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The Comment made by Resendeset al. is composed of
two parts:

~1! comment on the delayed charging model, and
~2! new model.

First we discuss the validity of delayed charging mod
But, before proceeding to the details, there are several
understandings about our experimental observations on
excited vertical oscillations of dust particles.

The Comment describes that the equilibrium position
proaches the electrode when one is reducing the plasma
sity and gas pressure. However, Fig. 9 of the paper w
which we were concerned~Ref. 1! clearly shows the opposit
tendency for the density, which is very reasonable and co
from the sheath expansion. The pressure dependence o
equilibrium position is rather weak. The levitation positio
moves to the electrode by only around 0.5 mm when cha
ing the pressure from 1 through 9 mTorr, as shown in Fig
of the present paper. This is reasonable, since the sh
structure does not depend much on the gas pressure be
the ion mean free-path is more than at least a few time
large as the sheath thickness.

The Comment tells us that the time trace of the parti
position is of a stochastic nature and does not show ex
nential grow characteristics. The motion of the dust partic
around 15 Hz, shown in Fig. 2~a! of Ref. 2, was observed
using a conventional charge coupled device~CCD! video
camera with 30 frames/second, so that the picture somet
shows a vertical bar due to poor time resolution. In the
cases, the data points are plotted at the middle of the ver
bar. Such a technical procedure may show apparent am
tude oscillation-like traces. When the amplitude grows, th
may be a saturation mechanism, which we consider to co
from the reduction of effective spatial gradient of dust cha
“Q. The saturation was reproduced in our numerical sim
lation as shown in Fig. 5 of Ref. 2. In addition, we shou
note that the average equilibrium position around which
oscillation develops does not drift vertically in time.

Concerning the energy gain of the dust particles due
the delayed charging, the arguments described in Ref. 2
phenomenological. More accurately, the paper~Ref. 1! and
Ref. 3 gave the growth rate more generally as follows:
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This expression was derived also by Ivlevet al.4 indepen-
dently of our work. The growing time given by (v i)21 is
estimated to be a few to 10 seconds in the case of the Ch
Langmuir sheath model as shown in Fig. 4~b! of the paper
~Ref. 1!. The growing time estimated by the Poisson she
model using the electron energy distribution function with
energetic tail also gives a similar time scale as shown in F
2 of the present paper. Such a small amount of high temp
ture electrons has been confirmed by experiment and
checked by comparing the observed equilibrium height w
this sheath model as shown in Fig. 9 in Ref. 1. The estima
growing time is consistent with that experimentally o
served.

The delayed charging model gives a threshold line
the vertical instability in the plasma density–gas pressure
parameter space, as shown in Fig. 6~b! of the paper~Ref. 1!,
which is very similar to the experimentally observed thres
old curve shown in Fig. 2~b! of Ref. 2.

Concerning an inhomogeneity of dust particle oscil
tions, we have discussed the possibility of standing wave
transverse dust lattice wave in Refs. 1, 5, and 6. In fact,
self-excited transverse dust lattice wave is really observe
the vertically unstable parameter range, low plasma den
and low gas pressure, and is compared with the theore
dispersion relation.1,6,7Motions of dust particles on 1D string
have a coherent phase relation among dust particles, that
wave structure. Other reasons for the inhomogeneity to
considered are the dispersion of dust size distribution, n
uniform sheath structure over the area where the dust
ticles are levitated. An additional one might be the prese
of threshold amplitude above which the energy gain owing
delayed charging works because of a possible charge fluc
tion.

Now we proceed with the second topic: discussion
Resendes’ model, mainly a comparison with our experim
tal observation and the need for detail in the modeling a
numerical simulation.

Comparison of experimental observations with simu
tion results is now given as follows: Figure 1 of the Com
ment shows a downward movement of equilibrium positi
as large as 2 mm from 5 down to 1 mTorr. However, the
0 © 2002 American Institute of Physics
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perimentally observed equilibrium position is insensitive
the change in gas pressure, as mentioned already. The
served downward shift is 0.5 mm through the change in
gas pressure. Figure 2 of the Comment shows a slow tem
ral drift of average vertical position over the oscillation am
plitude. This is not the case in the experiment. The aver
vertical location stays almost constant, at least through
amplitude growing time scale. Moreover, the instability do
not depend on the means of changing the gas pressure.

The Comment tells us that a similar phenomena is rep
duced in the simulation when the plasma density decrea
In the experiment, the equilibrium position moves upwa
going away from the biased mesh electrode when the den
decreases.

Next we describe several points which will hopefully b
reproduced in the simulations. It makes it possible to co
pare the simulation with the observation in more detail: T
most outstanding characteristics of the experimentally
served phenomena is the presence of clear threshold lin
the plasma density–gas pressure 2D parameter spac
shown in Fig. 2~b! of Ref. 2. We hope to have such a repr
sentation of the simulation results.

We are very curious to know the detail of the modeli

FIG. 1. Experimentally observed equilibrium height of dust particles a
function of gas pressure.

FIG. 2. Growth rate for vertical instability as a function of plasma dens
taking gas pressure as a parameter in the Poisson sheath model.
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and the quantitative parameters in numerical simulation p
formed by Resendeset al.

First, concerning the sheath model. We cannot,
course, fix the sheath edge, rather the biasing voltage of
mesh electrode is fixed at210 V with respect to the plasm
potential, which is almost equal to the chamber potent
The model is hoped to take this into account.

The fact shown in the simulation, that the potential e
ergy of the dust particle depends strongly on the gas p
sure, is considered to mean that a strong neutral gas flo
working on the dust particles in the sheath. The origin of t
neutral gas flow and the magnitude need to be describe
detail. In our experimental condition, the ion drag force
dust particles is smaller than the gravitational force and
electrostatic force due to sheath electric field by an orde
magnitude. The force due to the flow of charge-exchan
neutral atoms is considered to be weaker than the ion d
force. Therefore, the equilibrium position is determin
mainly by the balance between the gravitational downw
force and the electrostatic upward force. It has been c
firmed in the experiment, like in Fig. 9 of Ref. 1, and th
weak dependence of equilibrium position on the gas pr
sure.

Concerning the gas flow, the gas inlet and pumping p
are located at 75 cm below the experimental area in the
chamber~0.4 m in diameter and 1.1 m in height! so that the
gas flow due to the gas injection and pumping is conside
not to be important.

In summary, the delayed charging model can expl
many experimental observations quantitatively as well
qualitatively, so that we think that the delayed chargi
model is a strong candidate for the physical model of o
experimental findings. Moreover, we believe that this eff
would be a very important process in many situations
dusty plasma phenomena. However, the delayed char
model might not be a perfect one for our experimental o
servation. If the alternative model would be able to expla
the experimental results more thoroughly than our model,
believe that many research scientists working on du
plasma would have strong interest in it. At the moment
do not know that Resendes’ model corresponds to this
that we hope and appreciate that they will submit a m
complete paper describing the above requests.
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