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Three dimensional particle clouds in a plasma environment have been studied under microgravity

conditions on parabolic flights. By using a stereoscopic 4-camera system, it was possible to recon-

struct the three-dimensional particle motion in a selected volume. From this, a layered structure in

the dust-cloud is revealed that is not observable with plain two-dimensional diagnostics. The spac-

ing between the layers is found to be decisively larger than the interparticle distance inside the

layer. This layered structure is observed in different situations, with and without waves. Further, it

has been found that the position of the layers is stationary in the plasma even though the particles

show an overall motion. The origin of the layer formation is discussed. Published by AIP
Publishing. https://doi.org/10.1063/1.5046049

I. INTRODUCTION

A dusty or complex plasma is a plasma that contains

microscopic “dust” grains. For laboratory measurements,

manufactured micrometer-sized spheres with known diame-

ters are generally used. When these particles are injected

into a low-temperature plasma, they typically attain a nega-

tive charge due to electron and ion fluxes onto the particle

surface.1,2 The charged particles interact mainly via screened

Coulomb interaction and can show many interesting

dynamic phenomena due to their collective behaviour. One

such phenomenon is the dust-density wave (DDW) that is

self-excited in the presence of a directed ion flow and a suffi-

ciently high particle number density.3–5 Alternatively, struc-

ture formation in these extended dust clouds is of interest.

To investigate structures or waves with video cameras

on the single-particle level, the particle size should be in the

micrometer range to ensure sufficient brightness levels in the

cameras. Unfortunately, the gravitational force is dominant

for such particles in a plasma and results in problems to form

three-dimensional particle clouds under laboratory condi-

tions. To overcome sedimentation, experiments on the

International Space Station,6,7 parabolic flights,8–12 and

drop-tower experiments can be done. Our experiments have

been performed under microgravity conditions on parabolic

flights operated by Novespace in Bordeaux, France.

Three-dimensional particle diagnostics require elaborate

diagnostics. Three-dimensional investigations on DDWs

have been performed previously, but none of them was able

to capture the full phase space information of all particles in

the observation volume. Velocimetry-based methods do not

deliver single particle trajectories but coarse-grained velocity

fields.13,14 Three-dimensional stereoscopy with fluorescent

tracer particles deliver only information of a small subset

(1%–5%) of the particles.15 Scanning microscopy is able

to recover the three-dimensional structure of dust-clouds,

but the temporal resolution is not able to cover dynamic

phenomena adequately.7,16,17

In this paper, we track the three-dimensional motion of

most particles in the observation volume for many consecu-

tive frames. For this purpose, we adopt the novel image

analysis technique “Shake-the-box”18,19 that has been suc-

cessfully applied in fluid dynamics investigations before.

The temporal resolution of modern cameras is sufficient

to fully resolve the dust motion even in fast phenomena

like waves. In the following, the analysis of the three-

dimensional structure of dust clouds under microgravity will

be presented. We study different systems with wave activity

or pronounced string formation.

II. SETUP AND ALGORITHM

A. Dusty plasmas under microgravity

Figure 1(a) shows the IMPF-K2 plasma chamber used to

produce our dusty plasma.20 It features a capacitively cou-

pled argon plasma driven at a frequency of 13:56 MHz. The

plasma power is typically varied between P ¼ 2� 4 W

resulting in a voltage at the disk-shaped electrodes [see Fig.

1(b)] of Vpp ¼ 70� 100 V. The argon pressure is typically

pAr ¼ 15� 30 Pa. The monodisperse microparticles are

made from melamine-formaldehyde and have a diameter of

7.01 lm. The dust particles are injected by electromagneti-

cally driven dispensers. During a parabolic flight, micrograv-

ity conditions are realized for about 20 s in each of the 31

FIG. 1. (a) IMPF-K2 plasma chamber with several windows (1) and dust-

dispensers (2) to inject the microparticles. (b) The electrodes with 80 mm-

diameter are powered in push-pull mode and have a gap of approximately

30 mm.a)Electronic mail: himpel@physik.uni-greifswald.de
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parabolas per flight day. The time it takes for the dust cloud

to settle and reach a stable structure is about 5–10 s. Even if

the residual gravitational acceleration is small, it has notice-

able erratic effects on the dust dynamics. Hence the analysis

of the data is limited to sequences of only a few seconds

where the residual gravity influence is small.

