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Decoupling of dust cloud and embedding plasma
for high electron depletion in nanodusty plasmas

Andreas Petersen 18, Oguz Han Asnaz1, Benjamin Tadsen 1 & Franko Greiner® 2%

In recent years nanoparticles have become key technological products, e.g., as coatings with
tunable optical gap in third generation solar cells, as nanocrystals for photonic applications,
and as pharmaceutical nanocarriers. In particle sources, that use reactive, nanodusty plas-
mas, a high dust density changes the properties of the dusty plasma compared to a dust free
plasma considerably, as electron depletion leads to a reduced number of free electrons. This
is called the Havnes effect and was central for the understanding of the famous spokes in
Saturns rings. We see here, that it is also important for technological applications. Using self
excited dust density waves (DDW) as a diagnostic tool, we completely characterize an argon
discharge with embedded amorphous hydrocarbon nanoparticles of different size and den-
sity. The results show, that electron depletion governs the charge of dust grains, while the
size of the particles has only a weak influence. The ion density and electric potential profile
are almost independent of both, dust size as well as dust density. This suggests, that the rf
generated plasma and the dust cloud seem to coexist and coupling of both is weak.
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production suffered from drop outs due to generated dust

particles. This dilemma was the spark, which established the
new research field of (nano)dusty plasmas. While it was first
presumed that the particles were sputtered from the source
wafers, the surprising result was that nanoparticles can grow
inside of a discharge from molecular precursors!.

Recently, the field has seen a paradigm shift, as plasma created
nanoparticles have become a valuable product, and research
focuses more on the generation processes and properties of the
particles themselves.

Under the non-equilibrium conditions of low pressure
plasmas?, with relatively high electron energies (around 50,000 K
or 4eV) and ions as well as neutrals at room temperature, che-
mical reactions are possible, which can not be observed in clas-
sical wet chemistry. Reactive, particle producing plasmas, often
noble gas plasmas with an admixture of silane3, acetylene* or
methane®, are central for a wide range of technological
applications.

Their use in the technical field ranges from coatings to prime
surfaces, for surface protection, for optical purposes®=3, and even
to provide tailored nano dots in solar cell coatings®!0. In the
medical field however, nanoparticles have become relevant as
drug carriers! b2, They are a key feature to stabilize mRNA
during application!3. And in recent developments nanoparticles
are even considered to deliver drugs into the pulminory system to
treat SARS-CoV214,

Several aspects of the creation of dust particles in a plasma
have been thoroughly explored: The plasma chemical reactions!”
which lead to free radicals and their polymerization into
clusters!®, the importance of trapped, negatively charged
precursors!” and lastly different phases of the growth
mechanism!8:17,

While there are comprehensive approaches to model interac-
tion of all components of a nanodusty plasma?0?!, the basic
physics of the nanodusty plasmas, which are mandatory to
understand the processes in reactive plasmas, is largely unex-
plored. A detailed knowledge of the charging, an understanding
of the confinement of nanoparticles, and changes of the plasma
parameters are keys to systematically advance production pro-
cesses and to learn about synergistic effects.

Support for the understanding of dusty plasmas at high dust
densities comes from a completely different side, from astro-
physics. The observation of spokes in the rings of Saturn by the
passing Voyager 1 and Voyager 2 satellites in 1979/1980 was one
of the trigger events for the new field of physics of dusty plasma.
To explain the sporadic appearance and disappearance of the
spokes, Goertz and Morfill%2 proposed a model, which is based on
meteor impacts on the ring, producing plasma densities high
enough to levitate negatively charged, micron sized ice particles.
Havnes showed that the created plasmas have high dust density?3.
This results in a depletion of electrons and leads to a reduced dust
charge?4,

The key equation to describe the condition of a plasma con-
taining a high dust density is the quasi neutrality equation

I n the mid eighties of the last century, plasma assisted chip

ny — (n, + Zng) = 0. (1)

In the following, we restrict ourselves to a three component
plasma of argon ions with a single positive charge e and density
n;, dust particles with a negative charge of Z elementary charges
and density ny, as well as electrons with density #,. As seen from
Eq. (1), a high density of dust particles leads to a depletion of
electrons. The n, + Zn, term in Eq. (1) creates the negative charge
which has to balance the positive ion charge. This means, that a
high negative charge Ze of the dust particles effectively reduces

the number of free plasma electrons, leading to an electron
depleted plasma.

