13
8E

ISSN 1349-1 1
JAXA-RR-06-01

JAXA Research and Development Report

Experimental investigation on dependency of interparticle
distance in Coulomb crystal on various parameters

Satoshi ADACHI and Masahiro TAKAYANAGI

March 2007

Japan Aerospace Exploration Agency

This document is provided by JAXA.



This document is provided by JAXA.



Experimental investigation on dependency of interparticle distance

in Coulomb crystal on various parameters

By

Satoshi ADACHI* and Masahiro TAKAYANAGI*

Abstract | Dependency of interparticle distance in Coulomb crystal on various parameters such as
plasma density, electron temperature, plasma potential and the Debye length are experimentally investi-
gated. From the investigation,it is found that the interparticle distance is proportional to the Debye

length.
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1. Introduction

Dusty plasmas are a mixture of plasma and dust particles. The dusty plasma research originally began in a field of astro-
physics such as interstellar molecular clouds[1], proto—planetary disks, cometary tails or planetary rigs [2,3]. In1986, a theo-
retical work on Coulomb crystal formation by using the dusty plasmas was published[4]. A prior theoretical work on Wigner
crystal formation by using strongly coupled plasmas [5] might be a trigger of this work. In order to observe the Coulomb
crystals, many experiments and additional theoretical researches [6] had been carried out in many laboratories. In1994, the
Coulomb crystals were successfully observed in several laboratories at almost the same time [7—11]. In these experiments,
external electrodes, walls or grooves on electrodes were often used to trap dust particles since a mechanism of the Coulomb
crystal formation was expected as repulsive force due to the theoretical research history. After the success in observation of
the Coulomb crystals, many scientific applications of the dusty plasmas have been proposed, for example, critical point phe-
nomena [12], phase transitions [13~15], phonon propagation [16—18]. In addition, the dusty plasmas will contribute to fusion
plasma physics near diverter plates and colloidal physics. Although it is expected that the dusty plasma research contributes
to many scientific disciplines, one essential scientific problem still exists. The problem is that mechanisms of the Coulomb
crystal formation are not fully understood yet. For example, although many scientists believe that the Coulomb crystal is a
repulsive system, existence of attractive force is also reported [19-22]. In order to understand the Coulomb crystal formation
mechanisms based on not only repulsive force but also attractive force, it is required to investigate first what parameters
dominate interparticle distance in the Coulomb crystal without any artificial potential control mechanisms. Therefore, we de-
velop an experimental apparatus being suitable for this purpose. In order to know the performance of this apparatus, the ma-
jor plasma parameters, that is, plasma density, electron temperature and plasma potential, are measured first by using a single
probe. Then, the Coulomb crystal formation experiments are carried out and the averaged interparticle distance is obtained.
From the major plasma parameters and the interparticle distance, dependencies of the interparticle distance on various pa-

rameters are investigated. Finally, we discuss the dominant parameter, which determines the interparticle distance.
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2. Experimental Apparatus

The configuration of the experimental apparatus is schematically shown in Fig.1. The RF power from a RF oscillator of
13.56MHz is inputted to a power divider. This divider also has a function of a phase shifter. The phase difference between
the two outputs from the power divider can be selected as 0 or . The two RF outputs from the power divider are inputted to
two RF electrodes. Although the RF power is often supplied between the two electrodes in this type of electrode, the RF
power is supplied to each RF electrode in this apparatus and thus the RF current flows along each electrode. This method is
similar to the usage of the RF antenna in experimental apparatuses for hot plasma confinement.

The developed apparatus is shown in Fig.2. Figure2 (a) shows the outside view of whole system. In Fig.2 (a), the letter
(b) can be seen. Figure2 (b) is the inside view around the RF electrode took through the window marked by the letter (b) in
Fig.2 (a). In this apparatus, the shape of the RF electrode is key design. One of the most important experiments is to investi-

gate existence of the attractive force. If dust particles are trapped and are packed forcedly by a sort of a trapping mechanism,
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Fig.2 Experimental Apparatus

This document is provided by JAXA.



it should be difficult to investigate existence of attractive force. Therefore, we designed the experimental apparatus so as to
eliminate artificial potential control as much as possible. The shape of the RF electrode is the typical example of the elimina-
tion of the artificial potential control since there are no walls and no grooves on the electrode surface, that is, flat and disk—
shaped electrodes. In addition, the apparatus has no auxiliary electrodes except for the two RF electrodes. Since wave length
of 13.56 MHz is about 15 m while the diameter of the RF electrode is 10 cm, the voltage change on the electrode is about 4
percents of the peak—to—peak voltage at maximum. The distance between the upper electrode and the lower electrode is set to
bel0 cm at present.

