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Measurements of forces acting on suspended microparticles in the void region of a complex plasma
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A laboratory experiment has been performed in which a temperature gradient is used to generate a large
central void in a rf-generated complex plasma. Through the use of laser flashing techniques, two-dimensional
velocity vectors have been obtained from particles falling from the top to the bottom of the void. These
particles are used to generate a two-dimensional map of the acceleration, and consequently the net forces, that
act upon particles in the void.
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I. INTRODUCTION ements which maintained a constant temperature on each
electrode. The two electrodes are separated by a distance of
In the past decade, complex plasmas—a plasma envirorB0 mm. The application of this temperature gradient across
ment consisting of ions, electrons, neutrals, and chargethe experimental region has the effect of generating a large,
microparticles—have been become a topic of great interesgentral void region. Figure 1 shows the formation of a void
to the plasma physics community—6]. Of particular recent region at the center of the complex plasma. The void is an
interest is the presence of void regions in complex plasmaslliptical region(in two dimensionswith a horizontal major
[7—10. These are regions in which there is an absence oradiusa=6.75 mm and a vertical minor raditls= 3.5 mm.
significant reduction in the number of suspended micropar- The particles are illuminated using a continuous wave di-
ticles. One major factor driving this interest is the appearancede laser that is expanded into a vertically oriented light
of voids under microgravity conditiorf41]. Recent ground- sheet using a cylindrical lens. A charge coupled device
based experiments in which a temperature gradient is applig@CD) camera, oriented perpendicularly to the light sheet,
to a complex plasma have been able to qualitatively reproviews a 20 mm(1028 pixels horizontalby 15 mm (772
duce similar void structurgd.2]. However, due to the lack of pixels vertically region of the complex plasma. The camera
readily available diagnostics—especially for the micrograv-captures images with a 15-frame-per-second rate.
ity experiments—there are few direct measurements of the Once the complex plasma is formed in the PKE chamber,
properties of these voids. the rf power is lowered. As the power is lowered, individual
An experiment is performed to attempt to reconstruct themicroparticles fall from the upper boundary of the void re-
acceleration and net force acting upon individual micropargion, through the void, and reenter the complex plasma
ticles in the void region of a complex plasma. In the experi-through the lower boundary of the void. It is noted that this
ment, the observed trajectories of single microparticles thaprocess causes only a few particles to fall through the void at
fall through the void are used to create a two-dimensionahny given time, allowing each particle to be separately iden-
velocity map. From this spatial velocity map and the knowntified and tracked as it falls through the void region.
properties of the microparticles, a two-dimensional model of
the forces acting on particles within the void is constructed.

Il. EXPERIMENTAL SETUP

The experiment is performed using the plasma crystal ex- ;"
periment (PKE) chamber[13]. The PKE chamber uses a
13.56-MHz radio-frequency(rf) source to generate argon ;
plasmas between a powered lower electrode and a grounded #
upper electrode. The neutral pressure in the chamber is main-. -
tained atp=61 Pa. The complex plasma consists of sus-
pended 3.4zm-diameter melanine-formaldehyde spherical
microparticles.

For these experiments, a temperature difference is main-
tained between the upper electrode, £21.9°C) and the
lower electrode T,=60.8 °C) through the use of Peltier el-

FIG. 1. The formation of the void in the PKE chamber. Particles
*Email address: etjr@physics.auburn.edu are shown falling through the void from the upper boundary.
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FIG. 2. A mapping of the velocity vectors of particles falling | o v, -5
through the void. The velocity vectors are obtained using the laser 1 I: : g - @
flashing technique. 4 L ——n .

