plasma. We study
the quantum effects and dust size distribution effects
for the dispersion relation.

In Section 2, the basic set of QHD equations are
presented. In Section 3, the dispersion relation is stud-
ied. In Section 4, the propagation velocity of soliton
is studied. In Section 5, the conclusion is presented.

2. Basic equation

We consider a one-dimensional QHD model to de-
scribe the dynamics of quantum dust acoustic waves

in a three-component quantum dusty plasma consist-
ing of electrons, ions and charged dust grains. We

assume that the plasma particles obey the following

equation(®"]

m‘;VF2

s 3
s — = 5 3
p 302, (3)

where s equals e for electrons, i for ions and d for dust
grains, mg is the mass, Vi, = \/2kpTrs/m; is Fermi
speed, kg is the Boltzmann constant, and Tx, is the
Fermi temperature, ns is the number density with its
equilibrium value ngg.

In the following we assume that there are N differ-
ent dust grains with different sizes. We assume that
the j-th (j = 1,2,3,...,N) dust grain pressure in
a one-dimensional zero-temperature Fermi gas obeys
the following law

172
ma; Vi,

3n3j0
where mqg; (j = 1,2,3,...,N) is the mass of the j-
th dust grain, Vi, = \/2kpTrq;/ma; is the j-th dust
grain Fermi thermal speed (each dust grain is assumed
to have equal temperature), and Trq; is the j-th dust
grain Fermi temperature, ng; is the j-th dust grain
number density with its equilibrium value ngjo, pq; is
the j-th dust grain pressure.

In equilibrium, the charge neutrality condition is

N

njg = Z Z40jMdoj + Meo, (5)
i=1

ndoj = ndo(r;)dr, (6)

where njp,neo, and ngg; are the number densities
of unperturbed ions, electrons, and the j-th dust
grain, respectively. Zgo; is the unperturbed number
of charges residing on the j-th dust grain measured
in units of electron charge. When N is infinity, the
charge neutrality condition (5) is expressed by the fol-
lowing equation

T2
nig = / Za(r)na(r)dr 4+ neo. (7)
T1
The dynamics of the low phase velocity (Vrg <
Vp < Vre,i), and low frequency (van <| 0 |< Ve in,
| 9 | < (Vi,i/Ve,in)02), where vy, is the normalized
charged particle-neutral collision frequency. The basic
equations in such a quantum dusty plasma with N dif-
ferent dust grain species is governed by the following
set of equations
8ufij é)u'dj B Z(’ije ¢’ 1 pg;
majnfij ox!
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82
502 V"

B 0
P , 8
+ Qm% ox’ /n/dj (8)
only; o
815’] + %(n/dju:ij) =0, (9)
92, N
87%’2 =dme |y 0} Zh; +nl,—nf|, (10)
j=1

where ufij is the fluid velocity in the z direction of
the j-th dust grain, Zéj is the charge number of the
j-th dust grain, ¢’ is the electrostatic potential. Equa-
tions (4)—(10) constitute the quantum hydrodynamic
(QHD) model for a three-component e-d—i quantum
dusty plasma.

We now introduce the normalizations: wug; =
uiij/cd, ndjo = néjo/Ntom t = t'wpd, Zdj = Z(/ij/zdo,
my; = méj/md, ¢ = ey’ /By, nj = nj/njo, (j = e,i),
cd = v/ (2ZaokTri)/Md, wpa = /(4722 €2 Nyot) /1d,
Ap = \/(QkBTFi/47T2d0€2NtOt) is the Debye length.
Therefore we obtain the following set of dimensionless

equations

Zdj 8(,0

mq; 0x

1 nq; ﬁndj

2 .
ng;o maj Ox

82
Hy 0 [ 52V" a1)

dej ox

8ndj 0

ot o
Py
0x2

(najua;) =0, (12)

N
= E Naj Zdj + HeNe — ViNli, (13)
=1
27 — p—
where By = cima/Zao, 0 = Tra/TriZao, Ha =
20— 4 _ - _ -
\/ PPwla/Macg, e = meo/ZaoNeot, Vi = mio/ZaoNeot,

e =1/(n—1), vy = /(1 — 1); ne and n; are given as

follows:[13]

Ne =

2  H?2 20\ /4
1+‘p+6<1+“0>
g g g
1/2
82 2(,0 1/4
X W<1+J) s (14)

n = [1 ~2p+ HY(1 - 2¢)~ /4

2

>< PR
0x?

1/2
(- 290)1/4} , (15)

where 0 = Tpo/Tri; Ho = \/(Edofﬁwgd)/memdcﬁ,

H; =

for electron and ion, respectively.

