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Plasma expansion from a hot dense source to a low density environment is relevant to many

subjects in science. For example, plasma jets [1], which are widely used for surface treatment,

deposition, etching, etc. Another example is the expansion of molecular clusters [2] during

interaction with an ultra intense laser beam. Such clusters even can undergo pure Coulomb

explosion when after ionization by a laser beam free electrons absorb energy and suddenly

escape from the cluster and remaining ion core explodes.

By analogy with that phenomena in this contribution we present the expansion of dusty

plasma inside a radiofrequency (rf) discharge. Melamine formaldehyde particles of 4.8µm

diameter are injected in the plasma and firstly confined in a small dense plasma spot. After that

particles are released and dust cloud explodes and expands in an rf plasma sheath. The study of

this process allows us to estimate the dust particle charge as well as to follow the electric field

distribution in an rf sheath.

Experimental procedureThe experimental chamber consists of two parallel plate electrodes

of 3.8 cm diameter and the distance between them of 3 cm. The upper electrode is rf driven

at 13.56 MHz with 300 V peak-to-peak amplitude. The lower electrode is a segmented adap-

tive electrode which is divided into 57 small (3.8×3.8 mm2) segments [3]. This electrode is

grounded apart from a central segment, which can be independently driven in dc and rf.

Figure 1: Distribution of dust particles a) in small

plasma spot above the segment of the adaptive elec-

trode; b) after switching off voltage on the segment. The

size of one pictures is 6.7x7mm2.

During the experiments we apply

rf voltage of 245 V peak-to-peak to

this segment in phase with the up-

per driven electrode. That ignites a

small (38mm3) localized plasma spot

above the segment within the sheath

of the main rf plasma. The injected

dust particles are collected then into

this small plasma and confined there.

The density and shape of the plasma

spot as well as the particle distribu-

tion inside depends on the amplitude and phase of rf voltage applied to the segment. In these

experiments we tried to get a dense particle cloud (appr.200 particles) confined in the plasma
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spot, as it is shown on (Fig.1(a)) with the purpose to observe collective effects. When we switch

off the voltage on the segment the plasma spot disappears and the dust particle cloud explodes

and expands into the main plasma sheath (Fig.1(b)). Firstly electrons, then ions and, at last, dust

particles expand from the confined state (Fig.1(a)). The experiments are performed in argon gas

at pressures of 30 Pa. The particles are illuminated using a diode laser with 681nmwavelength

fanned out in a vertical plane and recorded by a Photron CCD video camera with an acquisition

rate of 3000 frames/sec. The particle velocity can be well identified by tracking them in subse-

quent frames with a particle tracking algorithm with the accuracy of less than a half of a pixel

[4].

Electric f ield and dust charge estimationIn order to describe the particle expansion we use

the Gauss’s law which relates the charge enclosed in the surface with electric field flux trough

this surface: ∮

s
E ·dA=

Q
ε0
, (1)

whereE is an electric field,Q is a charge andε0 is a vacuum permittivity. In order to base

this approach we performed Particle-in-Cell (PIC) simulation of an rf plasma sheath using the

plasma parameters from Langmuir probe measurements.

Figure 2:Charge of the particles with 4.8µm diameter

in 15 successive frames with respect to the height above

the electrode.

Basing on the obtained electron

and ion densities the dimension of

the dust cloud at the initial stage

is twice smaller than the electron

Debye length (λDe) and compara-

ble with the ion Debye length (λDi)

at this position deep in the plasma

sheath (the dust cloud largest di-

ameter is 2.4 mm,λDe=4.5 mm,

λDi=1.3 mm).

The charge of all the particles in

the cloud isQ = nq, wheren is the

number of dust particles andq is the

charge of an individual dust particle

in elementary charge units. The cloud of exploding dust particles (see Fig.1(b)) is considered

as a sum of small horizontally oriented cylinders. The flux of the electric field over a cylindri-

cal surface is equal to2πrl ε0E, wherer is a radius of cylinder base andl is a cylinder length
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(height). Using eq. (1) we get:

2πrl ε0E = nq. (2)

In our case in averagel=0.5mmandr depends on the height inside the dust cloud.

The dust cloud explodes vertically as well as horizontally. In horizontal direction the particle

motion obeys the following levitation condition (if we neglect smaller forces (e.g. the ion drag

force)):

qE(x) = Kv(x), (3)

whereK is the neutral drag force (K=5.17·10−12 N), andv(x) is the horizontal particle veloc-

ity. The averaged horizontal velocity is obtained using the particle tracking algorithm and it is

around 40 mm/sec. Substituting above levitation condition in eq.(2) we can estimate the dust

charge averaged over the number of particles within one cylinder. After we take another cylin-

der and repeat the procedure. In that way we get the particle charge distribution in the plasma

sheath (see Fig.2).

Figure 3:Electric field in horizontal direction due to

dust space charge from the centre of dust cloud (zero

on the x axis) to the periphery.

The theoretical estimations includ-

ing ion-neutral collisions [5] give the

charge of∼2500e for 4.8µm diame-

ter particle at 30 Pa. Our experimen-

tal results show lower charge proba-

bly due to the higher dust density.

Since the dust cloud expands in

vertical as well as in horizontal di-

rection, we assume that the hori-

zontal expansion can be due to the

Coulomb repulsion of the negatively

charged dust particles. In order to ne-

glect other forces (e.g. thermophore-

sis), which could cause such cloud

expansion, we compared the solution of the equation of motion including only gravity and

neutral drag force with the experimental particle motion. Both curves fit well from the initial

cloud position near the lower electrode up to the plasma edge. Using the above estimated charge

of dust particles eq. (3) yields now the horizontal i.e. the self-built electric field due to the elec-

trostatic dust interaction (see Fig.3). The data shows electric field estimated in the middle of the

exploding dust cloud for one frame.
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Considering the particle motion in vertical direction we should take into account gravity:

qE(y) = Kv(y)+mg, (4)

wherev(y) is the vertical component of the particle velocity,m=8.7 ·10−14 kg is the mass of a

dust particle, andg is the gravitational acceleration.

Figure 4:Electric field distribution in the sheath from

the lower electrode to the plasma edge.

HereE(y) is the electric field in the

plasma sheath, which is obtained us-

ing the positions of the moving dust

particles (Fig.4).

ConclusionIn this contribution we

demonstrated that due to specifically

designed segmented electrode it is

possible to manipulate dust particles

and confine them in a small plasma

region. The experimental study of

the dust cloud expansion allows us

to obtain the electric field distribu-

tion within the sheath as well as the

charge of dust particles at different heights from the lower electrode. In addition, we calculated

the electric field produced by the dust cloud which, at large dust density, may locally modify

surrounding plasma.
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