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Elastic dust particle particle interaction in an rf plasma provides a charge measurement me
independent of the knowledge of plasma parameters. Assuming a screened Coulomb pote
surrounding each particle with a constant charge at fixed plasma conditions, the charge and
screening length can be calculated from the trajectories of two colliding particles. With this meth
we determine the charge and screening length of dust particles in the sheath of an rf discharge.
method can also be used to determine plasma parameters taking the dust particles as local p
[S0031-9007(97)03864-7]
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One of the most interesting aspects of the physical b
havior of dust particles in a plasma is the charging effe
[1–4]. The charge is influenced by the plasma condition
and the charged particles themselves change the plasm
their neighborhood. The experimental determination
the charge on particles and the screening length is rat
difficult and often leads only to rough estimates or de
pends on assumptions on plasma parameters like the
density [5]. Therefore theoretical descriptions of effec
that are influenced by charged dust particles rely on es
mates or assumptions on the charge [6–10].

We propose here a new approach to the chargi
problem using central collision experiments of charge
dust particles. Their trajectories are mainly determine
by the electrical potential around each particle. From th
trajectories the relative velocity and the center-to-cent
distance of the two particles are extracted. Assumin
a simple Coulomb potential around each particle w
can determine a lower boundary and for a screen
Coulomb potential a more realistic value for the charg
These experiments allow one to determine the du
charge and the screening length simultaneously for typic
plasma conditions, especially those used in plasma crys
experiments [11–18], where the particles are levitated
the plasma sheath.

In addition, this method should also be useful t
measure the charge and screening length in the so-ca
“gaseous phase” of a plasma crystal by evaluation
single collision events between “crystal” particles.

In combination with the charge measurement metho
from Melzer et al. [5] or equivalent methods, where the
charge determination depends on an assumption o
plasma parameter, the dust particle can be used a
probe to determine plasma parameters, for example,
ion density, or, in combination with the levitation height
the electrical potential in the plasma sheath region.

In a collision of two charged particles, each particle ca
be treated as a probe in the field of its counterpart. IfE1
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andE2 designate the electrical fields exerted by particle
on particle 2 and vice versa (Fig. 1), Newton’s law lea
to the force equations,

F1 ­ m1ẍ1 ­ Q1E2 , (1)

F2 ­ m2ẍ2 ­ Q2E1 . (2)

If both particles have the same massm ­ m1 ­ m2

and chargeQ ­ Q1 ­ Q2 during the complete collision
event, the force difference can be written as

md̈ ­ QsE1 2 E2d , (3)

where d ­ x2 2 x1 is the distance between the tw
particles.

Assuming a screened Coulomb potential around e
particle for small horizontal particle velocities (som
mmys)

Fsrd ­
Q

4pe0

e2ryl

r
, (4)

with r as the distance from the center of the charged gr
andl the screening length, Eq. (3) can be rewritten as

d̈ ­
2Q
m

≠Fsrd
≠r

Ç
r­d

­
Q2

2pe0m
sl 1 dde2dyl

ld2 . (5)

FIG. 1. Sketch of the collision process of two charge
particles.
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FIG. 2. Calculation of the charge using Eq. (8) by varyin
the screening lengthl in an ideal Coulomb collision. Each
curve represents one set of distances and relative velocit
The charge for the simulation was set to 8000 electron char
and the screening length to 0.3 mm.

Equation (4) is only applicable if during a collision
event the smallest distance between the particles is lar
than the screening length since otherwise the deformat
of the ion cloud must be taken into account. Substitu
ing A ­ 2pe0ml3yQ2 andy ­ dyl this equation trans-
forms into the differential equation

Ay2ÿ 2 ye2y 2 e2y ­ 0 . (6)

Integration leads to the relative velocityÙy,

Ùy2std ­
2
A

µ
e2yst0d

yst0d
2

e2ystd

ystd

∂
1 Ùy2st0d , (7)

where t0 and t are time variables. From this equatio
we calculate the charge using the measurable quanti
(1) the relative velocitiesÙdstd and Ùdst0d and (2) the
distancesdstd anddst0d for two different timest andt0,

jQj ­

µ
pe0mf Ùdst0d2 2 Ùdstd2g

fe2dstdylydstdg 2 fe2dst0dylydst0dg

∂1y2

. (8)

Since generally bothQ andl are unknown, the follow-
ing procedure allows one to find reliable values for bo

FIG. 3. Relative deviationdQykQl of the calculated charge
as displayed in Fig. 2 dependent on the screening lengthl for
the simulated Coulomb collision in Fig. 2. The minimum valu
indicates the best fit of the screening length.
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FIG. 4. Sketch of the experimental setup.

concurrently. We use a large set of distances and re
tive velocity measurements to calculate the charge fo
wide range of the screening length and then find thatl for
which the calculated relative deviation of the evaluat
chargesdQykQl is a minimum (dQ is the standard devia-
tion of Q for a fixedl). A demonstration of this proce-
dure is shown in Fig. 2. There we simulated a collisio
of two particles with a screened Coulomb potential (Q ­
28000e, l ­ 0.3 mm). Taking ten sets of velocities an
distances along the trajectoriessssdstmd, dstnd; Ùdstmd, Ùdstndddd
Eq. (8) can be evaluated varying the screening leng
As expected the relative deviation of the charge, sho
in Fig. 3, has its minimum very close to the prescribe
screening value.