In order to measure the velocity vectors of the particles
falling through the void, a laser flashing technique was de- (©
veloped. In this technique, the output of the diode laser can  4p |
be modulated using a pulse sequence. The pulse sequenceg
used allowed the laser output to be modulated to provide 1 E & g
msec of illumination with 24 msec interval between each =

illumination. Because the CCD camera and the laser pulses 8| A

were not synchronized, each video fraire67 msec in du- " ) :

ratior), would capture either two or three of the laser pulses. 0 2 4 6 B 10 12 14 16
This laser flashing technique allows individual particles to be x (mm)

identified in each video frame and the spacing between the
two or three spots allows a measurement of the particle ve- FIG. 3. (Color) Experimental measurements of the spatial dis-
locity to be made. tribution of particle velocities measured in the void) Magnitude
Great care is taken to ensure that the entire void region isf the velcity, (b) the vertical componenty;) of the velocity. The
mapped. This requires the analysis of many videomagnitude of the velocity is given in units of mm/s. The legend to
frames—in this case over one hundred frames. From thee right of each figure indicates the range of velocities.
measurement of the particle velocities, a two-dimensional
model of the horizontal and vertical velocities is generatedthere is a strong asymmetry in the measured particle
The model is then used to generate an estimate of the accelelocities—indicating the presence of an outward pointing
eration(force9 acting on the particles in the void. force.
In an attempt to understand the forces that led to the ob-
served velocity distributions, a model is generated for the
Ill. MEASUREMENT AND ANALYSIS horizontal and vertical velocities. For this model, the region

A mapping of the velocity vectors generated from the la-Within the last 50—10Qum of the void boundary is not con-
ser flashing technique is shown in Fig. 2. This is a reducedidered since the particle transport in that region is domi-
set of all of the velocity vectors obtained from the measurenated by a rapid deceleration of the particles. This motion
ment sequence. It is generally observed that the particles alfill be discussed in a future report. _
flow downward from the top of the void to the bottom. It s First, @ model for the void region is developed assuming
also observed that there is a general spreading of the pat,he_: v_0|d is an ellipse. The equation for the structure of the
ticles, which indicates the presence of a net outward forc&©id is then given by
acting upon the particles—notably in the horizontal direc-
tion. A more detailed analysis, presented below, of the veloc- (x=8.0 (y-7.7 _ 1)
ity distribution is used to construct a simple two-dimensional 6.75 3.5
model for the particle velocities.

The spatial distributions of the magnitude of the velocity, The point §q,yo) = (8.0 mm,7.7 mm) is the observed center
and the vertical component (), and horizontal component of the void for all of the video images used in this analysis.
(vg) of the dust particle velocities are shown in the contourAll subsequent calculations will be restricted to this region.
plots in Fig. 3. Both the magnitude of the velocity and the In the horizontal direction, the horizontal velocity along
vertical component of the velocity appear to indicate a genthe liney=7.7+0.2 mm is considered. This data is shown in
eral and continuous increase in the particle velocity as th&ig. 4(a) where the horizontal axis is the horizontal position
particles fall through the void. In the horizontal direction, in millimeters and the vertical axis is the horizontal velocity
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FIG. 4. (@ The horizontal velocity along the ling=5.5 3 z
+0.1 mm where the horizontal axis is the horizontal position in Esr -3
millimeters and the vertical axis is the horizontal velocity in mm/s. e s | 4
The solid line is a linear fit to the velocity data as a function of the
horizontal position. (b) Shows the model for the horizontal 4 i
acceleration—a, in units of mm/é—which is computed from the 0 2 4 5 B 10 12 14 16
horizontal velocity profile. The horizontal axis is the horizontal po- x (mm)
sition in millimeters and the vertical axis is the horizontal accelera-
tion in mm/$. (c) The vertical velocity along the ling=5.5+0.2 FIG. 5. (Colorn Two-dimensional spatial maps ¢) magnitude

where the horizontal axis is the vertical position in millimeters andof the velocity,(b) the vertical componentv() of the velocity,(c)

the vertical axis is the vertical velocity in mm/s. The solid line and horizontal componenw () of the velocity. In each case, the
represents a second order polynomial fit to the vertical velocityhorizontal axis is the horizontal position in millimeters and the ver-
data.(d) Shows the model for the vertical acceleratioag-i units tical axis is the vertical position in millimeters. The model values
of mm/€—which is computed from the vertical velocity profile. and spatial structure for the velocity are, in general, good agreement
The horizontal axis is the vertical position in millimeters and the with the experimentally measured quantities.

