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Mach cone shocks in a two-dimensional Yukawa solid using a complex plasma
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Mach cones were studied experimentally in a two-dimensional Yukawa solid consisting of charged mi-
crometer particles suspended as a layer in a plasma. These cones were V-shaped shocks produced spontane-
ously by a supersonic particle moving below the main two-dimensional particle layer. The cones had a double
structure. The first cone was compressional and particles moved forward, and it was followed by a second
cone, which was rarefactional, where particles moved backward. Over the limited range o¥/sgieded by
the supersonic particles in this experiment, the anglef the cone was found to obey the Mach cone rule
sinu=c/V, wherec is the medium’s sound speed. The cones caused only elastic deformations in the crystal
lattice, except in a narrow track behind the cone’s vertex. The wings of the cones can be analyzed as linear
shocks in two dimensions. Using spatially resolved measurements of the particle number density and velocity
and applying the Hugoniot relations for shocks in two dimensions, we found that the pressure inside the first
Mach cone was greater than in the undisturbed medium by a factor of 1.3—1.6. The cone angle was also used
to measure the charge in this experiment.

PACS numbgs): 82.70.Dd, 52.25.Vy, 83.50.Tq, 52.35.Tc

[. INTRODUCTION present our work as a study not only of Mach cones in solids,
but also as a study of shocks in solids. Most experiments
Mach cones are V-shaped disturbances or shock wavewsith shocks in solids use atomic matfdr. Our experiment
produced by a supersonic object moving through a mediungllows us to maken situ and time-resolved microscopic
While they are best known in gas dynamics, they also occumeasuremen.ts of the structure of the solid, Showing how it
in solid matter. Here we take an interdisciplinary approach tglevelops during the shock process.
demonstrate that Mach cones exist in complex fluids. The underlying physics of Mach cones and shocks is es-
The complex fluid we use is a suspension of charged misentially the same in two-dimensional systems as in three
crosphere particles in an ionized gas. This system has beélmensions. In this paper we report experiments carried out
termed a complex plasma in analogy to a complex fluid. It ign @ two-dimensional suspension of particles.
similar to to a colloidal suspension, but with a greatly re- In addition to being a model system for atomic matter,
duced damping rate, due to the use of a rarefied gas rath6Pmplex plasmas are also interesting in their own right, as a
than a liquid as the suspension medium. The particles ar®@rm of matter that occurs naturally. Astronomers, in fact,
charged by collecting electrons and ions from the ionizegvere the first to study complex plasmas extensively. They
gas. Having no buoyancy, the particles must be electrostatHse the term “dusty plasma,” which has also been adopted
cally levitated above a negatively charged horizontal elecWidely by researchers in other fields. For example, Saturn’s
trode. Through their interparticle repulsion and the externalings consist not only of boulders, but also dust particles
confinement provided by the electric fields in the plasma, thémmersed in the Saturnian magnetospheric plag2yl.
particles arrange themselves in an ordered lattice. The experiments we report here employ the methods and
Th|s System serves as a macroscopic mode| System félflstrumentation that we introduced in our first paper on
solid atomic matter. The arrangement of the microspheres ilach coneg4]. In this paper we develop additional analysis
a lattice is ana'ogous to atoms in a real Crysta'_ The advarmethods and we present further I‘esults. We haVe written thIS
tage of a mode' System is that |t a.”OWS d”'m{s'tu mea- paper W|th the intention that |t Sh0u|d be aCCGSSible to I’ead-
surement of the positions and velocities of all the particles irfr's with diverse scientific backgrounds.
the system, which is not possible in an atomic solid. Thus,
we can observe and measure the microscopic dynamics of Il. BACKGROUND INFORMATION
phenomena, such as shocks and Mach cones.
Because Mach cones are a kind of shock wave, we A. Mach cones
A supersonic object moving in a compressible medium
creates a pressure disturbance that is not felt upstream from
*Present address: Max-Planck-Institut'r fiExtraterrestrische the object. The cone that confines the disturbance is called a
Physik, Garching, D-85740, Germany. Electronic addressMach cone. The front of the disturbance is often discontinu-
TAuthor to whom correspondence should be addressed. Electroniaus and called a shock wave. Mach cones are well known in
address: gas dynamic§5]. They are produced, for example, by bullets
and supersonic jet planes. If the perturbing object moves
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this ratio is much bigger than unity, the shock is said to be
strong, while it is said to be weak if the ratio is close to
unity. In the limiting case when the pressure ratio is equal to
unity, the shock wave becomes an acoustic w&ie
Shocks in solids are widely studied in connection with
explosions and impacts in the fields of material science and
geophysic$1]. They consist of a rapid rise of pressure called
a loading front, followed by an unloading wave. The unload-
__ing is a relaxation of the initial deformation, and it depends
FIG. 1. Sk_etch of a Mach cone produced by a supersonic dls(-)n the material properties.
t“rbancg moving to the left. The cones are a superposition of spheri- Shocks in solids can be classified as elastic, elasticplastic,
cal (or circular in 2D waves generated by the moving disturbance. .
The semivertex angle is defined as the angle between the cone®’ strong_accordlng tg thg damage made to the mediLim
axis and the wave front. The elastic shock regime is characterized by stress below the
elastic limit, when the medium returns to its previous state. If