Havnes et al.2% introduced a dimensionless order parameter
which describes the depletion of electrons, today called Havnes
parameter

kgTn

P:4ﬂeoa%7‘:, )
with a the particles radius, T temperature, ¢, vacuum permittivity,
and kg the Boltzmann factor. Figure 1 gives an intuitive picture of
the potential in a plasma when the dust density is increased at
constant a and T. For P< 1 a “dust in plasma" situation is found.
The particles are screened by the surrounding electrons and ions
and they charge up to their maximum negative value, leading to
deep potential wells. Between these wells the electrical potential ®
recovers to the plasma potential @, of the pristine, dust free
plasma. The situation changes when P = 1, the potential wells of
the particles start to overlap and the dusty plasma creates its own
“cloud plasma potential” ®. which is lower than that of the dust
free plasma. For even higher Havnes parameter P>>1, the
potential wells are vanishing. The dust particles are on the same
potential, this is the regime of electron depletion.

When using a spherical capacitor model, the particle charge g4
is determined by:

qq = 4meya(Qp — @), (3)

which is the solution for the collision-less orbital motion limited
(OML)?® charging. This is the dust charging model, we will use.
There are approaches that take collisions into account, however
the applicability at pressures lower than 30 Pa or with consider-
able electron depletion is questionable?’.

In the astrophysical situation modeling the electron depleted
plasma is based on the assumption, that this plasma is embedded
in a dust free plasma which can deliver additional ions needed to
account for the dust charging?*. In Goertz et al.28 this model was
named “Boltzmann distributed ion model" (BIM), as its main
assumption is, that the ions inside of the dust cloud are provided
by an undisturbed surrounding plasma and are Boltzmann dis-
tributed. For a low pressure rf plasma the BIM model can not be
used, as there is no surrounding plasma to deliver said ions.
Instead the ions are produced by ionizing collisions with electrons
inside of the dusty plasma. The model suggested by Melzer and
Goree?? takes this internal ion source into account leading to a
constant ion density model (CIM)28.

Already in 1994 Barkan could verify the existence of the
Havnes effect in a Q machine plasma3(. In 2011 Goertz et al.
performed a comparative study in a large, thermionic magnetic
box plasma and could show that the Havnes effect is observable
and can be described with BIM and CIM in such a plasma28,
However, both experiments used a setup, where micron sized

D A

P>1

Px1

Fig. 1 Different regimes dependent on the Havnes Parameter. Effect of
the dust density on the potential ® of a dusty plasma, when the Havnes
parameter P is increased. The plasma potential of the dust free plasma is
@, the floating potential of dust grains ®;, and the plasma potential in a
dense cloud is ®.. Adaption from Goertz24.,
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dust was falling through a plasma, i.e., the experimental situation
was not fully stationary.

Until 2015 no experiment existed, that could create and
characterize a stationary high density dust cloud in an argon
plasma. Two achievements made this possible. The first one was
the use of sub-micron particles. For sub-micron particles gravity
is only a minor force and the particles can fill the whole plasma
volume and form a 3D dust cloud. The second achievement was
to use a reactive argon acetylene plasma as the particle source.
The plasma chemistry in an argon acetylene plasma provides
reactive components as precursors, which polymerize and grow to
become spherical and mono disperse particles>*31. Using light
scattering methods, the particle size and refractive index32-34 can
be determined, as well as the local particle density by laser light
extinction (a cross section of the dust cloud can be seen in Fig. 2).
Recording the evolution of self excited dust density waves (DDW)
and fitting a model description of such waves to the experimental
data3>-37 allows us to fully characterize the three component
plasma. We find, that the plasma generation process is almost
independent of particle size and density for the explored regime.
We also determine, that depletion of electrons from the discharge
onto the dust is important and mainly determines the dust
charge.

Results

Procedure. For the experimental campaign presented here, we
created a dusty plasma with particle radii of 120-160 nm, which is
an increase of 230% in mass. All discharge parameters are kept
constant (base pressure 21 Pa, rf power 8 W).

To achieve the desired three component plasma consisting only
of electrons, argon ions and dust particles, the admixture of
acetylene to the feed gas is introduced into the discharge and the
resulting plasma chemistry leads to particle growth. When the
desired size is reached, the acetylene flow is stopped and any
hydrocarbon remnants are quickly consumed or flushed from the
system.