vertical axis is the horizontal acceleration in mfn/s . . Lo
mm/<. Here, it is shown that there is a variation in the ver-

. N . . , tical acceleration as the particles fall through the void. Near
n mm/s. The solid I|ne_ in Fig. @) is a linear f't. to the ._the top of the voidat y=8 mm), there is an initial vertical

velocity data as a functlpn of the horizontal posn.lon. ItiS acceleration that increases as the particles fall through the
assumed that the functional dependencevgfy will be g | ike the horizontal acceleration, the vertical accelera-

maintained throughout the entire void region. _ tion continues to increase uniformly as the particle moves
Figure 4b) shows the model for the horizontal through the void region.
acceleration—ax in units of mm/g—that is Computed from Using these models for Ve|0city and acce|eration, two-

the horizontal velocity profile. The horizontal axis is the dimensional contour plots of the velocity and acceleration
horizontal position in millimeters and the vertical axis is the over the void region are produced. First, in Fig. 5, are shown
horizontal acceleration in mn¥slt indicates that the hori- two-dimensional spatial maps @¢&) the magnitude of the
zontal acceleration is roughly symmetric about the line velocity, (b) the vertical componentu() of the velocity,(c)
=5.5 mm—the vertical midplane of the void. and the horizontal component,() of the velocity using the

In a similar way, the vertical velocity along the line  same contour plotting procedures as in Fig. 3. It is observed
=8.0+0.2mm is considered and is plotted in Figic4  that the model values and spatial structure for the velocity
Here, the solid line represents a second order polynomial fitre in generally good agreement with the experimentally
to the vertical velocity data. The horizontal axis is the verti-measured quantities.
cal position in millimeters and the vertical axis is the vertical Based upon this agreement in the two-dimensional veloc-
velocity in mm/s. As is done for the horizontal velocity, the ity profiles, a two-dimensional profile of the acceleration is
functional dependence of (y) is assumed to be valid over computed. This is shown in Fig. 6. Figuréafshows a map-
the entire void. ping of the acceleration vectors, Figb shows a contour

The vertical acceleratiora,, is computed and shown in plot of the magnitude of the acceleration, and Figc)6
Fig. 4(d). The horizontal axis is the vertical position in mil- shows a contour plot of the magnitude of the total force that
limeters and the vertical axis is the vertical acceleration inacts upon the particles.
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12 Here, qE..c is the electric forcem@ is the gravitational
o @ IR force, md is the inertia term—which is determined experi-
£ / f J ﬁ' ) )’* \ &\4\\ mentally, Fion.rag iS the ion drag forceF jemophoresidS the
Esr Y, ll ' ll \ 3} \ \\\\\ thermophoresis force—the force due to the temperature gra-
> 6l J ll | ll \ X}\' \\ dient in the gas, anklzv is the neutral drag term whekg is
] l | \ | \\ ! the reflexive value of the Epstein coefficierkg=5.18
Il -12 :
4 MR AR 28 B BN B X 10" *%. Among the key parameters that are not determined
0 2 4 6 8 10 12 14 16 experimentally are the microparticle chagyand the electric
12 field in the plasma.

(b) 275 The first two of these forces are known from the above
i 2.95 experiments. They both are linear in the space coordinate and
E g | 1.75 fully symmetric around the center of the void in the horizon-
= 1.25 tal direction. It is noted that the maximum value of the iner-

6| g'zg tia term (Ma~7.8x 1017 N) is much smaller than the neu-
. tral drag term, kep=3.9x10 *N. This suggests that
40 16 acceleration is being determined by a small imbalance
among the other, larger forces. Furthermore, this also sug-
12 gests that the particle motion is strongly damped within the
w0l 8.0x10™"" main particle cloud where there exists an equilibrium among
£ 6.0x10""7 the forces. This explains why all the particles have, within a
E sl - Iimited range, _the same velocity regardless of their entry
> point to the void.
6 2.0x10°"7
" 0.0x10° .
0 16 A. Horizontal component

