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Experimental quiescent drifting dusty plasmas and temporal dust
acoustic wave growth

J. R. Heinrich, S.-H. Kim, J. K. Meyer, and R. L. Merlino
Department of Physics and Astronomy, The University of Iowa, Iowa City, Iowa 52242, USA

(Received 19 September 2011; accepted 17 October 2011; published online 29 November 2011)

We report on dust acoustic wave growth rate measurements taken in a dc (anode glow) discharge

plasma device. By introducing a mesh with a variable bias 12–17 cm from the anode, we developed

a technique to produce a drifting dusty plasma. A secondary dust cloud, free of dust acoustic

waves, was trapped adjacent to the anode side of the mesh. When the mesh was returned to its

floating potential, the secondary cloud was released and streamed towards the anode and primary

dust cloud, spontaneously exciting dust acoustic waves. The amplitude growth of the excited dust

acoustic waves was measured directly along with the wavelength and Doppler shifted frequency.

These measurements were compared to fluid and kinetic dust acoustic wave theories. As the wave

growth saturated a transition from linear to nonlinear waves was observed. The merging of the

secondary and primary dust clouds was also observed. VC 2011 American Institute of Physics.

[doi:10.1063/1.3660546]

I. INTRODUCTION

Dusty plasmas are four component plasmas made up of

ions, electrons, neutral gas atoms, and charged sub-micron to

micron sized dust grains. Typically these dust grains are large

enough to scatter visible light and have a plasma frequency

low enough to allow for visual investigation. Dusty plasmas

support a variety of plasma waves including the dust acoustic

wave (DAW), a density wave that propagates through the

charged dust suspension1 and first observed in 1995.2 Dust

acoustic wave growth occurs when the free energy source,

typically a net ion-flow with respect to the dust grains in labo-

ratory dusty plasmas, is large enough to overcome the inher-

ent damping found in dusty plasma suspension, which can be

due to inter-grain correlation, dust-neutral collisions, etc.3

The growth rate of a wave is computed from its dispersion

relation, which details the dependence of the wave frequency

and growth rate on the wavenumber. The DAW dispersion

relation has been derived using both fluid theory4–6 and ki-

netic theory7–9 to various degrees of complexity.

Experimental investigation of the real part of the DAW

dispersion relation has been conducted by numerous

groups.10–15 In these experiments, DAWs were driven by a

low frequency oscillating current modulated through a range

of frequencies. The resulting wave numbers were measured,

and the wave numbers and frequencies were constructed into

a wave-spectrum that could be compared to theoretical dis-

persion relations. These frequency synchronization experi-

ments dealt directly with the real part of the dispersion

relation and did not investigate the imaginary part, the

growth rate. The growth rate has been experimentally meas-

ured through various techniques.13,16,17 In these experiments,

spatial DAW growth was measured in dust clouds already

experiencing dust density fluctuations from previously

excited DAWs. Recently, by transitioning a plasma from an

over-damped to an underdamped dusty plasma suspension

for DAWs, DAW growth was observed at the onset of the

DAW instability by Flanagan and Goree.18 Here, in an rf dis-

charge device with dust confined into a three dimensional

cloud, Flanagan and Goree excited and measured the growth

of DAWs as the neutral pressure (dust-neutral collision rate)

was reduced, verifying damping of DAWs by dust-neutral

collisions in the process. As the neutral damping was further

reduced, Flanagan and Goree were able to observe the devel-

opment of nonlinearity in DAWs.19 In their experiment, the

DAWs were strongly damped (with neutral argon gas pres-

sures above 400 mTorr), the dust experienced strong cou-

pling effects, and the spatial growth rates were measured in a

dust suspension that supported about 3 wavelengths.

Previous experiments investigating fundamental DAW

phenomena have used external potentials to manipulate

dusty plasmas.20,21 When a probe (object) is introduced into

a dusty plasma it develops a sheath and the probe’s electric

potential creates a dust void.22,23 In the present work, we

developed a technique, using a similar induced potential cre-

ated with a biased mesh, to trap and release a secondary dust

cloud, far from the primary dust cloud. When released, the

secondary dust cloud drifted toward the anode. When the

cloud was a certain distance from the anode, DAWs became

excited. A linear growth phase followed by wave amplitude

saturation was observed. The measured growth rates of

the excited waves were compared with fluid and kinetic

models. The new experimental technique of forming a

drifting dusty plasmas allowed us to follow the growth

of DAWs from nearly thermal fluctuations. Also, this

technique allowed us to perform temporal growth measure-

ments of weakly damped DAWs in a moderately coupled

quiescent dusty plasma of sufficient size to support many

wavelengths.