straight at a constant velocity, it creates expanding waves the stress exceeds the elastic limit, the medium deforms plas-

that are spherical in three dimensions, and circular in twdically and this regime is called elasticplastic. In the strong
dimensions. The superposition of these waves forms a conghock regime the medium has almost fluid behavior.

as sketched in Fig. 1. The Mach angle defined as the Shocks in two-dimensional complex fluids have been
semivertex angle of the cone, is determined by the geometrgtudied previously using granular fluid$1]. This medium
as can behave like a solid, liquid, or gb&2]. A granular fluid is

) an example of a model system for studying atomic matter.
w=sin"}(1/M), )
C. Model systems

whereM =V/c is the Mach number of the supersonic object

andc is the sound speegcoustic speadn the undisturbed The attraction of using macroscopic model systems to
medium. study phenomena such as phase transitions, waves, and

Mach cones are also known to occur in solid matter Shocks is that they allow experimental measurements that are

Chenget al.[6] observed formation of the Mach cones in an often impractical in_ atc_)mic solids and thin films. In par.ti.cu—
elastic medium surrounding a fluid-filled borehole. They in-1ar, they often allowin situmeasurements of particle position
duced a surface wave propagating along the fluid-solitnd velocity. These measurements can be made in real time.
boundary of the borehole, and this excitBdand S waves Moreov_er, because their interparticle interactions and bulk
propagating into the bulk solid. The latter waves formedProperties are analogous to those of atomic matter, model
Mach cones. The wavefront of the surface wave acted as thystems exhibit many of the same phenomena, without quan-
supersonic object since its velocity was higher than that ofum effects. _ _
the P and S waves. Let us compare several different model systems. Colloids

Simulations have also predicted that a wake potentia/@re formed by particles suspended as a two-dimensi@myl
similar to a Mach cone, is generated when a beam of enekﬂyer or a three-dimension&BD) volume in a liquid solu-
getic ions is fired into the surface of a sofid-9]. Experi-  tion. The parthles interact electrostaticalja a repulsive
ments of the type we describe here might be useful for unYukawa poter_mal and can form cryst'als. A§ in other model
derstanding the contribution of the valence potential to the®yStéms, particles are measured optically, in some cases by
stopping power of ions in solid matter. _dlrect_lmagmg. One limitation of coIIc_Jld_s as a model system