Since Eq.(1) is a vector equation, it is necessary to con-
sider each vector direction separately. First, in the horizontal
direction, there is neither gravity nor the applied thermo-

FIG. 6. Two-dimensional spatial maps @) the acceleration phoresis. Therefore, the sum of the two experimentally mea-
vectors,(b) a contour plot of the magnitude of the acceleration insyred forces—the inertia termm@) and neutral drag
units of mm/$, and(c) a contour plot of the magnitude of the total (kev)—will be equal to the sum of the electrostatiE) and
force that acts upon the particles. In each case, the horizontal axis jgp drag @:ion-drag) terms. It is noted that although the elec-
the horizontal position in millimeters and the vertical axis is thetrical potential structure in the void is mainly unknown, it is
yerFicaI position in miIIimeters.. Th.e legend on the contour pIOtSreasonabIe to assume a presheath potential, of the order
indicates the particle acceleration in mfds force in Newtons. kT./e, as in the usual wall-surrounded plasmas. Assuming
that the particle charge remains constant and that the mo-

thi lerati file. First. is th f bstant entum transfer cross section for the ion collision is inde-
f IS a(_:c?herarl] lon pr? II %‘. 'rf. ’ ISThg pfresenpe 0 asu.bsl a? 'Fendent of the energy, the ion drag and electrostatic force
tﬁ(recgp;?eac(ieingog?(t)r?eapalr;i(fégr;s thlzycl)(raca(\e/(lastaeesﬁggzlr b%uc;]réerms will both be directly proportional to the electric field.

: — " A plot of experimentally m r rma,—k n
ary of the void. However, many models of the potential plot of experimentally measured termé, —kev, and

. the total electrostatic ter =qEx+ Fy.ion- is shown
structure betw_een_ the rf ele_ctrodes generally show a umforr[h Fig. 7(a). This plot sho:vggﬁat(ihig termonadr;?dg)consequently
electric potential in the regions between the two electrod : ' ;

[11]. Thus, a major unresolved question is the mechaniseﬁqe horizontal component of the electric force, is symmetric
that. establlishes t]he outward hori(;ontal force "nd linear in the horizontal direction. Thus, the negatively
' charged microparticles would be pushed inward towards the

Another unresolved issue centers on the apparent contin enter of the void and the ion drag force would push the

ous acc_eleratio_n _experienced by a particle as it transits th|'f?1icroparticles outward. The observed net outward accelera-
void region. This is a somewhat unexpected result becausetji n in the horizontal direction suggests that the ion drag

IS unclegr what is t.h? physical mechanism that .WOUId b orce is dominant in the horizontal direction.
responsible for providing the net force on the particle.

Fig. 6

There are several observations that can be extracted fro

B. Vertical component
IV. DISCUSSION

In the vertical direction, interpreting the experimental re-
For the aforementioned experimental conditiois  sults is more complex because of the presence of the gravi-
=61Pa, AT=38.9°C, Ax=30 mm, my=3.1x10"*kg, tational and thermophoresis forces. From microgravity ex-
vp~5mms,r,~1.7um, argon gag several forces contrib- periments, it has been shown that there is both an outward
ute to the dynamical equilibrium. Among them we have  symmetric horizontal and vertical for¢&4]. The micrograv-
o ~ ity experiments are performed in the absence of an applied
ma=Kgv+qE+ Figngragt MO+ Finermophoresis ~ (2)  thermophoresis force and, of course, gravity. However, in the
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1.5x10°14 — extent of the void in the horizontal and vertical directions:
° = jnertia-drag R *
. - == lectrostati ¢
1.0x10™ Tl . ne=Bx V™= pBy
*
Z 50x107"° .
~ *
1] *
o By Ax 6.75
5 0.0x10° [ e
i N By Ay 35 ®
*
-5.0x10°15 [- R
(@ .
-1.0x1014 F . The y-component of Eq2) is then reordered to obtain
' *
1 5X10'14 ‘I ! ] 1 ! ] 1
. 84 6 4 -2 0 2 4 6 8 [méy_ kEVf/lsym_ (mg+ Fthermophoresas] —[ke V;ym_'_ gEy] =0,
X (mm) (4)
4x1013 . , .
where the term in the first bracket represents the asymmetric
RE e ssEssEEEEE.na components and the term in the second bracket represents the
13 | — asymmetric symmetric components. All of the electrostatic effects, both
2x10 4 . . . .
the electrostatic and ion drag forces, are included in the term