The experiments were made in an rf-discharge cha
ber, the so-called GEC RF reference cell. The plas
glows between two electrodes separated by a distanc
3 cm. The lower electrode is capacitively coupled to t
rf voltage and the upper one is grounded (Fig. 4).
glass window is built into the upper electrode enabling t
observation of the dust particles without influencing t

FIG. 5. The particle positions for a typical collision event
a pressure of 2.31 Pa are displayed as a function of time
units of the measured screening lengthl ­ 0.17 mm relative
to the position of the center of mass. Particle one is display
in the upper part of the figure. The solid lines are trajector
for a simulated collision withQ ­ 217 000e, l ­ 0.17 mm,
and the special boundary conditionsÙd0 ­ 22.8 mmys and
d0 ­ 1.35 mm.
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FIG. 6. Calculation of the charge using Eq. (8) in dependen
of an assumed screening lengthl for a typical collision
experiment. Each curve represents one set of distances
relative velocities.

homogeneity of the plasma. A small hole in the cent
of the glass window is used to inject particles betwee
the two electrodes. The charged particles are levitat
in the plasma sheath due to the dc self-bias at the low
electrode. They are illuminated by a sheet of laser lig
parallel to the electrodes. A copper ring with an inne
diameter of 4 cm and a height of 2 mm leads to a sma
disturbance of the electrical field near the electrode, whi
helps to keep the dust particles in the center. In additi
two wires with a diameter of 2 mm are mounted horizon
tally inside the chamber. They are located 0.5 cm abo
the lower electrode pointing to its center from opposit
directions. The gap between their ends is 1.6 cm (s
Fig. 4). Both wire potentials are floating, but a dc voltag
can be applied in a range between 0.0 up to 16.0 V. F
an applied positive voltage the two particles move from
the center of the chamber to the wires, thus increasi
their distance. The elastic collision is triggered if the vol
age is switched off, such that the potentials on the wir
are floating again. Then the particles are accelerated
wards the center above the lower electrode, which leads
a collision event. The acceleration towards the center

FIG. 7. Relative deviationdQykQl of the calculated charge
as displayed in Fig. 6 as a function of an assumed screen
lengthl for a typical collision experiment. The minimum value
indicates the best fit of the screening length.
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FIG. 8. Evaluated charge depending on the neutral gas pr
sure for a forward (reflected) rf power of 4.0 (1.0) W and par
ticle size of6.9 6 0.2 mm assuming a screened potential sur
rounding each particle.

induced by the local inhomogeneity of the electrical fiel
close to the copper ring and influences therefore the pa
cle motion only at larger distances from the center of th
electrode. This inhomogeneity is negligible in the colli
sion area. A typical collision event is shown in Fig. 5.

The experiments were made with argon gas at low pre
sures between 2.0 and 3.0 Pa to avoid an influence of
neutral gas friction. The particles used for the collisio
experiments were monodispersive melamine formald
hyde spheres with a diameter of6.9 6 0.2 mm and a den-
sity of 1500 kgym3. The induced forward (reflected) rf
power was measured to be 4.0 (1.0) W. The charge
calculated for screening lengths in the range from 0.05
to 5.000 mm for each pressure. For all collision pro
cesses observed the total momentum was calculated
only those events evaluated with respect to charge a
screening length whose total momentum was conserve
A typical result of an experiment performed at a ga
pressure of 2.93 Pa is shown in Fig. 6 (this figure com
pares to the simulated process shown in Fig. 2). Th
relative deviation of the charge has a minimum atl ­
0.14 mm as seen in Fig. 7. For this screening length w

FIG. 9. Evaluated screening length of the potential surroun
ing a single particle depending on the neutral gas pressure fo
forward (reflected) rf power of 4.0 (1.0) W and particle size o
6.9 6 0.2 mm.
1271



VOLUME 79, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 18 AUGUST 1997

.
o
g

nt
r
ra
s.

e

t.
FIG. 10. Evaluated charge depending on the neutral g
pressure for a forward (reflected) rf power of 4.0 (1.0) W
and particle size of6.9 6 0.2 mm assuming that the potential
surrounding a single particle is unscreened.

calculated the average charge on the particle by Eq. (8)
43 000 electron charges. The uncertainties of the char
and screening length can be calculated from the stand
deviation over all intersections of the functionsQsld cal-
culated for every set of velocities and distance measu
ments. All results for a screened Coulomb potential a
shown in Figs. 8 and 9. The approximation of an un
screened Coulomb potential around each particle lea
to charge values of a few thousand electron charges
displayed in Fig. 10. The error bars are the standa
deviation for the charge in the limit ofl ! `. The
large error bars are mainly a result of the uncertaintie
in the determination of the trajectories due to the lim
ited time and spatial resolution of the camera system
The measured values for the charge are to an order
magnitude in good agreement with other experiment
charge evaluations [18]. In order to compare the scree
ing length obtained by our new method with the elec
tron or ion Debye length we performed measuremen
with a Langmuir probe [19]. At a pressure of 2.4 P
we measured a plasma density ofn ­ 5 3 1015 m23 and
an electron energy in the range of 2 to 3 eV. The ele
tron and ion Debye lengths were determined aslDe ­
0.15, . . . , 0.18 mm andlDi ­ 0.017 mm with a thermal
energy of the ion ofkTi ­ 0.025 eV. The screening
lengths measured with the collision events correspo
to the electron Debye length, in accordance with expe
1272
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imental results obtained by Peterset al. [20] and theo-
retical considerations from Hamaguchi and Farouki [21]

For further investigations it should be possible t
obtain more information about the plasma surroundin
a particle by similar experiments, if the measureme
of their positions and velocities could be improved, fo
example, by using a high speed high resolution came
system. Research along this line is currently in progres
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discussions.
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