Ship waves have an appearance similar to Mach coned & high dampmg rate due to the friction forc_es exerte(_JI by
but they are fundamentally different. A moving pointike dis- the solvent fluid. It turns out that the waves in a colloidal
turbance generates either gravity or capillary waves on th&'ystal are almost always overdamidd, 14. .
fluid surface. These waves are transverse and strongly dis- COmplex plasmas are similar to colloidal suspensions, but
persive[10]. In contrast, in our experiments we found that they use a low-pressure ionized gas rather than a liquid so-
the wave behind the disturbance was longitudinal and nonHtion as the background medium. Compared to colloids,
dispersive, as discussed in Sec. VI. they have a lower optical thickness, and a damping [rE&¢
that is lower by five orders of magnitude. The latter makes it
possible to observe waves that are not overdamped. We will
explain complex plasmas in greater detail below.

Bondet al. [5] define a shock wave as a propagating dis- Granular materials are large conglomerations of discrete
turbance characterized by an extremely rapid rise in pressureacroscopic particles. The particles intersie a repulsive
temperature, and density. In general a shock wave cannot teard sphere potential, in comparison to the soft sphere inter-
treated as a small-amplitude linear wave. Under some ciraction of colloids and complex plasmas. This system can be
cumstances shocks may cause the continuous motion of the a solid-, liquid-, or gaslike state, and it can propagate
gas or fluid without any periodic motion. Mathematically, waves[12]. Granular materials can display rather unusual
shocks are treated as discontinuities with a thickness of a fewehavior. Imaging is most practical with 2D granular mate-
mean free paths. rials [11] since bulk 3D systems are not translucent. Shocks

Shocks in gas dynamics are categorized according to thia 2D granular materials were imaged in the experiment re-
ratio of the gas pressure in front and behind the shock. Wheported in Ref[11],

B. Shock waves
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Another model system is the bubble raft, which is a 2Dticles generally arrange themselves in a triangular lattice with
layer of soap bubbles on a water surface. Bubbles interacixfold symmetry.
with attraction-repulsion forcelsl6]. These have been used  Laboratory complex plasmas are nonequilibrium systems.
for modeling of the indentation hardness test of solid surElectrons and ions are continuously lost to the boundaries,
faces. and in a steady state they must be replenished constantly by
In our experiment, polymer microsphere particles wereonization of the neutral gas. Sustaining the plasma requires
suspended as a horizontal monolayer. Thus the system is tvaconstant energy input, in the form of electrical power ap-
dimensional. Because the particles were electrostaticallplied to a pair of electrodes. The kinetic temperature of the
charged, and they were immersed in a medium with freemicrospheres, electrons, ions, and neutral gas atoms are in
electrons and ions, they interacteid a screened Coulomb, general not equal.
i.e., Yukawa, potential. The lattice in our experiment was The phase state of a complex plasma is determined

triangular with hexagonal symmetry. mainly by two dimensionless parameters. The first is the in-
teraction rang@/\p, wherea is the particle spacing and,
D. Complex plasmas is the Debye length, is usually of the order of unity. The

Here we explain in greater detail complex plasmas, Whichsecond Is the Coulomb coupling paramelferwhich is the

are the model system used in this paper. We have attempt?rﬁt'o of the mterparucle potentlal energy and the particle
A . L . ermal kinetic energy19]. This parameter can vary over
here to explain this topic so that it is accessible not only to

readers with a knowledge of plasmas, but also to scientists 2 orders of magnitude, depending on the particle size

familiar primarily with condensed matter, particularly in the and the particle kinetic temperature. In general, whenl,

field of complex fluids. Accordingly, we will introduce here E)heeh;\?;pllii)é ';l?zr:iz Iosr S;de;?rsries\fgﬂggoiﬁfgI;S(iol?;d It
some of the concepts and terminology of complex plasmas. . ' . . .
b 9y plex p ith particles arranged in a crystalline lattice9]. Otherwise

When particles of solid matter are immersed in an ionize . .
P hey behave like atoms in a gas. It was shown that such

h lectrically ch I llect- " .
gas, they become electrically charged by constantly collect rystals can undergo phase transitiphs,24—217. It is pos-

ing electrons and ions. The charge has an equilibrium Valuéible to suspend particles in a monolayer. The particles never
which is typically negative. The magnitude of the charge onto ch one 'fnoth:r i th tem yer. P
a micrometer-sized particle is typically several thousand el- ue N this system.