= = thermophoresis

¢Ey.
—_ ltational .
ox10° grevreTone Consequently, for the asymmetric components, the term

kepy™™ will be computed from the difference kv,

—kevy’™). Therefore, since the gravitational force is known

-2x10°13 [ (b) (mg=—3.05x10 ¥ N) and the inertia term is measured

experimentally, it is now possible to estim&@emophoresis

The average value of the thermophoresis is .86 ' N.

The thermophoresis also shows~&.5% nonhomogeneity,
432101 2 3 4 with the force being slightly weaker in the upper part of the

y (mm) void. This apparent variation in the thermophoresis may ac-
FIG. 7. (8) Comparison of the experimentally measured term count for the convective flows that are often observed at the

ma,— ke, (solid line) and the electrostatic tertdashed ling The ~ €dges of the void region; i.e., an upward flow of particles
plot shows that these terms are symmetric and linear in the horizodfom below the void and a returning downward flow from
tal direction.(b) Comparison of the asymmetrithick solid ling, ~ above the top of the void region. A comparison of the gravi-
gravitational (thin solid ling, and thermophoresis termglashed tational, thermophoresis, and total asymmetric force is
line). The plot shows a slight nonhomogeneity in the value of theshown in Fig. Tb).
thermophoresis force with the force being slightly weaker at the top  This value is compared against a calculation of the ther-
(positivey values of the void. mophoresis force using the experimentally determined pa-
rameters for the PKE chamber presented by Rothemhel,
ground-based laboratory studies, the gravitational and the[12]. Here, the thermophoresis is computed from
mophoresis forces break this symmetry. Thus, symmetric a_nﬁthermophoresig _ 2.265(\f2A/1.2vth)(dT/dx). Here A is the
nonsymmetric components of the vertical forces are considg,ormal conductivity(1.11x 10~2 W/mK for argon), s

erelgi'r tth mmetri mponents are examined. Followin the radius of the microparticle (=1.7x 10" ® m), andvy, is
st, the Ssymmetric components are examined. 0o e thermal velocity of the argon atoms in the gas,

the analysis of the horizontal components, it is expected thaf

the combination of the electrostatic force and ion drag terms- VBkgT/mm; kg is Boltzmann's constant is the tempera-

will be linear in the electric field. Furthermore, it will be Ure of the gas, andhis the atomic mass of the gasthe
assumed—based upon the results of the microgravit}erm dT/dx) is the temperaFure gradlent.v.vhlch correspon_ds
studies—that these forces are symmetric in both the horizorf® 1297 K/m for these experimental conditions. The resulting
tal and vertical directions. These symmetric forces wouldthermophoresis force s Finemophoresis 2. 73 107 N,

lead to a vertical velocity profile that, in the absence of the~4.3% lower than the average value computed above.
gravitational and thermophoresis forces, would have the The close agreement between these two methods of com-
same spatial structure as the horizontal component, i.e., scgiuting the thermophoresis force suggests that the method of
ing with the void dimensions as in Réfl4]. The model for decomposing the forces into symmetric and asymmetric
the symmetric velocity in the vertical direction is then given components is a valid approach for interpreting these experi-
by Eq. (3). Here 8, and B, are the slopes ob,(x) and mental measurements. This also suggests that the assumption
vy(y), respectively, andix and Ay represent the spatial of a linear temperature gradient in the PKE chamber is valid.