II. EXPERIMENTAL DESIGN AND METHODS

The experiment was conducted in an anodic discharge

apparatus 90 cm in length by 60 cm in diameter, shown in
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Fig. 1(a). A plasma was established under a 5-7 mA (300 V)

discharge current between the 3.2 cm diameter anode and

the vacuum chamber wall with a 4 mT axial magnetic field

(for electron confinement) and an argon gas pressure of

150 mTorr (20 Pa). An axial discharge electric field of

�200 V/m, measured with an emissive probe in the absence

of dust, produced a net ion-flow. Dust particles, located

below the anode on an electrically floating tray, became

charged, lifted, and incorporated into the anode glow. The

experiment was repeated for two species of dust, spherical

iron and monodisperse spherical silica powder. The iron dust

had a size range of rd � 0.5-5 lm and the silica dust had a ra-

dius of rd � 0.5 lm. Once a sufficiently dense dust cloud

(nd� 1� 1010 m�3) was collected, a circular mesh (12 cm in

diameter) was moved into the plasma, 14–15 cm from the an-

ode, shown in Fig. 1(a). The mesh had an inter-wire space of

0.87 mm. Once the mesh was in place, a �50 V bias was

applied between the mesh and the chamber wall, creating a

non-monotonic electric field. The bias produced a plasma

glow around the mesh and the resulting potential configura-

tion trapped dust grains, creating a secondary dust cloud ad-

jacent to the anode side of the mesh, shown in Fig. 1(b). The

axial electric potential profiles of the experimental apparatus

with a biased mesh and a floating mesh are shown in Fig. 2.

The positive potential well created by the biased mesh is not

as deep as the potential well created by the anode. Conse-

quentially, dust trapped in the secondary cloud can be

expected to be colder than dust trapped in the primary cloud.

The topology and density of the secondary cloud was con-

trolled by adjusting the anode discharge current, the potential

applied to the mesh, and the distance between the mesh and

the anode. When the bias was released from the mesh (i.e.,

the mesh was allowed to return to its floating potential), the

electric field became monotonic again at � 210 V/m (in the

region where the dust drifted) and the secondary dust cloud

drifted to the positively biased anode. Dust acoustic waves

spontaneously appeared in the drifting dust cloud. By

increasing the distance between the anode and the mesh the

streaming dust "channel" could be transformed from a large/

wide "channel" to a narrow "channel" or jet. For longer dis-

tances, the dust had larger drift velocities, well above the

dust acoustic (DA) phase velocity, Cda, with Mach numbers

(with respect to the primary dust cloud) above 2.

The dust particles were illuminated with a 2 mm wide

532 nm laser sheet at 300 mW and the dust dynamics were

recorded using a lens filter, to eliminate background light, at

250 frames per second with a Photron (FASTCAM 1024

PCI) CMOS camera, which has a linear response to light in-

tensity. The image sizes were 1024 by 1024 pixels, giving

pixel resolution between 1.8 and 2.2 mm/pixel. The laser

light scattered by the mesh was subtracted from each frame.

Image slices parallel to k (the direction of wave propagation,

in this case z) were taken from the captured frames and con-

verted into an intensity array, (zj,Izj), where zj is the distance

from the anode and Izj is the corresponding image intensity

in frame number j. The established coordinate system is

shown in Fig. 1(b) (x is parallel to the laser sheet). The cam-

era’s linear response to light intensity allows for pixel inten-

sities to be transformed into dust densities, I / nd, so that

the intensity arrays could be converted into arrays of normal-

ized dust density Nd, Nd¼ (I� Iave)/Iave¼ (nd� nd0)/nd0.