Figure 2 shows a dust cloud created with this process. The
cylindrical cloud is illuminated by a laser stripe (laser L1
(640.3nm) as shown in the setup). The scattered laser light
creates a 2D image of the cylindrical cloud. At the top and bottom
a reflection can be seen on the surface of the electrodes. The cloud
shows the characteristic dust free region in the center named
void’ and self-excited dust density waves (DDW). The dust
density in such a cloud is typically 1 x 1013 m~3 at an ion density
of 1x10'>m~3 leading to a Havnes parameter of P = 10...50%".
This results in a drastic electron depletion with a dust charge of
only 10...50 elementary charges. In comparison, a single dust

-60 -50 -40 -30 -20 -10 O 10 20 30 40

Fig. 2 Light scattering image of nanodust cloud. A 2D image of the
scattered light of a laser stripe going from right to left through the center of
a discharge chamber. On top and bottom the rf driven electrodes with a
diameter of 58 mm are highlighted. Using a short exposure time of 0.8 ms
reveals the existence of self excited dust density waves. The region of the
dust density wave diagnostic in the middle is also marked.

particle of 190 nm radius and P<<1 would gain up to 1600
elementary charges under assumption of OML.

To measure the dust density via laser light extinction, the
optical properties of the dust particles need to be known. These
are determined by means of kinetic Mie polarimetry32-34 using
the rotating compensator polarimeter shown in the setup. The
diagnostic of dust charge, ion density, and electric field uses an
analysis method that is based on the dispersion relation of the
DDW?3>-37, From the wave data recorded by the camera C4, local
frequencies and wavenumbers can be calculated, using a Hilbert
transform approach. A fitting procedure using the dispersion
relation of the DDW gives estimates of dust charge, ion density,
and electric field®”. The modeling takes into account electron
depletion and the resulting decrease of particle charge using CIM.
Although CIM assumes a constant ion density, the local analysis
at each radial position leads to spatially changing ion density, as
the wave changes its frequency and wavenumber when it moves
through the inhomogeneous plasma (Fig. 2).

For the five radii the full data of extinction, polarimetry and
DDW videos is acquired and analysed by the presented
methods343738, Afterwards the discharge is extinguished and
the process repeated for a new target radius. This ensures high
consistency.

With the fast camera C4 (as shown in the setup) videos of the
dust density wave are taken at 4000 fps containing 1k consecutive
frames. As an example, Fig. 3a shows data obtained from one
frame of the video for a particle size of 139 nm. Below a vertical
average of the image shows the amplitude of the DDW. The red
box marks the region used for Fourier analysis and the vertical
dashed line at 30 mm marks the rim of the shielded electrode.
Figure 3(b) shows the instantaneous frequencies and wavenum-
bers (w(r), k(r)) determined by Hilbert transform. These (w(7),
k(r)) data sets and the radial dust density profiles are the input
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Fig. 3 Analysis of 4k fps video for dust density wave diagnostic. a A
60 mm long and 3 mm high image of the wave patterns acquired with
Camera C4. It shows the fluctuations by subtracting the mean intensity
over all frames from a single frame. The graph below this image shows the
column average in units of cameras least significant bit. The dashed black
line denotes the extent of the electrodes shield. Analysis for (b) is confined
to the red box. b Local @ and k of the dust density wave determined by
means of Hilbert transform.
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radial position r/ mm

Fig. 4 Radial dust density ny(r). The shape of the dust density profile ng(r)
is very similar for the different particle radii. As the dust particles grow, the
overall density decreases, because of losses from the discharge. The color
scheme supports visual comparability, the particle radius is a and the radial
position r.

data for the so called “Dust density wave diagnostic" (DDW-D)
which is described in detail by Tadsen3”. The DDW-D is
performed for all particle radii. The dust density waves show a
linear, i.e., acoustic dispersion, similar to previous results3”-3°.

In Fig. 4 the radial dust density profiles are presented, which
were measured by means of the extinction setup (Laser stripe L1
and cameras C1, C2, C3, see detailed explanation in Methods—
Diagnostic for dust density and particle size). Due to the fact, that
the creation of larger particles needs more time and the
confinement of the dust inside of the plasma is not perfect (see
Fig. 9 of Tadsen?), the total density of the dust is decreased for
large dust particles.