Like other condensed matter systems, strongly coupled

ementary charges. When a large number of these particles

are suspended in a plasma, one has a “dusty plasma.” Thlgomplex plasmas can sustain waves. For small wave ampli-

term originated with astronomers, who refer to the small par:[UdeS' the interparticle forces can be linearized to derive a
) . . wave equation. In all cases there is a compressional wave,
ticles in interstellar and interplanetary space as dust. More

recently. some authors have referred to dusty plasmas and in the case of a solid in two or three dimensions there is
“ Y. . . to dusly p #so a transverse or shear wave. In the field of complex plas-
complex plasmas,” to emphasize the similarity to complex

X mas, i.e., dusty plasmas, the compressional wave is termed
fluids. o , _ the dust lattice wavéDLW) [28—3( if the interaction range

Charged partlcleslln a complex plasma interact with ON&y/)\,>1, or the dust acoustic wavéDAW) [31-33 if
anotherthro_ughasmeld_ed Coulomb repulﬁbﬁ,la. Ir_lthe a/\p<1. The DAW also propagates in weakly coupled
absence of ion flow, or in a plane perpendicular to ion ﬂOW’compIex plasmaf34].
the interparticle potentiap is believed to be nearly Yukawa,  For waves in a two-dimensional lattice with a Yukawa
¢=(QIr)exp(—r/\p), wherer is the interparticle separation interparticle potentia[35], Peeters and W{i36] derived a
and\p, is the Debye length of the electron-ion plasma. Thephonon spectrum, and found the longitudinal and transverse
particles also respond to natural dc electric fields that dewave velocities for a two-dimensional colloidal lattice. Their
velop in a plasma. Additional forces acting on the particletheory considers the no-damping case. The compressional
include gravity and frictional drag with neutral gas. wave is faster than the transverse wave by a factor of ap-

Complex plasma experiments in the laboratory attractegroximately 2 fora/\p>4. This factor increases to approxi-
much interest after the discovery of the so-called plasmanately 7 fora/anp=1. For a/Ap<1 the transverse wave
crystal. As predicted theoretically by Ikegi9], particles Vvelocity remains constant, while the compressional wave ve-
suspended and confined in an ionized gas arrange themselesity increases as {A/\p. The dispersion relation for the
in an ordered structure due to their strong Coulomb repulcompressional wave in two dimensions including the effects
sion. In experiment§20—24 particles are found levitated in of damping was derived by Homaret al. [29].
a sedimented layer at the bottom of the plasma, above a Because of its higher speed, the compressional wave will
horizontal electrode. They settle at an equilibrium heightbe responsible for most or all of the features of the Mach
where gravity is balanced by an upward electrical force. Acones that we will report in this paper. The slower speed of
sufficient electric field occurs in a non-neutral boundarythe shear wave means that its wave energy is concentrated
layer, called a sheath, located above a horizontal electrodsithin a much smaller angle than the angle for the compres-
operated with a negative dc electric potential. A slight bowl-sional wave in Fig. 1. The compressional wave has no dis-
shaped curvature in the sheath provides external confinemepersion, i.e., the frequency is linear with wave number, ex-
of the particles in the radial direction. Thus, the suspensiorept at large wave numbers. This property of having no
of repulsive particles is trapped in all directions. They ar-dispersion allows disturbances over a wide range to propa-
range themselves in a lattice, which can have either single ayate outward at the same speed, a condition that is essential
multiple horizontal layers. In the horizontal plane the par-for the production of a Mach cone.
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The existence of Mach cones in complex plasmas was(a)