Once the images were formatted, a tracking routine was used

to obtain the bulk motion of the secondary dust cloud and

the wave speed and amplitude of the spontaneously excited

DAWs. While individual particle tracking in the described

experiment is impossible due to the pixel resolution con-

straints, an average dust velocity was obtained by tracking

the mean streaming dust cloud position.

FIG. 1. (Color online) (a) Schematics of

the experimental apparatus with a 12 cm

diameter mesh. The inter-wire spacing

of the mesh allowed laser light to pass

through unobstructed. The mesh was

designed with a variable bias with

respect to the chamber, permitting for a

secondary dust cloud to be trapped and

later ejected when the bias was removed.

The distance between the mesh and the

anode is adjustable. (b) Image of the

dusty plasma suspension with the biased

mesh and a trapped secondary dust

cloud. The primary and secondary

clouds as well the anode, mesh, and

coordinate system are labeled. Here the

mesh is �15.5 cm from the anode.
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The plasma density and electron temperature were meas-

ured in the absence of dust (probes disturb dusty plasmas22)

with a double Langmuir probe axially from the anode. In the

region where DAW growth was observed ni ranged from

� (2–4)� 1013 m�3 with an electron temperature Te� 2.5 eV.

The ion temperature is estimated as the neutral gas tempera-

ture, Ti� Tn� 0.025 eV. The experiment with iron particles

was conducted with a 7 mA discharge and the experiment

with silica dust was conducted with a 5 mA discharge. With

both iron and silica particles, DAW growth was observed in

regions with similar plasma density, the difference in dis-

charge current was offset by the difference in distance from

the anode. The axial plasma density profiles for the 5 mA

and 7 mA discharge currents are shown in Fig. 3.

Dust particles may be heated by thermal electric field

fluctuations in the background plasma and via DAWs driven

by an ion-flow instability.24–26 We expect dust trapped in the

potential well of the mesh to have a much lower kinetic

energy than dust trapped in the primary cloud near the anode

due to the weaker confining potential and the absence of

DAWs (i.e., an ion-flow). The absence of DAWs leaves only

thermal electric field fluctuations as a potential heating

source. From a thermodynamics calculation, Avinash et al.
estimate a dust temperature in a quiescent dusty plasma of

Td � 1þ Z2
dnd=2ni

� �
Ti,

26 giving the streaming dust a

temperature� 5–10 eV. For our theoretical comparison, we

take Td¼ 5 eV.

Dust densities in complex plasmas, particularly in

strongly coupled suspensions, are typically obtained directly

from the inter-particle spacing. The current experiment does

not allow for direct measurement of the inter-particle spac-

ing. Another technique, that does not require resolving indi-

vidual particles, involves measuring the extinction of light

through the dust cloud, the amount of light scattered and

absorbed by the dust suspension.27,28 The later method is

also insufficient as it calculates the average density for the

region the light is passed through and cannot be easily

applied in our experimental apparatus. To obtain a dust den-

sity in our apparatus, we employed a combination of these

methods.

To calculate the dust density in some region of the dust

cloud, the total pixel intensity over that portion is measured

and summed, Itot. The selected region’s total pixel intensity

is compared with the total pixel intensity of light scattered

by a single particle. The pixel intensity from a single

particle is measured when dust particles can be individually

identified, often possible in less dense dust cloud regions.

Taking the total pixel intensity scattered from a single

particle, Ip, the total number of dust particles illuminated can

be approximated, nd� volume¼ Itot/Ip. Using the volume of

the region (the illuminated cloud width is the laser sheet

width, 2 mm), the dust density is calculated. The observed

streaming dust had densities nd� (2–5)� 109 m�3. When

individual dust grains cannot be isolated, pixel intensities

can still be used to obtain the relative dust densities between

different portions of the dust suspension as well as Nd. Simi-

lar techniques to obtain dust density have been used

before.17

III. OBSERVATIONS AND RESULTS

While the mesh was biased, the secondary cloud was

stationary, stable, and free of DAWs. When the bias voltage

was removed, and the mesh was floating, the secondary dust

cloud began drifting toward the anode. Once the secondary

dust cloud travelled a certain distance from the mesh, DAWs

became excited. Images of the drifting cloud and the excita-

tion of DAWs along with the corresponding dust density pro-

files are shown in Fig. 4. Since the dust cloud was drifting,

the DAWs were Doppler shifted with respect to the lab-

frame. Relative to the dust frame, a Doppler frequency shift

is measured by the moving (lab) receiver. The ions drift

away from the anode (DAWs naturally propagate along the

FIG. 3. (Color online) Axial plasma density in the absence of dust for 5 and

7 mA discharge currents, corresponding to the silica and iron dust experi-

ments, respectively. The plasma density falls off exponentially from the

anode.