~ 19 2 — 4
(Zaoh wpd)/mlmdcd are quantum parameters

3. Dispersion relation

We now study the dispersion relation of the sys-
tem by assuming ng; = nqjo + n;je!ke—wod)
i(kx—wgt)’ p = Sz)ei(kac—wut)’
the wave number and the frequency, respectively;
fi; el (ko—wot) g, eilkz—wot) "and el(ke=wol) are small

perturbations in equilibrium state.

, Udy =

uje where k and wg are

We assume the
fluid velocity and electrostatic potential equal zero in
an unperturbed equilibrium state. Substituting these
expansions into Egs. (11)—(13), we obtain the disper-
sion relation as follows:

N 272
Z 4k Zdjmdjndjo

= 4k2mg;0 + k4H§ — 4m(21jw8

kQ 1 kQHi k2H12
i AT P arel Il el B

(16)

The charge and the mass of the j-th dust grain can
be expressed as follows:(22] Zaj = k.rj, mqj = k:mrg’,
where k, =~ 4mwegVo/e, km =~ 4mpa/3, €0 is the vac-
uum permittivity, Vj is the electric surface potential at
equilibrium, pq is the mass density of the dust grains
(assumed to be constant and equal for all grains).
We assume that the dust size distribution is given
by Eq. (1). Therefore, after substituting Eq. (1) into
Eq. (16), we obtain

/Tma" 4k K2k (agr® + a170)
, 4k 3k26 + k*H2 — 4k2 rbw?

min

1 H? H?
I 12t g2t
_ <k ¥ (U k 402>+y1 (1 )

(17)

Equation (17) is an implicit function of relation
between frequency wy and wave number k. We can
find the dispersion relation of wg = wy(k) by numerical
simulations. In our numerical simulation, we choose
the typical parameters reported previously:[14731’32]
nig = 2.0 x 1030 m™3, nyo =5 x 102 m—3, Zyy = 103,
m;i = mp, Tre = 100 K, mq = 1077 kg, pg ~ 1 g/cm?,
a~ 0.1-1 pm.

Figure 1 plots the dispersion relation of DAW by
considering the effect of dust size distribution for dif-
ferent values of the quantum parameter Hy. We note
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that the frequency of dust acoustic waves wy increases
as the quantum parameter Hy increases, if the wave
number k is large enough. If k£ is small enough, the
frequency is independent of the quantum parameter
Hy, as seen in Fig. 1.

wo

2 4 6 8 10

Fig. 1. Normalized dispersion relation for the quantum
dust acoustic wave with Hyq = 2.656 x 10~9 (dotted line),
Hyq = 2.656 x 10775 (dashed line), Hq = 2.656 x 1077
(solid line). Other parameter values are u = 4.0, o = 10,
H; = 6.494 x 10-3, He = 0.2782, 6 = 5 x 1078, k, = 1,
km =4, Tmin = 0.01, rmax = 1, ap = 0.9, a1 = —0.3 and
az =a3 =---=0.

Figure 2 illustrates the dispersion relation, wy =
wo(k), of DAW by considering the effect of dust size
distribution for different values of the Fermi temper-
ature ratio (§) of dust grains to ions of the dusty
plasma. We also find that for the smaller k the fre-
quency is independent of §, while for large k the fre-
quency is a function of §. The frequency of the wave
increases as the parameter of § increases. This means
that as the Fermi temperature of the dust grains in-
creases the frequency of the wave increases for large
wave number.

6 T T T

wo
w

Fig. 2. Normalized dispersion relation for the quantum
dust acoustic wave with § = 5 x 1078 (dotted line),
§ = 5 x 1077 (dashed line), § = 5 x 10763 (solid line).
Hy = 2.656 x 1079, All other parameters are the same as
those in Fig. 1.

Figures 3 and 4 show how the dust distribution

function affects the dispersion relation for the system.

For generality and simplicity, we first let n(r) = aq,
k = 1 and find that wy depends on the parameter
ag. It indicates that as ag increases, wy increases (see
Fig. 3). Since ag stands for the magnitude of total
number density of dust particles, which should always
be positive, we can conclude that the wave frequency
increases as the total number density of dust particles
increases.

3.5 T T T T

3.0r ]

2.5 1

2.0F 1

wo

1.5 1

1.0 1

0.5 1

0.2 0.4 0.6 0.8 1.0

ao

Fig. 3. The variation of wg with respect to ag for k = 1,
other parameter values are p = 4.0, o = 10, Hq = 2.656 X
1079, H; = 6.494 x 1073, Ho = 0.2782, § = 5 x 1078,
kr: =1, km =4, rmin = 0.01, rmax = 1.

3.09 T T T

3.08

3.07

wo

3.06

3.05 ; ; ;
—-1.0 -0.5 0 0.5 1.0

a1

Fig. 4. The variation of wg with a1 for k = 1, other pa-
rameter values are p = 4.0, 0 = 10, Hg = 2.656 x 1079,
H; =6.494 x 1073, H, =0.2782,§ =5 x 1078, k, = 1,
km =4, rmin = 0.01, rmax = 1, ag = 0.9.