B. Stereoscopic diagnostic

The diagnostic setup used to investigate the motion of

the particles consists of 4 cameras with monochrome CMOS

sensors of 5.1 megapixel resolution. The cameras are

equipped with f ¼ 100 mm macro-lenses. This results in an

observable field-of-view of about 16� 13 mm2 at the illumi-

nation plane. For our studies, a relatively wide laser sheet is

used and the 3D motion of the particles within this wide laser

sheet is studied. For this purpose, an illumination laser with

a maximum cw-power of 1.5 W is transformed into a light

sheet that has a thickness of about 2 mm which matches the

depth-of-field of the optical system. The geometry of the

setup is sketched in Fig. 2.

The cameras are synchronized by an external trigger sig-

nal. By selecting a restricted pixel region of the camera sen-

sor a frame rate of up to 500 fps can be realized to achieve a

sufficient temporal resolution. Additionally, camera-internal

2� 2 pixel-binning has been activated to maintain a suffi-

ciently short exposure time and still have the desired contrast

of the imaged particles. The resulting data rate was about

250 MB/s for each of the four cameras. The data of all four

cameras has been recorded by a single PC with four USB3

interfaces. This relatively compact design of the setup and

IT-infrastructure was necessary due to spatial restrictions in

our parabolic flight experiment. As different structural states

of the dust cloud have been investigated, different fields-of-

view (FoV) have been chosen in different parabolas and dust

clouds. In Fig. 3, the two FoVs used in this study are

highlighted. Region “FoV 1” was used to record dust-density

waves at 500 fps. In the second region, the nearly stationary

cloud has been observed at 200 fps. In total, three measure-

ments will be discussed in this paper. One measurement fea-

tures a particle system with strong wave activity and large

oscillation amplitudes at a neutral gas pressure of p ¼ 15 Pa.

A second measurement was made at a pressure of p ¼ 18 Pa

resulting in less pronounced DDWs. The last measurement is

taken from a dust cloud generated at p ¼ 30 Pa. The plasma

power was P ¼ 3 W for the first two measurements and

P ¼ 3:5 W for the third measurement.

C. Three-dimensional reconstruction

When a stereoscopic system with multiple cameras

observe the same object under different angles, its three-

dimensional position can be determined from the two-

dimensional images. In our case we observe the dusty

plasma using a stereoscopic setup with 4 cameras. First,

the projective properties of the cameras must be known in

form of a projection matrix Pi for each camera. We use our

established calibration procedure in combination with a

pinhole camera model.15,21 The projective pinhole camera

model is sufficient here as considering radial and tangential

distortion in our setup only results in deviations of �0:5 px

in the outermost image regions.

To determine the full phase space information of the

particles, it is necessary to find the positions of the particles

in real space and it is also necessary to link all particle obser-

vations in consecutive frames to trajectories. After this, the

velocity and the acceleration of the particles can be found by

numerical differentiation. In this experiment, all particles in

the observation volume were aimed to be reconstructed.

With a typical dust particle number density of nd � 1011 m�3

about Nd � 104 particles in the field-of-view are expected.

This huge number of particles demands efficient calculations

and carefully coded algorithms to keep the computation time

as low as possible. Algorithms22–24 that perform well with a

particle number Nd � 104 cannot be applied in this case, as

the time or/and the memory usage would be too exhaustive

and many erroneous detections would impact the analysis

quality.