originally predicted by Havnest al. [2,3]. They described CCRO?L?SJS

how a charged body moving through a cloud of charged _ microspheres
particles can excite the DAW. If the body moves faster than Hene jaser micro:lers _

the dust acoustic speed, the waves will form Mach cones. As herizontal diggh leser

a specific example, Havnest al. carried out calculations
predicting that Mach cones are produced in the layers of dus: ===
in Saturn’s rings. This dust is charged by exposure to the
Saturnian magnetospheric plasma. Charged dust particles rc gr
tate about the planetary axis at the same angular velocity a: lower electrode
the planet itself, whereas boulders move in Keplerian orbits ®_|

at a different speed. The difference in these two speeds is
supersonic, compared to the acoustic speed in the charge
dust. It is anticipated that when the Cassini spacecraft arrives
at Saturn in 2004, its cameras might possibly be able to
image Mach cones in the rings.

video camera
(side view)

(b)

7 ring micro- P
upper spheres
electrode

I1l. APPARATUS probe chamber

wall

05000000000 0008

A. Plasma 777777 7T
The plasma in our experiments was a capacitively coupled 5 cm //eI}ct/ro/de/
radio-frequency discharge. The discharge apparatus shown i
Figs. 2a) and 2b) includes a lower aluminum disk electrode
230 mm in diameter. A 13.56-MHz rf generator was con-
nected to the lower electrode through an impedance match QE f
ing network and a coupling capacitor. A grounded upper ring
and the vacuum vessel walls served as the other electrode mg *
The matching network was adjusted to achieve a minimal
reflected power, typically much less than 1% of the forward
power. The resulting rf high voltage sustained the plasma FIG. 2. Apparatus(a) sketch in an oblique viewb) scale draw-
discharge. Argon, krypton, or xenon gas was admitted to th&g in a side view, andc) locations of the two-dimensional crystal
chamber at a 0.5-6 sccm rate, and a constant pressure of 1&yer and the the incomplete second layer 200 below. Particles
Pa was regulated with a servo valve between the chambd? the latter layer moved at supersonic speeds, creating Mach cones
and the turbo pump. in the main layer. Reprinted from Re#].
The lower electrode was designed with a 2-mm rim to
provide a slight bowl-shaped curvature to the plasma sheathation of the probe tip and insulator, too large a probe size, rf
which conforms in shape to the electrode. This curvaturalistortion, and low-frequency noise and dfi&8,39. It had
yields a weak radial force on negatively charged particlespassive rf compensation, with a reference electrode con-
pushing them toward the central axis of the electrode conrected to the probe tip by an internal shunt capacitor. It also
figuration. had internal choke inductors to suppress rf current at 13, 26,
The Debye length\, was measured using a Langmuir and 40 MHz.
probe, i.e., a metal wire, inserted into the plasma. A current- The discharge parameters are listed in Table I. In our
voltage characteristic curve was recorded and this was useekperiment the temperature of neutrdlsand ionsT; were
to determine\p using the ABR method37]. It also pro- believed to be equal to room temperature, while the electron
vided a measurement of the electron temperafyrand ion  temperaturd’, was much higher, of the order of 1 eV. In the
densityn;. The probe was at a height of 15 mm above themain plasma region, where the probe was insemege;n; .
lower electrode, which is higher than the plasma sheatlidowever, in the sheath, where the particles were levitated,
boundary. The probe tip was designed to avoid commomg+# n;. Moreover,n; is reduced in the sheath compared to
sources of errors in probe measurements, including contamihe main plasma region. To adjust our measurements for

LA

lattice layer

" ast particle
layer

TABLE |. Discharge conditions.