Decoupling. To match our kinetic three particle model of a
homogeneous, infinite plasma to a measured data set (w, k).,, the
models dispersion relation is evaluated for its most unstable mode
(w, k). It is assumed, that this mode, exhibiting the highest
growth rate, will be observed in the experiment. Evaluation is
done separately at each radial position. In Methods—Dust density
wave diagnostic, the additional input data needed to do the data
analysis is given. Figure 5 presents the results of the DDW-D for
different particle radii. Figure 5a shows the ion density profile. It
can be seen, that the dust density (Fig. 4) and dust size both
change significantly, while the ion density does not change. This
is a really surprising finding, as it means, that the ion production
rate seems to be unaffected. The plasma production, which
mainly bases on the generation of argon ions by means of
inelastic collisions of electrons with neutral argon atoms, remains
untouched. In addition, an observation of Klindworth*! could be
verified. The radial density profile of a dusty plasma with con-
siderable dust density is convex, in contrast to the density profile
in a pristine argon plasma, which is concave.

Electron depletion. Figure 5b shows the severe effect of electron
depletion. The electron density lies more then a factor of hundred
below the ion density, as the dust particles snatch away nearly all
free electrons. As a detail, an increase of the electron density is
seen for the largest dust particles (160 nm) at larger radial posi-
tion, far out of the electrodes. Here, the dust density becomes very
small and consequently, the electron density starts to increase.

The plasma potential is one of the plasma parameters, that
determines the dust density profile, as it provides the electric
forces which lead to the confinement of the nanoparticles in the
discharge. As the DDW-D determines the radial electric field, the
potential ¢(r) = [Edr + ¢, can only be determined with respect to
a reference point, which we set ¢y = ¢(52 mm) = 0 volt for all
particle radii. The result is a nearly linear drop of the plasma
potential ¢(r). This corresponds to the finding of Tadsen?’, as
well as to probe measurements in the pristine argon plasma.

Similar to the ion density, the plasma potential shows no
variation with the change of the dust radius and the dust density,
Fig. 5c.

Dust charge. The dependency of the dust charge on the radial
position can be seen in Fig. 5d. The dust charge is extremely small
in comparison to a single dust particle in a pristine argon plasma.
There are no pronounced radial features for the different particle
radii. However, an overall increase of the dust charge is seen for
increasing particle size. This increase is correlated with the
decrease of the dust density (Fig. 4), as a higher dust density
results in a higher electron depletion at constant ion density.
The effect of the dust, i.e., the effect of its size and its density on
the dusty plasma is expressed by the Havnes parameter P(a, ng,
n;, T,.) (Eq. (2)). It is no surprise, that P is radially dependent, see
Fig. 6. For all particle sizes P>>1 is valid, the plasma is in a
strongly electron depleted state. Again, only a small region
radially outside of the electrode shows a smaller Havnes
parameter of P~ 10, as the dust density at the highest dust
radius is lower at this distance (lower right corner in Fig. 6).

Conclusions

An argon plasma was created at constant rf power of 8 W, con-
taining a nanodust cloud at high dust density (high Havnes
parameter). The presented data shows, that the plasma’s radial
density and potential profile remain unchanged when the dust
size is varied from 117 to 158 nm, while the dust density is
changed from 6 x 1013 m~3 to 1.8 x 1013 m~—3. This suggests, that
the plasma production by means of ionising collisions of ener-
getic electrons with the argon background, and the dust cloud
coexist and are not strongly coupled to each other. The electron
depletion determines the specific dust charge at a given dust
density. The Havnes parameter provides a direct measure of said
depletion. The new findings are supported by a Langmuir probe
study of Bilik et al.#2, which was done in a reactive silan-argon
plasma, containing dust. The Havnes parameter of the data
presented in ref. 4> can be determined using Eq. (2) and is around
P=2, ie., P is much smaller than in our experiments. Never-
theless the electron depletion is significant and the results are
therefore relevant in comparison to the presented results. Bilik
et al. observed that the electron energy probability function
(EEPF) changes significantly, when dust is present in the plasma.
It changes from a Druyvesteyn function to a Maxwellian, leading
to a pronounced increase of the “Maxwell tail" of high energy
electrons, responsible for the ionisation. The Maxwell tail doesn’t
change its shape, when the particles grow over time from 25 to
150 nm. This observation perfectly matches our finding, that the
background plasma remains unchanged for different dust sizes
and dust densities, and can explain, that the ion sources inside of
the plasma remain unchanged during the growth process. The
result of Bilik et al. were underpinned by kinetic modeling of
Denysenko et al.43.