D. Shake-the-box applied in dusty plasmas

Iterative particle reconstruction algorithms, such as the

Shake-the-box-algorithm (STB),18 provide the capability to

evaluate the trajectories of the indicated number of particles.

For a complete and detailed description of STB, the reader is

referred to Schanz, Gesemann, and Schr€oder,18 who have

developed the algorithm to follow tracer particles in fluid

systems. Here, only a brief introduction to the algorithm

FIG. 2. Four cameras observe microparticles in a common volume inside

the plasma. The scattered light of the particles on the sensor plane ideally

yields a discretized Gaussian intensity profile. The depth of the recon-

structed volume is defined by the 2 mm thick laser sheet.

FIG. 3. Planar cross section through the dust cloud. The region labeled

“FoV 1” was used to investigate dust-density waves (DDW) with a frame

rate of 500 fps. In “FoV 2,” the duct cloud was stable and featured strong

coupling effects like a crystalline structure and lane formation.
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with emphasis on the modifications due to our imaging con-

ditions will be given.

The general idea is that when some or most of the parti-

cle tracks over a few frames are known, one can use techni-

ques, e.g., a Kalman filter,25,26 to predict the estimated

location in 3D-space in the next frame. By “shaking” the pre-

dicted particle position, i.e., moving it along the 3D-axes,

the position is iteratively matched to the observed particle

projection in the camera images. The matching criterion is

based on a comparison of the observed camera images and

calculated artificial particle images. The following steps

illustrate these main tasks:

1. Finding initial tracks

To start with the iteration procedure, it is necessary to

have a sufficient amount of trajectories in the first frames.

This can be done using computationally expensive algo-

rithms. For our measurements, we use either direct triangula-

tion27 or tomographic reconstruction28 to find 3D particle

positions in the first 3 frames. All particles in the first frame

are associated with a new trajectory for each of them and

their Kalman filter is initialized with that position. In the

next frame it is tried to continue the trajectories using a near-

est neighbor approach with a search radius of typically

0:05 mm. If a suitable particle successor is found, the trajec-

tory is continued with this position and the Kalman filter

state is updated accordingly. In following frame(s), the pre-

diction of the Kalman filter is used as the expected particle

position and a nearest neighbor search for measured posi-

tions is again employed around this position to continue the

particle trajectories.

2. Predict new positions

After three consecutive frames, the Kalman filter is

already capable of yielding reasonable position predictions

for the next frame. MATLAB’s Kalman filter implementation

can use a “constant velocity” or a “constant acceleration”

model. We find that the constant acceleration model is better

suited to particles in dust-density waves, where the particles

are subject to an accelerated motion most of the time. The

constant velocity model is better suited for a more steady

dust cloud. At this point, it is crucial to ensure that the tempo-

ral resolution must be sufficient to resolve the observed

motion. Undersampling may cause the predicted positions to

deviate substantially from the true positions in the next frame.

Higher frame rates decrease the prediction error but increase

the computation time. The dust particle motion takes place on

a time scale of �0:1 s, so our chosen frame rates of >200 fps

are able to capture the particle dynamics.

3. Project current position to image

When the projective properties of each camera are

known, one can easily determine the image point xp;i of a par-

ticle p in camera i by xp;i ¼ Pi � ~Xp, where ~Xp is the homoge-

neous position vector ½X; Y; Z; 1�T with X, Y and Z being the

3D-space coordinates and T indicating the transposed form.

For more details on this homogeneous representation of

vectors and matrices the reader is referred to textbooks on

projective geometry.29 The particle positions ~Xp are used to

generate an artificial projected particle image for each cam-

era. A particle in the computed image is modeled by a two-

dimensional Gaussian intensity profile in a 10� 10 pixels

window. The width of the Gaussian typically is a few pixels

and must be adapted to the approximate particle size in each

recorded image. Due to Mie scattering properties, even slight

deviations in the viewing angle can lead to large deviations in

the scattering intensity of micrometer-sized particles.30,31

Hence, the intensity of a particle projection is, in general,

different in different cameras when working with dusty plas-

mas. So, in contrast to the original STB algorithm, the parti-

cle intensity is iteratively computed and tracked for each

camera individually. Unfortunately, by losing the intensity as

a camera-independent particle property it is more difficult to

identify erroneous detections, as those often result in a higher

particle intensity in one of the cameras.