FIG. 2. (Color online) Floating potential taken with an emissive probe in

the absence of dust. The mesh was located 14.2 cm from the anode. The

potential well created by the biased mesh that traps the secondary dust cloud

is located from 9 to 13 cm from the anode.

113706-3 Dust acoustic wave growth Phys. Plasmas 18, 113706 (2011)
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ion flow direction, as they do in the primary cloud) while the

secondary cloud drifts towards the anode. Evidence for a

Doppler shift can been seen in the wavefront and dust den-

sity profiles; in the lab-frame, there is a curvature of the

wavefronts opposite to the direction of propagation,

Fig. 4(c), as well as a steepening of the wave’s trailing edge.

Both of these traits are indicative of semi-planar DAWs

propagating in the opposite direction, showing that the

DAWs are strongly Doppler shifted. To better examine

the drifting dust cloud, the one dimensional spatial path of

the secondary cloud to the anode and the resulting DAWs

was plotted in a space-time diagram. Sample space-time dia-

grams taken from typical experimental runs are shown in

Figs. 5(a) and 5(b). The following description of a typical ex-

perimental run corresponds to the space-time diagram in

Fig. 5(a). Initially, the dust cloud begins to expand and accel-

erate towards the anode from t� 0 to 0.3 s. At t � 0.3 s, the

dust cloud has reached its terminal velocity. At t � 0.5 s,

DAWs first appeared. As the drifting dust cloud approaches

the anode, it slows (along with the lab-frame phase speed of

the drifting DAWs) until the drifting DAWs propagate with

the primary DAWs, seen in Fig. 5(a) at t� 1 s at a distance

of z� 5 cm.

Once the secondary dust cloud stopped streaming, the

primary dust cloud grew in size and density. Wave-wave

interactions between the drifting and primary DAWs were

observed. The nature of the wave-wave interactions

depended on the drift speed of the secondary cloud. Lower

drift speeds resulted in the smooth transition from drifting

DAWs to non-drifting DAWs, seen in Fig. 5(a) from t � 0.9

to 2 s. Larger drift speeds resulted in wave-wave collisions

between the drifting and non-drifting DAWs, seen in

Fig. 5(b) from t� 0.5 to 1.4 s. More details of the wave-

wave interactions will be provided in a subsequent paper.

As the drifting DAWs were excited, their density pertur-

bations were seen growing in time. Converting slices of the

video frames into averaged density arrays (zj, Ndzj), plotted

in Fig. 6(b), the amplitudes for the growing waves, DNd,

were measured from trough to peak through time. From these

amplitude evolutions, the growth rate was measured directly

by fitting an exponential of the form DNd¼Atexp (xi * t)
(where At and xi are the fitting parameters) to the temporal

amplitude growth. Parameter At takes into account the initial

amplitude as well as the time difference between the initial

wave growth and when measurements were taken. Examples

of the observed amplitude growth along with the growth rate

fittings are shown in Figs. 6(a) and 6(c). When silica dust

was used, the observed growth rates fell between 20 and

30 s�1 with an average of 26 6 4 s�1. For iron dust, the

observed growth rates fell between 10 and 20 s�1 with an av-

erage of 17 6 3 s�1. The exponential fits used to calculate the

growth rates typically had correlation coefficients, R, greater

than 0.98.

The waves exhibited linear growth until the wave ampli-

tudes began to saturate and nonlinear wave steepening was

observed. The linear to nonlinear transition of the growing

waves can be seen in the wave profiles of Fig. 6(b), between

0.10 and 0.16 s, and of Fig. 6(d), between 0.06 and 0.09 s,

where the waves profiles steepen from sinusoidal to non-

sinusoidal wave amplitudes. Nonlinear waves were observed

after the growth rate saturated.