The inner diameter of the vacuum chamber is16 inches. This means that the electrode edge is15 cm apart from the
chamber wall. We expect this distance is far enough from the wall to reduce the wall potential effect sufficiently since the
distance is three time longer than the radius of the electrode. This expectation can be confirmed from the result of the experi-

mentally obtained plasma potential profile,which is described later in detail.
3. Single Probe Measurement

In order to know the performance of the apparatus, the major plasma parameters, that is, plasma density, electron tem-
perature and plasma potential, are measured first by using a single probe. The schematics of the single probe is shown in
Fig.3. A probe tip is made of tungsten and is 1 mm in diameter and 10 mm in length. The signal is acquired from the BNC-R
connector, The probe pipe is isolated from the ground line of the BNC-R connector so that the potential of the probe pipe
maintains the floating potential. This probe is set at the middle between the two electrodes. This location is defined as z = 0
as shown in Fig.4. By using this probe, the electron current dependency on the probe voltage is measured. The typical result
of the probe characteristics at = 0 is shown in Fig.5. In Fig.5 (a), the vertical axis is linear scale, while that is logarithmic
scale in Fig.5 (b). From Fig.5 (a), the floating potential ¢, of 12 V is obtained. In addition, from Fig.5 (b), the electron satu-
ration current ™ of 0.28 mA, the plasma potential ¢, of 19.3 V and the electron temperature 7, of 2.0 eV are obtained. Fig-
ure 6 shows radial profiles of the major plasma parameters in this apparatus. Figure 6 (a), (b) and (c) represent the density,

the electron temperature and the plasma potential, respectively. Each profile is uniform enough even though outside the elec-
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(c) Plasma Potential Profile
Fig.6 Radial Profiles of Major Plasma Parameters

trode, especially, the plasma potential profile is extremely uniform. The plasma potential profile indicates that any particle

frap mechanisms do not exist as expected.
4. Interparticle Distance

If the Coulomb crystal can be formed by using this apparatus, a sort of self—organization mechanisms such as the attrac-
tive force must exist since this apparatus has no particle confinement mechanisms as shown in Fig.6 (c). The typical experi-
mental result of the Coulomb crystal formation is shown in Fig.7. Figure7 (a) and (b) are the horizontal and vertical observa-
tion data from CCD cameras, respectively. The bright points in these figures are the dust particles of 1 mm in diameter. This
result indicates that the large Coulomb crystal is successfully formed though the confinement potential does not exist. In or-
der to clarify the mechanisms of the self-organization, it is necessary to know what parameter dominates the interparticle
distance as the first step. In order to obtain the interparticle distance, the pair distribution function is very useful. To calculate
the pair distribution function, the coordinates of the dust particles are obtained from the observation data. By using Eq.(1),

which is the definition of the two—dimensional pair distribution function for the discrete data, and the coordinates data, the
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(b) Vertical View
Fig.7 Typical Experimental Result of Coulomb crystal formation
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pair distribution function is calculated and is shown in Fig.8.
N,
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where r..., N, N, are the maximum observation radius, the number of particles within the maximum observation radius and

glr)= (1)

the number of the centered particles in the circle of radius r,... In the case of the experimental data shown in Fig.7 (b), the ob-
servation area is not so large but three peaks are obtained. The first peak is the same as the interparticle distance. In addi-
tion, the distance where the peaks exist indicates that the Coulomb crystal in this case has a mixture of two types of crystal
system at least, that is, hexagonal one and face—centered tetragonal or simple tetragonal one by considering the crystal struc-

ture as shown in Fig.9. The latter crystal system may be ideally the face—centered cubic system if the gravity is none.
5. Discussion

In order to investigate dominant mechanisms of the Coulomb crystal formation,the interparticle distance dependency on
various parameters are investigated. First, the interparticle distance dependency on the particle charge is obtained and is
shown in Fig.10. From Fig.10, it is found that the interparticle distance increases with the value of the negative charge. This
result indicates that the interparticle distance is affected by the Coulomb repulsive force. This is a reasonable result as ex-
pected.

By considering the power flow in dusty plasmas, it is obvious that the dust particles receives the power from only the
plasma. The power from the plasma should be expressed as a function of the plasma pressure. If the received power is con-
sumed for approaching each other against the repulsive force by the particles, the plasma pressure is originated as a sort of at-
tractive force. On the other hand,the Coulomb repulsive energy is a function of the square of the particle charge. Therefore,
the ratio of the plasma pressure to the square of the particle charge should dominate the interparticle distance. In order to
confirm this hypothesis, we obtain the dependency of the interparticle distance on the ratio of the plasma pressure to the
square of the particle charge as shown in Fig.11. From Fig.11, it is clarified that the interparticle distance linearly decreases
with the increase of the ratio of the plasma pressure to the square of the particle charge. This result strongly supports our hy-

pothesis, that is, the interparticle distance is determined by the balance of the attractive force and the repulsive force. In addi-
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Fig.11
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tion, the attraction is driven by the plasma pressure.

1.5

If our hypothesis is correct, the interparticle distance is in the order of the Debye length because the proper Coulomb in-

teraction must exist. In order to confirm this inference,the dependency of the interparticle distance on the Debye length is

also obtained as shown in Fig.12. From Fig.12, it is found that the interparticle distance is almost the same as the Debye

length but is proportional to the Debye length. This result also supports our hypothesis.

6. Conclusions

In order to understand the Coulomb crystal formation mechanisms, the Coulomb crystal formation experiments are car-

ried out by using an experimental apparatus without any particle confinement mechanisms. It is successfully observed the

Coulomb crystal by using this apparatus. This result suggests that a sort of attractive force exists. In order to investigate the

formation mechanisms in more detail, the interparticle distance dependencies on various parameters are obtained. One of the
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dependency indicates that the interparticle distance is affected by the Coulomb repulsive force as expected. In addition, an-
other result shows that the interparticle distance is affected by the plasma pressure, which should work as the energy source
for the attraction. This suggests that the attractive force may be different from the ion shadowing force and the ion drag force,
which are the existing attractive force models. Another result of the interparticle distance dependency on the Debye length is
obtained. This result indicates that the distance is around the Debye length. This also supports our hypothesis of the attractive

force.
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