Methods

In this section the experimental setup, the diagnostics and the data analysis
methods are presented.
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Fig. 5 Results of the DDW analysis. Results for different particle radii a along the radial direction r: a ion density n,(r), b electron density n.(r), ¢ electric
potential (for the discussion of a common reference see Methods—Dust density wave diagnostic), and d dust charge gq.

35
40 45
radial position r / mm

50 160 a/nm

Fig. 6 Havnes parameter P. The Havnes parameter deduced from the dust
density wave analysis along the radial direction r for all particle sizes a.

Experimental setup. The experiments are performed in a parallel plate reactor
with cylindrical electrodes of 58 mm diameter and an electrode gap of 30 mm. A
side view of the chamber and the rf wiring are shown in Fig. 7. A vertical laser
stripe illuminates a 2D cross section of the cylindrically symmetric dust cloud. A
camera positioned perpendicular to the laser stripe (out of the paper plane in
Fig. 7) can be used to monitor the dust cloud. Figure 2 is an example of a typical
dust cloud image made by using a red laser and a fast camera. To start the
experiments an argon pressure of 21 Pa is set with a flow controller leading to an
argon flow of 8 sccm, the plasma is ignited with a rf power of 8 W and 20%

Fig. 7 Side view of the plasma chamber. A generator in series with a match
box (MB) and balun drives the electrodes with a rf signal of 13.56 MHz. The
balun symmetrizes the signal. Gas is fed into the chamber on top and
pumped out on the bottom. For simplicity only the vertical, expanded laser
stripe is shown (it is laser L1 in the experimental setup). The light scattered
from L1 produces an image of a 2D cross section of the cylindrically
symmetric dust cloud.

acetylene is added to the argon flow thereby maintaining a constant total gas flow
of 8 scem.

During the experiments, different diagnostics are used to monitor particle size
and density. Figure 8 shows a top view of said diagnostics. A rotating compensator
polarimeter (RCP) monitors the polarisation state of light scattered by the growing
dust particles from the red laser beam at 662.6 nm (laser L2 in Fig. 8). A matching
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Fig. 8 Top view of the experimental setup. Top view of the plasma
chamber and all optical diagnostics. Three optical diagnostics are
combined. (i) Extinction setup for dust density measurements: Laser L1
(expanded to a vertical stripe) and cameras C1, C2 and C3 (ii) Mie
Polarimetry for dust size diagnostic: The scattered light of laser beam L2 is
acquired by a rotating compensator polarimeter. (iii) Dust density wave
diagnostic: Laser beam L3 and fast camera C4.

band pass filter blocks all other light from reaching the RCP. The vertically
expanded red laser L1 (640.3 nm) allows to monitor the dust cloud via camera C3,
and is used to perform 1D extinction measurements using the intensity of camera
C2 calibrated with the initial intensity measured with camera C1. A horizontal,
green Laser beam L3 (532 nm) passes the center of the discharge and videos of the
scattered light of laser L3 are taken with the fast camera C4 at appropriate times, to
acquire video sequences of the dust density wave. A matching band pass filter in
front of camera C4 ensures, that only the scattered light of laser L3 is entering the
camera. A single snapshot out of one of these video sequences in shown in Fig. 3a.

As mentioned, the RCP and camera C3 are equipped with filters which block
light with a wavelength of 532 nm.

In the following sections the diagnostics for dust size, dust density and
nanodusty plasma parameters are described in detail.