The inertial streaming DAW frequency depends on the

DAW drift velocity. The average secondary dust cloud ve-

locity, uds, was used for the DAW drift velocity. This

approximation was found to be self-consistent by comparing

DAW speeds before and after the secondary dust cloud

slowed and merged completely with the primary cloud (as

uds ! 0, Cda(lab)¼ udsþCda ! Cda, where Cda is the DA

speed in the dust frame). The method proved valuable since

the lab-frame DA speed, for both the drifting and non-

drifting waves, and the average secondary dust cloud veloc-

ity were easily observable. With the streaming drift velocity,

the dust-frame frequency can be calculated, flab¼ fdust

(udsþCda)/Cda (note: klab¼ kdust¼ k). The lab-frame fre-

quency, wavelength, and wave speed were measured directly

from the wave profiles and averaged over single

FIG. 4. (Color online) Images of the

drifting dust cloud with spontaneously

excited dust acoustic waves taken at

0.08 s intervals. Taking Dt¼ 0 s from the

first observable traces of dust acoustic

waves, the streaming dust cloud is

shown in (a) at Dt¼�0.05 s. Early dust

acoustic wave growth is shown in (b) at

Dt¼ 0.03 s. Fully developed dust acous-

tic waves are shown in (c) at Dt¼ 0.11 s.

A curvature in the wavefronts of the

streaming dust acoustic waves can be

seen in (c) with a sample wavefront

highlighted in yellow. (d)-(f) show the

corresponding dust density profiles

taken across the dotted line in (a). The

spatial slice in (a) is also the line that the

space-time plot in Fig. 5(a) was taken

over. Taken with iron dust (enhanced

online). [URL: http://dx.doi.org/10.1063/

1.3660546.1]
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experimental runs. The experimental values and uncertain-

ties along with the inertial-frame frequencies are given in

Tables I and II for the iron and silica dusts, respectively.

The frequencies and velocities are taken with respect to the

z-direction.

IV. COMPARISON WITH THEORY

There are three proposed free energy sources for DAWs

that are relevant to the observed wave growth. While DAWs

are typically excited by an ion-drift with respect to the dust

particles in laboratory dusty plasmas, D’Angelo29 and Shu-

kla et al.30 suggested two additional potential sources of free

energy, both related to the acceleration of dust particles by

gravity. During the short period of our experiment when the

dust acceleration and dust velocity is the greatest, there are

no visible DAWs present. D’Angelo’s model requires a

threshold velocity of the dust particles for DAW excitation29

and does not fit the experimental observations as DAWs are

not observed when the streaming dust velocity is maximal

(Fig. 5(a) at t¼ 0.2 s, z¼ 11 cm). A similar argument applies

to the Shukla et al. model30 as the free energy source. There

was no DAW growth until the dust cloud is within some

minimum distance of the anode, where the ion-flow is stron-

ger, as expected if the free energy source is from an ion-dust

streaming instability. If the free energy source was due to

accelerating dust grains, the observed wave growth would be

expected to occur sooner. Additionally since DAWs were

completely absent in the trapped secondary cloud, we

assume there was an insufficient ion-flow at large distances

from the anode to excite DAWs.

The experimentally measured growth rates were com-

pared with theoretical values taken from both fluid and ki-

netic models. The models chosen include a static electric

field, collisions with neutrals, and finite dust temperature.

For the fluid model, Merlino provided a dispersion relation3

that has been used for comparison to experiments under sim-

ilar conditions.3,31 The ions, electrons, and dust particles

were treated as fluids with the continuity and momentum

equations and closed with Poisson’s equation

FIG. 5. (Color online) Space-time diagram of the

spontaneous excitation of dust acoustic waves in a

streaming dust cloud. The primary dust cloud is

towards the right and the secondary dust cloud is

seen towards the top left of the image (note the ab-

sence of waves). The anode is the line on the right

of the image and the circular mesh is on the left.