Second, for the same purpose, we let n(r) =
ap + air, k = 1 and ag = 0.9. We note that wgy de-
pends on the parameter of a1, i.e. wg increases as
ay increases. As we know from Ref. [25], the number
density of larger dust particles is greater than that of
smaller ones for the case of a; > 0. While for the
case of a; < 0, which is usually found in both space
plasmas and in the laboratory, the number density of
larger dust particles is smaller than that of smaller
dust particles. Therefore, we conclude that for the
usual dusty plasmas the wave frequency is smaller

than that for the unusual case. This result is simi-
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lar to that found in classical dusty plasma in which
the quantum effects is negligible.[?)

4. Propagation velocity of soliton

For the small, but finite amplitude waves, we use
the traditional perturbation method? as previously
used extensively. For dusty plasmas with an arbitrary
dust size distribution, we introduce the stretched vari-
ables as follows:

€ =ce(x—wot), T==e, (18)

where ¢ is a small parameter characterizing the
strength of nonlinearity, vy is the propagation velocity
of soliton. The variables can be expanded as follows:

2 4 .
Nndj = Ndoj + € Nd1j +€ nag; + -+

udj:E2Ud1j+E4ud2j+"' (G=1...,N)

p=e’p1+etoat---. (19)

Substituting Egs. (18) and (19) into Egs. (11)—
(13) and collecting the lowest order terms of e, we

obtain
Ndo;
ngi; = o0 Ud1y, (20)
Za;vo
gy = —24v0 o 21
dlj 5 — mdjv(z) ¢1 ( )

iv:ndljzdj =— (% + Vi) o1 (22)

Using Egs. (20)-(22), we obtain the propagation ve-
locity of soliton as follows:

N 2
Zdjndoj

2572:—<&+u1). (23)
=1 — Mq;vV, g
Substituting Eq. (1) into Eq. (23), we obtain

Tmax k2(a0,r2 —|—a17"3) e
Belaormwanrm) _ _(He ). (24
/T § — kmr3ovd (a_H/) (24)

min

Equation (24) is an implicit expression of propagation
velocity of soliton. The numerical simulation results
are given in the following.

Figures 5 and 6 show how the dust distribution
function affects the propagation velocity of DAW. For
the simple case, we let n(r) = ap, and find that vy de-
pends on the parameter ag. It shows that vy increases
as ag increases, as clearly seen in Fig. 5. Therefore,
we conclude that the propagation velocity of DAW in-
creases as the total number density of dust particles

increases.

Vo

0.2 0.4 0.6 0.8 1.0
ao

Fig. 5. The variation of vg with ag; other parameter val-
ues are 4 = 4.0, 0 =10, =5x 1078, k, = 1, km = 4,

Tmin = 0.01, rmax = 1.

4.06

4.05

4.04

Vo

4.03

4.02

4.01 : : :
—-1.0 —-0.5 0 0.5 1.0

ai
Fig. 6. The variation of vg with a1; other parameter val-
ues are 4 = 4.0, 0 =10, =5x 1078, k, = 1, kmy, = 4,
Tmin = 0017 Tmax = 1, ag = 0.9.

For the more complex case, we let n(r) = ag+ayr,
and ag = 0.9. It is noted from Eq. (24) that vy is a
function of a;. From Fig. 6, we can see that vy in-
creases as ap increases. So, we can conclude that for
the usual dusty plasmas of a; < 0 the wave propa-
gation velocity is smaller than that of unusual case
a1 > 0. This result is similar to that found in classical
dusty plasma.?!

5. Conclusion

The dispersion relation and the propagation ve-
locity of soliton have been studied for quantum dusty
plasma, taking into consideration the dust size dis-
tribution. For an arbitrary dust size distribution in
quantum dusty plasmas, we choose the polynomial-
expressed distribution function to investigate how the
dust size distribution influences the dispersion relation
and the propagation velocity of quantum dust acoustic
waves.

From numerical results, we can find that the dis-
persion relation is affected by the Fermi temperature
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ratio & of dust grains to ions, the quantum parame-
ter Hy and the dust size distribution in quantum dust
plasmas.

We conclude that as the Fermi temperature of
the dust grains increases the frequency of the wave
increases for large wave number DAW. The quantum
parameter of Hy also increases the frequency of the
large wave number DAW. We can see that the fre-
quency of the wave wy increases as the parameter §

and the quantum parameter Hy increase if the wave
number k is large enough. We find that the frequency
wp and the propagation velocity vy of quantum dust
acoustic waves all increase as the total number density
increases. They are greater for unusual dusty plasmas
than those of the usual dusty plasma. This conclusion
is similar to that found in classical dusty plasma in

which the quantum effects are neglected.29]
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