4. Shake particle until projection matches
measurement

Starting with the particle position ~Xp predicted by the

Kalman filter, the particle is moved by an amount D along

the 3D axes (“shaking”) as sketched by Fig. 4(a). Then, arti-

ficial image subsets are created that project the particle from

the shake positions as shown in the upper images in Fig.

4(b). Finally, the residual between the artificial computed

image and the measured image is computed as shown in the

bottom row of Fig. 4(b). In the example from Fig. 4(b), the

position X � DX will be used as the next current position to

continue the iterative process, as its residual is the smallest

one. The position has converged when the current position

results in the smallest residual. It is promising to start with

two coarse shaking iterations (D1¼ 15 lm) followed by eight

to ten fine shaking iterations (D2¼ 7 lm). That way, it is pos-

sible to account for larger deviations of the actual particle

position from the predicted position.

5. Discontinue trajectories

In the application of the algorithm to dusty plasmas, the

following two conditions are used to discontinue a particle

trajectory: Either the intensity of a particle falls below a

given threshold in one of the cameras (since, e.g., there is no

particle at the projected location in the recorded image), or

FIG. 4. (a) “Shaking” the particle means to shift the position by a given step

size along the x-, y-, and z-axis. (b) Exemplary shift on one axis: The three top

images indicate the projections of the current position (center) Xp and Xp6DX
(left and right). The bottom images show the residual

P
ðImeas � IprojectedÞ of

the images.
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the iterative shaking process does not converge during the

maximum number of iterations allowed (typically eight

to ten).

6. Starting new trajectories

After the shaking iterations, the predicted positions have

been either confirmed and optimized or declined. For a sec-

ond cycle, all confirmed particles are projected to build an

artificial image which is then subtracted from the measured

image. This residual image now contains mainly particles

that have newly entered the FoV or particles whose trajec-

tory has been discontinued prematurely. It is then processed

again by triangulation or tomographic algorithms to find

the positions Xp of the remaining visible particles. These par-

ticles then undergo a usual shaking optimization cycle.

When necessary, in a third cycle the constraints for success-

ful particle identification are somewhat loosened to find par-

ticles that are still not detected. Most, but not all, particle

positions can be successfully reconstructed. Missing particles

result mostly from not optimal image quality. The depth-

of-field was not perfectly adjusted or became misaligned

during vibrations in the parabolic flight. Then, the cameras

are not all focused on the exact same spatial volume and

some detectable particles in one camera can give only very

weak signals in another camera.