The region of wave growth is marked and the direc-

tion of ion-flow is indicated. The time is taken from

when the bias was removed from the mesh. The

spatial slice the space-time plot in (a) was taken

over is indicated in Fig. 4(a). Average dust cloud

drift speeds for (a) and (b) from 0 to 0.5 s are 6.1

and 9.8 cm/s, respectively. The smooth transition

between drifting DAWs and non-drifting DAWs

seen in (a) from 0.9 to 2 s is due to lower dust drift

speed. The wave collisions seen in (b) from 0.5 to

1.4 s are due to a larger dust drift speed. Taken with

iron dust.
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@nj

@t
þ @njuj

@x
¼ 0; (1)

njmj
@uj

@t
þ uj

@uj

@x

� �
þ jBTj

@nj

@x
� qjnjE ¼ ��jnnjmjuj; (2)

and

@E

@x
¼ e

�0

ðni � ne � ZdndÞ: (3)

Here j is taken over the three components, the ions, elec-

trons, and dust. These equations account for collisions with

neutrals, electron and ion inertia, as well as a zeroth order

drifts, which accounts for the background electric field,

uj0 / E0. Linearizing and solving Eqs. (1)–(3), assuming all

first-order quantities vary as ei kx�xtð Þ, yields the dispersion

relation3

1�
X

j

x2
pj

aj
¼ 0; (4)

where

aj ¼ XjðXj þ i�jnÞ � k2V2
jT : (5)

TABLE I. Experimental observations: iron dust.

Parameter Valuea Method/expression

Measured

flab �11 6 1.5 Hz Image analysis

k 2.7 6 0.2 mm Image analysis

uds �6.1 6 0.2 cm/s Image analysis

Cda(lab) �2.9 6 0.3 cm/s Image analysis

xi 17 6 3 s�1 Image analysis

Computed

fdust 12 6 5 Hz flabCda/(udsþCda)

Cda 3.2 6 0.4 cm/s Cda(lab)� uds

aTaken in the z-direction.

FIG. 6. (Color online) Examples of the

observed dust acoustic wave growth. In

(a), (c), the amplitude measured between

the peak and trough of single dust

acoustic waves (boxed in (b) and (d)) are

plotted vs. time with iron and silica

dust, respectively. The portions of the

observed amplitude growth used to cal-

culate the growth rate are indicated and

the exponential fits used to calculate the

growth rates are given. Dust density pro-

files of several waves are shown in (b),

(d), with time taken with respect to (a)

and (c). The dust acoustic waves showed

linear growth until the waves saturated

at around t� 0.16 s in (b) and t� 0.08 s

in (d). Data in (a) and (b) correspond to

the experimental run shown in Figs. 4

and 5(a).

TABLE II. Experimental observations: silica dust.

Parameter Valuea Method/expression

Measured

flab �24 6 4 Hz Image analysis

k 3.0 6 0.3 mm Image analysis

uds �10.8 6 0.3 cm/s Image analysis

Cda(lab) �7.1 6 0.4 cm/s Image analysis

xi 27 6 4 s�1 Image analysis

Computed

fdust 12 6 4.3 Hz flabCda/(udsþCda)

Cda 3.7 6 0.3 cm/s Cda(lab)� uds

aTaken in the z-direction.

113706-6 Heinrich et al. Phys. Plasmas 18, 113706 (2011)

Downloaded 29 Nov 2011 to 128.255.32.146. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



Here Xj ¼ x� kuj0, VjT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jBTj=mj

p
, and �inðenÞ

¼ nnrinðenÞViTðeTÞ. The dust-neutral collision frequency was

taken from Liu et al.,32 �dn ¼ d8
ffiffiffiffiffiffi
2p
p

mnnnr2
dVnT=3md with

d¼ 1.26. The ion-mobility and ion drift velocity were taken

from Robertson et al.33 The electron drift velocity was taken

as ue0¼ qeE0/me�en and the dust drift velocity is taken from

the experimental data.

The kinetic model used for comparison is a modified

version of models derived by Rosenberg et al.14 and Rosen-

berg.34 Rosenberg et al.’s model included finite dust temper-

ature, collisions, and drifting Maxwellians for ions and

electrons and has previously been used for comparison of

DAWs in a similar experimental setup.14 Briefly, starting

with the linear dispersion relation

1þ
X

j

vj ¼ 1þ
X

j

1þ fjZðfjÞ
� �

ðk2k2
DjÞ 1þ ði�jn

ffiffiffi
2
p

kVjTÞZðfjÞ
� � ¼ 0;

(6)

TABLE III. Experimental parameters for dust acoustic wave growth.