Discharge conditions 1 2 3 4 5 6
Gas Xe Xe Kr Kr Ar Ar
Power(W) 50 100 50 100 50 100
Self-bias voltageV) 260 380 260 380 260 390
Plasma potentialV) 9 10.5 10.5 11 10.5 11
Electron temperaturgV) 0.6 0.7 1.1 1.1 1.6 1.6
lon density (16 cm %) 5.1 7.9 2.5 35 1.4 2.2

Debye length at probe heightp (xm) 80 70 160 140 250 200
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TABLE Il. Structural parameters for the crystals made of#801 xm particles. Discharge conditions are
found in Table I.

Discharge conditions 1 2 3 4 5 6
Number of events analyzed 7 4 5 6 5 7
Particle separatiorg (m) 335+3 298+ 2 481+ 2 450+ 2 586+5 5789
Translational order lengthé/a 28+0.2 1801 2701 3.3-03 3.9:0.7 3.0:0.3
Orientational order lengthég/a 4+1 1.3+0.1 4+2 11+1 8+4 5+2
Fraction of sixfold cells T3 66+ 2 74+2 83+1 84+4 83+3
Particle heigh{mm) 5.7 5.9 7.4 8.0 8.8 9.3
Epstein drag (st) 29 29 2.3 2.3 1.6 1.6

these factors, we introduce a density reduction factor estieally we observed several supersonic particles in the whole
mated to have a value of 3. Sinag1/\/n;, the resulting lattice, and they crossed the camera field of view a few times
Debye length in the sheath is larger by a factory& We per second.

use this factor when reporting the interaction raagep .
D. Imaging

B. Particles To visualize the particles we illuminated them with a laser

After igniting a plasma, we introduced monodispersebeam expanded into a sheet with a cylindrical telescope, and
polymer spheres. They were shaken from a dispenser that wie imaged them with a monochrome video camera operated
inserted into the vacuum vessel at a height above the ele@t 25 frames/sec. The camera was equipped with an interfer-
trodes. We used spheres of two different sizes-®94 um ence bandpass filter to select the laser light. The top view
or 4.808-0.112 um. The particle mass density was 1.51 was obtained with a vertically mounted camera and a 85-mm
g/cn'f3 We thorougmy cleaned the partide shaker with ac_f1.4 Nikon lens. A horizontal He-Ne laser sheet illuminated
etone and replaced the wire mesh before recharging thée particles. The field of view was 150-230 fhand cov-
shaker with the particles of a different size in order to avoidered 1000—-3000 particles. We obtained the side view using a
contamination. horizontally mounted long-distance microscope with a video

Immersed into the p|asma, the partides Charged nega:ame_ra and_a verti(_:al dIOde laser sheet. OnIy 2—5_particles
tively and levitated in the electric field of the plasma sheathwere in the field of view, which was about 1 MnThe video
They formed a monolayer suspension, about 4 cm in diamfields were recorded on an SVHS video recorder and then

eter, with particles arranged in a hexagonal lattice. digitized for a computer analysis. Interlaced video frames
The particle motion was strictly two dimensional. We Were separated into two fields, so that the data that we

verified this by imaging particles at a high magnification, present in this paper has a time resolution of 50 video fields/

using a long distance microscope thatl@l mnf field of ~ Sec.

view. The vertical motion amplitude did not exceed 46,

which is of the order of the particle size, and insignificant IV. IMAGE ANALYSIS METHOD

compared to the interparticle spacing. . . .
P P P 9 In contrast to shock experiments in gas dynamics and sol-