Diagnostic for dust density and particle size. The dust particles are created
using a reactive argon acetylene plasma. Since effective growth rate and onset time
can vary, it is important to monitor the particle growth. After adding acetylene to
the argon plasma, spherical amorphous hydrogenated carbon particles (a:C-H)
start to grow from molecular precursors up to sizes of a few hundred nanometers
in radius. By switching off the acetylene admixture, the particle growth stops, and
after consumption of the remaining precursors a dusty plasma, consisting only of
electrons, ions and (negatively) charged dust remains. To create particles of dif-
ferent sizes, but with identical structural and chemical makeup, the discharge was
extinguished after each measurement which removes the particles. The observed
growth rate for all cycles was 2.0 nanometer per second. The dust particles are
spherically shaped and have a narrow size distribution. The rotating compensator
polarimeter (RCP) depicted in Fig. 8 acquires a time series of the polarimetric
angles A and ¥ as well as the degree of polarisation (DoP). This fully charaterizes
the polarisation state of the scattered light. From this time series the radius of the
dust particles is determined by means of kinetic Mie polarimetry>233 and is
described in detail by Groth34. Figure 9a shows the measured A(¥)-curve for a long
growth period, the Mie model curve fitted by the algorithm presented in34, and A
and ¥ of the aborted growth processes, that create dusty plasmas with differing
particle sizes. The outcome of the fitting procedure are the refractive index of the
particles (N =2.05+ i0.07) as well as the radius. The extinction efficiency Qe of
the particles, which is a function of refractive index and particle size, is needed to
determine the absolute dust density, from a combination of a 1D extinction
measurement (cameras C1 and C2 in Fig. 8) and a video that is taken under a
shallow angle from the dust cloud evolving over time (camera C3 in Fig. 8, a
telecentric lens is used). The detailed procedure is presented by Groth*4. Assuming
cylindrical geometry, which is justified by computed tomography (CT)
measurements?’, the dust density profile can be reconstructed. As an example,
Fig. 9b shows the density profile reconstructed for the particle radius a = 140 nm.
The radial dust density profiles shown in Fig. 4 and the dust radius provided here
are needed as input for the dust density diagnostic, described in the next section.

Dust density wave diagnostic. The DDWs are waves in a weakly coupled system,
i.e. the dust particles are in a gaseous state where the kinetic dust temperature is
high compared to the particle-particle interaction. DDWs are ion-dust streaming
instabilities of the Buneman type#®47. In the context of dusty plasmas, they were
first described in a theory paper of Rao et al.3®. In 1997 Kortshagen proposed the
DDW as a diagnostic for the size of nanometer sized particles*S. He used a three-

920 T T v .
(a ) X 117 nm == model(a, N) time /s
O 129nm O  149nm
60 ® x 158 nm i

-60 -40 -20 0 20 40

r/ mm

Fig. 9 Dust particle size and density measurement. a Kinetic A(¥)-Curve
(filled circles). The measured values of A and ¥ change over time (see
colorbar), as the particles size increases. The black curve is the fit of the
Mie model. For larger particles a deviation of the model, due to multi-
scattering, is expected34. The “clouds" of symbols along the curve show the
settling of A and ¥ values after acetylene admixture was stopped. The inset
is the SEM image of a typical a-C:H-particle. b Dust density profile for a
dust radius of a=140 nm. A line integrated, vertically resolved extinction
measurement and the extinction efficiency Qe from kinetic Mie
polarimetry is used to reconstruct the cylindrically symmetric 2D dust
density profile nyq(r, y).

fluid model for dust, ions and electrons in a homogeneous, infinite plasma,
assuming that the phase velocity of the DDW is small compared to the ion and
electron thermal velocity. The relatively simple fluid model is applicable to our
experimental situation, except that the ions have to be treated kinetically as the ion
drift velocity is in the range of a few ion thermal velocities3®.

For an in depth discussion refer to Ruhunusiri*. Considering small
perturbations of the wave potential ® and the density i; of species j, its
susceptibility can be written as

X=- L @
€ k@

For the electrons we neglect inertia. For the ions we consider a streaming
velocity v; and ion-neutral friction with the collision frequency v;,. For dust
particles we take into account a weak compressability = 1/n4k;, T, due to coupling
of particles and a dust neutral friction with collision frequency vy,. This leads to
species dependent susceptibilities

1
Xe =5, )
sz’f)e
2
w=.
X 2 ()

TR kv (kv i)

_ “ha
E(Bngmy) ™" — w(w+ivy,)
Here k, w are the wave vector and angular frequency, Ap. the electron Debye

length, v, vrq the thermal speed of ions and dust and wy;, wpq their plasma
frequencies. With this we get to

0:1+XC+X1+Xda (8)

@

X4

which in ref. 4%, Eq. 26 is called the baseline hydrodynamic model. It has the
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Fig. 10 Example of the complex dispersion relation w(k). Example of the
solution of the dispersion relation Eq. (9) for typical conditions in our
experiment. The real part gives the wave frequency and the imaginary part
the growth rate of the dust density wave for each specific wavenumber k.
For the solution the growth rate is maximal at (kn, @m).

analytical solution

_ Vdan y?ln 2.2 wlzjd 9
w= 12+\/ 4+vad+1+Xe+Xi. ()]

Most of the parameters needed to compute the waves complex frequency w can
be determined from the experiment, yet two parameters remain unknown, the ion
density #; and the ion drift velocity v;. Both variables are taken to be the free
parameters of the model and the solution can be fitted to pairs (wey, kex) measured
in the experiment.