7. Implementation

The presented algorithm has been implemented in

MATLAB coding language. The source-code and the license

information are available for free and public download.32

III. RESULTS

A. Reconstruction of layered structures

The spatial accuracy of the reconstructed positions can,

in general, be assumed to be approximately D2 which is

7 lm in our case with a camera pixel corresponding approxi-

mately to 10 lm in real space. For a statistical benchmark of

the accuracy, particle positions from simulations of moving

particles have been used to construct artificial camera images

with approximately the same particle densities and velocities

as in our measurements. These images have been analyzed

with the STB algorithm and the resulting particle positions are

compared with the input data. The resulting standard deviation

of the reconstruction is smallest in x- and z-direction

(dx¼ 1.7 lm, dz¼ 2.2 lm) and somewhat larger in y-direction

(dy¼ 2.8 lm). As the artificial benchmark images have been

created using given camera projection matrices, the measure-

ment is in perfect match with the calibration and the particle

projections have a nice spherical shape with Gaussian intensity

distribution. This results in the ability to reconstruct virtually

all test particles. In the original publication,18 the authors

reconstructed virtual particle distributions with a seeding

density of up to 0:125 ppp (particles per pixel). Our camera

images have a mean particle density of about 0:01 ppp (2D

particle distance �7 px) and a maximum density of about

0:1 ppp in the crest region of DDWs. Thus, the algorithm is

capable of analyzing our measurements. In the presented actual

measurements, it was possible to retrieve about 80% of the

particle trajectories in a dust cloud with slow dynamics and

about 50% of the particles in a dust cloud with strong particle

motion. This results in an unprecedented amount of 3D

trajectories.

In this paper, the data from three different measurements

have been evaluated with the STB algorithm. All data

sequences have a length of about 400 frames. The experi-

ments done at neutral gas pressures of 15 Pa show strong

self-excited waves. As increasing the neutral gas pressure

leads to increased damping of the particle motion, in a sec-

ond measurement at 18 Pa there is only weak wave activity.

In a third measurement at 30 Pa the dust cloud is nearly

stationary without any wave activity. The stationary cloud

has been imaged with 200 fps and the density waves with

500 fps. These frame rates ensure that the particle dynamics

is fully resolved, and the traveled distance between two

frames is well below the typical inter-particle distance. In

Fig. 5, two data sets are shown with the y-coordinate in the

upper image being color-coded. Figure 5(a) shows a small

FIG. 5. Samples of reconstructed particle trajectories. The depth y of the

particles is color-coded in the upper image. (a) Particles in a dust-density

wave. Mapping and binning the particle positions to the y-z-plane, one finds

two vertical particle planes, one at y � 0 mm and a second at y � 0:5 mm.

(b) Particles in a nearly stationary dust cloud. The layers are less pro-

nounced, and the density is generally lower in the midplane region around

z � �0:5 mm. Particles belonging to the dilute midplane region are

highlighted as red dots.
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fraction of particle trajectories forming a dust-density wave.

About 1300 from 2600 visible particles per frame have been

reconstructed. Figure 5(b) shows a measurement, where no

self-excited waves have been present. Here, about 4000 out

of 5000 visible particles are reconstructed in every frame.

Additionally, the particle number density in the y–z-plane is

shown by counting the particles and averaging over the

x-coordinate. It shows a clear indication of a layered struc-

ture along the y-direction. In the more steady dust cloud, the

same layer structure can be identified in the upper and lower

regions. In the midplane region near z ¼ �1 mm, the parti-

cle arrangement is very dilute. There, the particles are

ordered preferably in strings. The large inter-string separa-

tion perpendicular to the x-axis results in a total reduced

particle number density compared to the upper and lower

regions of the dust cloud. The trajectories indicate that the

dust cloud is not fully at rest. This may be caused by minor

residual gravity or the cloud having not fully reached its

equilibrium state yet. Additionally there is a slow vortex

motion present, similar to the one observed in other dusty

plasma experiments.33,34

B. Particle and layer separation

To further analyze the structure of the different particle

systems, the particle distribution in y-direction (averaging

over the full range of the other coordinates) has been com-

puted. In Fig. 6, density distributions of three measurements

are shown, one with strong wave activity [see also Fig. 5(a)],

one with weak wave activity, and one with the nearly station-

ary cloud. The density distribution shows two clear maxima,

the steady cloud even three (or at least two humps and a

shoulder). All datasets could be nicely fitted by a double or a

triple Gaussian. From the fit to the data, the separation of the

two peaks is d¼ 550 lm and d¼ 534 lm for the layer separa-

tion in the presence of strong and weak waves, respectively.

The distances between the three peaks from the steady cloud

data are d¼ 587 lm and d¼ 469 lm. Hence, we find vertical

layers of about 530 lm separation in different parts of the

cloud (see resp. FoV 1&2 in Fig. 3) with and without wave

activity.