ids, where the medium is imaged as a continuum, here our
raw data is a movie showing the individual particles. This
The Mach cones in this experiment were generated sporallows us to analyze the microscopic dynamics of particles as
taneously. When the particle cloud diameter exceeded a critthey move in response to the disturbance. It is also possible
cal value (approximately 1-2 cm a few of the particles to produce smoothed images showing continuum quantities
formed a second incomplete layer below the main lagee  such as particle number density. We can thus provide a wide
Fig. 2(c)]. The particles in the lower layer moved horizon- variety of results from our video. These results require more
tally at a speed of 30—60 mm/s. The supersonic particlesffort to prepare than, for example, a Schlieren photograph
moved at almost constant speed until they reached the radiaf a shock wave in a wind tunnel. Here we will review our
edge of the main layer, where they turned around. Somemage analysis methods.
times they spontaneously changed direction in midflight, but The methods all begin with the identification of individual
mostly they moved in straight lines. The acceleration mechaparticles in a single video field. First, the gray-scale image
nism responsible for this motion remains a mystery, althouglwas converted into a black-and-white image by applying a
we can speculate that it may be related to disturbances in thtreshold. We then searched for connected pixels. A parti-
so-called ion wakefield, i.e., the ion flow downstream of thecle’s x-y coordinates were computed as the center of the
main layer. connected pixels, when weighted by their brightness. In the
Because these supersonic particles are charged, they scaéext step, particles were tracked from one field to another to
tered the particles in the main layer above therig a  vyield their trajectories in time. Two consecutive fields were
screened Coulomb interparticle potential. This scattering wagsed to determine the particle velocities.
the disturbance that launched the Mach cones. In this paper Velocity vector maps were then plotted. In producing the
we present images of cones that were generated by particlesaps, vectors were drawn with a length equal to 10 times the
that moved in a straight line and at a constant speed. Typdifference in the particle position in one video field com-

C. Method of generating cones
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TABLE llI. Structural parameters for the crystals made of4®B1-um particles. Corresponding dis-
charge conditions are listed in Table I.

Discharge conditions 1 2 3 4 5
Number of events analyzed 7 14 8 7 5
Particle separatiorg (xm) 360+ 2 328+3 429+ 4 356+ 2 7266
Translational order lengtht/a 2.7+0.4 3.1+r0.4 2.5-0.3 3.9-0.6 2.2-0.3
Orientational order lengthég/a 4.1+0.6 8+3 3*x1 13+11 1.9-0.6
Fraction of sixfold cells 744 803 68+4 83+5 63+6
Particle heigh{mm) 6.7 7.2 7.8 8.4 9.4
Epstein drag (st) 5.4 5.4 4.3 4.3 3.0

pared to the next. This was repeated for a series of vide@(v_<v>)2) is the average square random velocity, &gds
fields where a Mach cone could be identified moving throughthe Boltzmann constant.

the image. Examining the vector maps, we manually mea-

sured both the-y coordinates of a cone’s vertex coordinates V. EXPERIMENTAL PARAMETERS FOR THE

and the cone anglg. Using the vertex coordinates, the ve- TWO-DIMENSIONAL YUKAWA SYSTEM

locity of the supersonic particl¥ was computed for every

field, averaged for every experimental run, and the error was, . . "
¢ y exp almensuonal suspension are presented here. Conditions var-

calculated. . . . ; :

We also prepared gray-scale maps of speed as a co'ne-d slightly, (_Jlepend!ng on the particle diameter and the type
. . ) . . . of gas used in the discharge. All the measured parameters are
tinuum quantity. To improve the signal-to-noise ratio, we . . X

e isted in Tables Il and 1lI, for 8.9um and 4.8um diameter

averaged these maps over several consecutive fields. We did . .

. S . . . particles, respectively.
this by aligning multiple consecutive fields of the vector The lattice was hexadonal. with a considerable number of
maps so that the cone’s vertex had the same position in eaca"é 9 y

field. We then calculated the absolute value of velocity for fects. The fraction of S.'XfOId coordlnatlpn numbers varied
: . S from 63 to 84 %, depending on the experimental parameters.
every particle, interpolated the resulting irregular array ont

a regular grid and applied a smoothing 2D filter. This yieldegDemCts consisted primarily of five- and sevenfold coordi-
nated vertices on the Voronoi map.