Force (N)

-4x10°13
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Additionally, this analysis technique of reordering the forces 0.8
in terms of electrostatic forces, drag forces, etc., offers an (a)
alternative method of interpreting the observed particle dy-
namics in laboratory or microgravity complex plasma experi-

ments in which direct measurements of experimental param-
eters are difficult.

C. Work done on the microparticles

With estimates of the forces present in the horizontal and
vertical directions, the work done on the microparticles in
their motion through the void can be computed. Here, the
horizontal force and the symmetric component of the vertical
force are considered. The work is computed by starting a
microparticle at the center of the void region with zero en-
ergy and allowing the particle to move in either the horizon-

tal or the vertical direction towards to the void boundary. A x (mm)
plot of the work done on the microparticles is shown in Fig.
8. 1.5

In Fig. 8(@), the work is shown for a micropatrticle that is (b)
moved horizontally outward from the center of the void 1rF
in the positivex direction. In Fig. 8b), the work is shown for
a microparticle that is moved vertically outward from 05
the center of the void in the positivedirection. The solid S
line in Fig. 8b) is the work done on the microparticle by the @ 0] Y
symmetric forces and the dashed line is the total work done.  x M . y-sym
It is noted that for these ground-based experiments, the total © -0.5 | . . W
work done by the upward moving microparticle is negative 3 M total
as a result of the net downward force. Under microgravity -1+ e
conditions, the work done by symmetric force would be ap- e .
parent. -1.5 - IR

It is noted that the forces are not conservative because M
the work done by the symmetric forcesrandy to reach -2 ' ' . ' ' . L=
the boundary are different. The boundary is presumably 0 05 1 15 2 25 3 35 4
an equipotential surface. In thedirection, W,~0.7 eV is y (mm)

required to travel 7 mm to the boundary whereas in the
direction, Wy~1.2 eV is required. This is not unexpected FIG. 8. Calculation of the work done on a microparticle that
due to the presence of dissipative forces, such as the neutrhrts at the center of the void and travels either horizontally or
drag and ion drag, in the experiment. vertically to the boundary(a@ Work is shown for a microparticle
While some important information has been extractedthat is moved horizontally outward from the center of the void in
from these measurements, it is clear that new, noninvasiviae positivex direction.(b) Work is shown for a microparticle that
diagnostic techniques need to be developed to obtain meé moved vertically outward from the center of the void in the
surements of various quantities in these experiments. Amon@ositivey direction. The solid line is the work done on the micro-
them are the microparticle charge—notably, determiningoa”ide by the symmetric forces and the dashed line is the total
what the charge is and if screening of the charge is a factofvork done.
to resolve the roles of the ion drag and electrostatic forces,

the potential structure at the interior of the void and at thenisms lead to the formation and persistence of the void and

void boundary, and the temperature gradient, in order to betyhy the void generally forms at the geometric center of the
ter understand the role of convection. PKE chamber.

Finally, one of the more intriguing aspects of these mea-
surements is the persistence of the void structure. Irrespec-
tive of whether the void has a positive or negative potential
structure, it is important to note that the void structure In summary, an experiment has been performed to
is completely stable. This suggests that a source of particlesharacterize the forces that act upon particles in the void
e.g., ions and electrons, because of enhanced ionizatimegion of a complex plasma. A void in an rf-generated
in the center of the void, or energy needs to be present atomplex plasma is produced in a laboratory experiment
the center of the void structure in order to maintain its spatialvith an externally applied temperature gradient. Laser
structure. Experimentally, it is unclear what physical mechaflashing techniques are used to identify the particles and to

V. SUMMARY
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obtain two-dimensional maps of the particle velocities.ticle charges are needed to fully understand the dynamics
From these measurements, two-dimensional maps of the awsthin the void.

celeration and force acting upon particles in the void are
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