The particle separation inside the layers can be studied

best in the stable cloud. There one can find regions with

higher density and a dilute region (z ¼ �1:5 mm to 0 mm),

which has a non-isotropic structure. The dilute region shows

by visual inspection clear formation of particle strings along

the x-direction (see also Arp, Goree, and Piel35). These dif-

ferent structures have been analyzed by means of a pair cor-

relation function gabðrÞ.36 It calculates the Euclidean

distance r in 3D-space for every particle a to every other par-

ticle b and counts the found particles in their respective dis-

tances. The first correlation (blue squares in Fig. 7) is

computed from the upper dense region of the steady dust

cloud [see Fig. 5(b), z¼ 1 to 3 mm], averaged over

100 frames. The peak of gabðrÞ at d � 310 lm can be identi-

fied with the mean nearest-neighbor distance of the particles

inside the layer. To determine the particle distance in the

dilute region with string formation (z ¼ �1:5 to 0 mm), the

function gabðrÞ was, first, calculated with particles b being

located in a restricted cylindrical tube around particle a withffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðYb � YaÞ2 þ ðZb � ZaÞ2

q
< 0:2 mm (see red circles). This

way, the pair correlation in the x-direction, which is the dom-

inant direction of the ion stream and string formation, can be

investigated. The particle distance along the x-axis in this

dilute region is found to be about d � 240 lm from one par-

ticle to its nearest neighbor in the same string. The second

peak at d � 500 lm indicates the distance to the second

neighbor in the same string. The clear maxima indicate that

this region is relatively highly ordered and the particles in

the strings are very close to each other. However, the string-

to-string distance perpendicular to the x-axis (string axis),

see yellow diamonds in Fig. 7, is not well defined. The corre-

lation function shows a broad distribution with distances

larger than at least 400 lm. This indicates that the arrange-

ment of strings is quite unordered with an average density

that is smaller than in the denser parts of the cloud.

The values for the separation of the dust particles are of

the order of the Debye shielding length for the dust particles.

In the given observation volumes, the Debye length kD;eff can

be estimated taking ion flows into account.37 By taking values

FIG. 6. Particle number density in the y-direction from 3 data sets and fitted

Gaussians (solid lines). The strong and weak DDW data show two peaks

with a separation of d¼ 550 lm and d¼ 534 lm, respectively. The data

from a steady dust cloud show three peaks with a separation of d¼ 587 lm

and d¼ 469 lm.

FIG. 7. The pair-correlation function gabðrÞ for particles in the nearly sta-

tionary dust cloud. The gabðrÞ from particles inside the dense (blue squares)

and the dilute region is shown. The structure in the dilute region is analyzed

along the x-axis, i.e., along the strings (red circles) and perpendicular to the

x-axis (yellow diamonds). The blue and red graphs show two peaks which

can be identified with the distance to the first and second nearest neighbors.

The interparticle distance is found to be d � 310 lm in the dense region and

dx � 240 lm in the dilute region (along the x-axis) of the dust cloud.
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from a SIGLO2D simulation,33 one finds an electron tempera-

ture of Te ¼ 100 � Ti ¼ 3 eV, an electron density ne0 ¼ ni0

¼ 1015 m�3, and a dust charge of Zd ¼ 7000 � e. From that a

screening length of kD;eff � 550 lm in the dense regions with

layer formation is obtained. In the lower density midplane

region, one finds a screening length of kD;eff � 300 lm due to

a higher ion mobility. In summary, we find clear layer forma-

tion when the separation between the layers is decisively larger

than the particle separation in the layer or within the strings.