Parameter Value Expression Remark

Measured

ni (2–4)� 1013 m�3 Double probe (no dust), axial

density shown Fig. 3

nd (3 6 2)� 109 m�3 Image analysis

rd iron 0.5–4 lm Microscopea

rd silica 0.5 6 0.1 lm Microscope

Te 2.5 6 0.2 eV Double probe (no dust)

E-field 210 6 20 V/m Emissive probe (no dust)

B-field 4 mT Magnetometer

pressure 150 mTorr Bartron gauge, argon gas

Known

qiron 7860 kg/m3 Manufacture specifications

qsilica 2000 kg/m3 Manufacture specifications

Assumed

Tn 0.025 eV Room temperature

Ti 0.025 eV Room temperature

rin 5� 10�19 m�2

ren 5� 10�20 m�2

Computed

ne 1.35� 1013 m�3 ne¼ ni – Zdnd Charge neutrality

Zd �2000 �4� 108 rd Estimated with orbital motion limited theory (OML)

�dn d8
ffiffiffiffiffiffi
2p
p

r2
dNVnTmn=3md Using d¼ 1.2632

Td �5 eV Td � ð1þ Z2
dnd=2niÞTi

aTaken as 0.5 lm.

FIG. 7. (Color online) Theoretical and observed frequencies and growth

rates plotted vs wavelength for iron dust. The observed growth rate and fre-

quency are shown with experimental uncertainty. Theoretical values are

plotted for the detailed experimental parameters.

FIG. 8. (Color online) Theoretical and observed frequencies and growth

rates plotted vs wavelength for silica dust. The observed growth rate and fre-

quency are shown with experimental uncertainty. Theoretical values are

plotted for the detailed experimental parameters.
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where fj ¼ ðx� kuj0 þ i�jnÞ=
ffiffiffi
2
p

kVjT and Z(f) is the plasma

dispersion function, Rosenberg et al.14 simplified Eq. (6) for

the long wavelength regime where ue0 � Vet, kui0�in � x,

x> kVdT, fe � 1, 2 � fi&1, and �dn � x. Since we expect

�dn�x, the last approximation is not valid. Instead, we take

the dust susceptibility, vd, from early work by Rosenberg34

for DAWs in collisional dusty plasmas where fd � 1, which

is a reasonable approximation for our experiment for

k& 2mm with Td< 10 eV. The resulting dispersion relation

is

1þ 1

k2k2
De

�
x2

pi

k2u2
i0 þ �2

in

� i
1

k2k2
Di

ffiffiffi
p
2

r
ui0

ViT
exp � u2

i0

2V2
iT

� � !

�
x2

pd

Ad
¼ 0; (7)

where

Ad � xðxþ i�dnÞ �
i�dnk2V2

dT

xþ i�dn
: (8)

The calculated fluid and kinetic dispersion relations are plot-

ted with the experimental observations for iron and silica in

Figs. 7 and 8, respectively, for both the real frequencies

and growth rates along with experimental uncertainties. For

the calculations, the following parameters were used

ni¼ 2� 1013 m�3, Td¼ 5 eV, rd¼ 0.5 lm, nd¼ 3� 109, fur-

ther detailed in Table III. For the case of the iron dust, the

range of dust radii may significantly change the modeled dis-

persion relation. The models predict values for both the real

frequencies and growth rates that agree well with the meas-

ured values.

V. CONCLUSION

By introducing a mesh cathode that could be switched

on and off, we were able to trap and release a secondary dust

cloud. When released, the secondary cloud streamed towards

the anode and primary cloud, exciting DAWs when within a

certain distance of the anode where free energy in the ion-

flow is sufficient These streaming waves were Doppler

shifted. Temporal DAW growth was observed and the

growth rates were measured in a quiescent dust cloud large

enough to support many wavelengths. The growth rates of

DAWs in silica dust and iron dust were measured and com-

pared to kinetic and fluid theories. The dispersion relations

derived from both the fluid and kinetic models predicted real

frequencies corresponding to maximum growth that agreed

well with the observed frequencies. Growth rates obtained

from the kinetic theory were in better agreement with the

measured growth rates as compared to those obtained from

the fluid theory.
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