To calculate the model values (W, ki) (Eq. (9)), we use the drift
approximation®?

v; = UE, (10)

and the collision frequencies discussed by Tadsen3’. The particle charge q4 needs to
be determined from its “floating condition", i.e. the balance of the ion and the
electron charging currents (assuming OML approximation):

mT,\ e®y n, e®y
= (Ml 1) 2 . 11
(meTi> ( kg Ti> n; P <kB Te) v

And because electron depletion is important in this case, the CIM model?? is
applied to take it into account:

o="e_1_pn
kBTe

n;

Figure 1 shows, how the difference between cloud potential and floating
potential shrinks due to a lack of electrons for increasing Havnes parameter P.

This set of equations ((9), (11) and (12)) can not be meaningfully expanded, but
it can be numerically iterated. Starting with a set n;, vjo; and using the quasi
neutrality of the dusty plasma (Eq. (12)), the equations (11) and (12) can be solved
and the floating potential ®q and electron density #. are gained. Inserting all results
into equation (9) yields the dispersion relation w(k). An example of such a model
dispersion for a pair n;, ;o can be seen in Fig. 10.

The imaginary part of the wave frequency Im(w(k)) denotes the stability of the
wave. Positive values denote potential for amplitude growth, while negative values
indicate dampening. Fluctuations excite the wave, but over a short amount of time
the most unstable mode (max(Im(w(k)))) becomes dominant. Therefor the
experimentally observed frequency should match the most unstable one (compare
Fig. 3) and we take it as the model solution (wp,, kp,).

From here n; and v;y can be iterated to minimize the deviation

\/(wm - wex>2 <km - kex>2
D= + . (13)
Wex kex

For the one-dimensional data analysis in the radial direction, the radius of the
nanoparticles a and their density n, as well as the local w and k have to be known
from the experiment. The radius of the nanoparticles was measured using Mie
polarimetry and the dust density by extinction measurements presented in
Methods - Diagnostic for dust density and particle size.

To determine the local wey and ke a video of the wave activity is taken with the
high speed (4000 fps) camera C4, see experimental setup (Fig. 8). In a first step the
data—taken along the radial direction, at the marked position in the middle of
Fig. 2—is Hilbert transformed to estimate the local phase information ¢ of the

(12)

wave. The phase is unwrapped by adding multiples of 27, giving a continuous
phase map for every pixel in every frame. Now we use

09

— 14
@ ot a9
k=Veg (15)

to evaluate the waves properties. Finally the average values of w and k over all
frames are taken (compare Fig. 3b).

The fit at each radial position is completely independent from the other
positions. The result of the fitting procedure gives the free parameters in the model
n; and v;y as well as the dependent parameters E and g4 and all radially resolved
plasma parameters which are found in the underlying model equations. In addition
to the ion density n; and the dust charge g4 these are the electron density 7, and the
Havnes parameter P.

As mentioned above, one result of the DDW-D is the ion velocity v;o. But
because the plasma potential @, is most interesting considering the confining
forces on the nanoparticles, we can determine it by integrating the electric field E,
and the result is shown in Fig. 5c. Yet because the DDW-D cannot provide values
for the near dust free region close to the chamber wall, no zero potential is known.
Instead, to have a common reference for the different particle sizes, the potential
was set zero at r =52 mm.

It should be mentioned, that the ion and electron temperature can not be
determined by our method. Due to the high collision rate with the argon
background gas it is assumed that the ions have room temperature T; = 26 meV. A
variation of T, between 3 eV and 7 eV for the DDW-D was performed. While the
absolute values of e.g. the ion density were differing in the order of 30 percent, the
trends and relations described in the results were very much similar. But to apply
the DDW as a plasma-technological diagnostic, T, must be determined
independently. In accordance with the experimental results of Bilik*? T, was
chosen to be 5 eV, which is 50% higher than the typical electron temperature of the
pristine argon plasma.

Data availability
The data that support the findings of this study is not publicly available for legal/ethical
reasons but available from the corresponding authors on reasonable request.

Code availability

The Matlab software to analyse the A(¥) curves, to determine the dust density from the
extinction measurements and video data, and to analysis the dust density waves are in-
house developed. The code is not publicly available for legal/ethical reasons but available
from the corresponding authors on reasonable request.
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