C. Layer stability

As seen from the trajectories in Fig. 5, the measure-

ment of the nearly stationary cloud features a continuous

particle drift mainly in the negative y-direction of

vy ¼ 0:8 mm=s. To investigate the temporal behaviour of

the layers, the particle number density distribution has

been examined over 200 frames in smaller time steps of

10 frames. Figure 8 shows these 20 density distributions as

thin curves and the distribution over the full frame range

as a thicker curve. The time-resolved distributions show no

significant deviation from the time-averaged distribution

although the particles move about 0:8 mm during the cov-

ered period of time. Thus, the layered structures seem to

be stationary and do not move with the particles. There

seems to be a plasma-intrinsic origin of the layer forma-

tion. Another hint on a different source of energy responsi-

ble for the layers can be found in the velocity distribution.

Figure 8 shows the root mean square of the y-velocity

vy;rms as a function of y-position. Its peaks clearly coincide

with the troughs of nd and vice versa. This indicates that

the particles have a higher rms velocity between the layers

than in the dense regions within a layer.

D. Influence of the laser

One might argue that the illumination laser may cause

the necessary potential to form the layers by either momen-

tum transfer or a confining gradient force as used in optical

tweezers.38,39 Both cases are very unlikely to cause the

observed particle structures for mainly two reasons: First,

the laser has been broadened to 2 mm width for the

stereoscopy. Hence, the laser power density is smaller than

in all previous experiments. There, a laser influence on the

particle motion has never been observed. Second, we have

checked that the laser sheet has a (single) Gaussian intensity

profile along the y-direction. This could —if strong

enough—result in a single particle number density peak in

the laser plane in contrast to the double or multi-layer struc-

ture that we observe.

E. Ionization instability

An effect that could cause the formation of the observed

structures is the ionization instability.40 The main underlying

process described by Morfill and Tsytovich40 is the intensi-

fied plasma generation in initial pertubations of the dust

number density. This stronger plasma generation in the

absence of dust, as known from the central void, results in an

ion stream and thus an ion drag force onto the particles. This

force supports the separation of stationary density pertuba-

tions as we have observed in our experiment. The expected

typical scale length k � k2
D;i=d of the instability with kD;i

being the ion Debye length and d being the particle diameter

is k � 300 lm with the parameters given in Sec. III B. The

order of magnitude indeed reflects our measured layer sepa-

ration distance. It is noteworthy that such an instability has

been suspected to cause stationary dust density structures in

another experiment.41 But, in contrast to our experiment, the

structures discussed in Refs. 40 and 41 alternated in ion flow

direction while our structures are oriented perpendicular to

the ion flow.

IV. SUMMARY AND CONCLUSIONS

In this paper, we presented measurements with a

novel three-dimensional camera arrangement that has

been set up to investigate three-dimensional effects of

dusty plasmas under microgravity conditions. Using the

Shake-the-box algorithm, it was possible to reconstruct a

large amount of the particle trajectories with a high tem-

poral resolution.

This three-dimensional insight revealed that the particles

preferably organize themselves in layers with a distance of

approximately the Debye shielding length. These layers have

been found to exist in regions with dust-density waves

as well as in dense stationary regions. Only the dilute low

density midplane region of the dust cloud did not show the

layered structure. There, the dominant particle structure was

string formation. An analysis of a stationary cloud was done

with the result that the layers do not co-move with the

particles but are spatially stable. Analyzing the spatially

resolved velocity of the particles in relation to the spatial

particle distribution, we found a higher kinetic temperature

of the particles between the layers. These observations hint

to an ionization instability as the possible cause for the for-

mation of the observed particle layers. Nevertheless, the

same mechanism can be at work in our situation. Already a

small perpendicular component of the ion radially outward

ion flow (caused by the potential modulations of the instabil-

ity) can lead to substantial perpendicular forces. This is

FIG. 8. (density) 20 thin lines show the particle number density nd averaged

over 10 frames each. Additionally, the bold curve shows a triple Gaussian fitted

to the density averaged over all 200 frames. (velocity) The root-mean-square

of the y-velocity is shown on the right axis and the bold red curve. Its peaks

and troughs are inverse to the peaks and troughs of the density curve.
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because the perpendicular ion flow results in a perpendicular

component of the already strong outward ion drag force.
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