the composite high resolution gray-scale images of the abso- ; ; : . "
> The correlation functions for typical operating conditions
lute value of the velocity that we present later, are shown in Fig. 3. These functions exhibit an order that is
We identified interparticle bonds by Delaunay triangula-_ ~. g. . : X
. . > .. typical of a solid with a fair degree of disorder. They are
tion. This was used for several purposes. One apphcauory . -, .
was defect analysis. We identified defects as particles with huch more hlghly ordered t_han a liquid. The corre!atlon
' ﬂangth is the distance at which the structural order in the

humber of bonds not equal to six. correlation function decreases by oadolding. Larger val-

Another application of the Voronoi maps was a CalCUIa'ues of these lengths indicate a more highly ordered system
tion of the local particle areal density, which is a continuum 9 gnly y '

guantity. This was calculated as the inverse area of the

The properties of the lattice of particles in our two-

Voronoi cells. Gray-scale images of the areal number density 4'2 N ' ' 'expe,i,,"ent 4
were produced using the overlay technique described above. 35 [- (@) fit ————- -
To characterize how highly ordered our lattice was, we = 2‘2 i
carried out standard structural analysis methods. We calcu- & 2 -
lated the pair correlation functiog(r) and the bond orien- 1.5 -
tation correlation functiomg(r) [40] from the particle coor- 0'; i
dinates and triangulation maps, respectively. These 0 1
correlation functions were calculated for images that were 6 7
not affected by Mach cones, so that they represent the undis- distance (r/a)
turbed medium. Fitting these correlation functions yielded 1 E T T T T T T -
the particle separation, determined as the position of the 2 ";;.\,. experiment e 3
first peak of the pair correlation function, as well as the cor- 05 F 7 e Tia,,, , CxPOnentialfit -o--- ]
relation lengths for exponential decay of these functions. c 03 () I OV T
To determine the particle kinetic temperature, we mea- S 02T l*'-?a.l 7
sured the particle velocities from 200 fields using the side 0.1 e
view video with a high magnification so that only 2-5 par- ]
ticles were in the field of view. The particle velocity had two 0.05 ; . . . . .

0 1 2 3 4 5 6 7

components, random and drift. The drift velocity) was distance (r/a)

approximately constant, so that we were able to subtract it
when computing the random particle motion. The kinetic F|G. 3. (a) Pair correlation function andb) bond orientation
temperature was computed &s-m{(v —(v))?)/kg, where  correlation function for 8.9«m particles in an argon 100-W dis-
m is the particle masg; is the measured particle velocity, charge.
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TABLE IV. Experimental parameters for the crystals made oft89l-um particles. Discharge condi-
tions are found in Table |. Here the terms first and second refer to the two cones. The acoustic velocity was
computed from the Mach angle using Ed).

Discharge conditions 1 2 3 4 5 6
Acoustic velocity(first) (mm/9 21.1+0.2 20+1 19+2 18.9+0.2 20+1 18+1
Acoustic velocity(second (mm/9 15+1 14+2 14+5 13+1 15+ 1 13+3
Particle chargeQ 15000 14000 14000 14000 14000 14000
Interaction rangea/\p 2.3 2.4 1.8 1.9 1.4 1.7
Kinetic temperaturéK) 3600 4100 2500 3600 1400 1700
Coupling parameted, 3000 2500 2700 1900 4000 3000

The translation correlation length was found to be in the the finite size of the perturbation. This phenomenon is well
range (1.8—3.9), while the orientation correlation lengtf known in gas dynamics, where a finite-sized object, such as
varied more significantly (1.3—18) The large variance of a sphere, creates a Mach cone with a rounded vertex, while a
the orientation correlation length within the same operatingpointlike disturbance produces a sharp V-shape vertex. In
conditions suggests that the particle cloud was not unifornpur experiment the supersonic particle is surrounded by its
and had patches of higher and lower order. _ Debye sphere, which has a scale lenyt. It is over this
The damping rate from the gas drag was calculated usingnite length that the supersonic interacts with the particles in
the Epstein methof#1,42. It had values in the range 1.6— the |attice layer above it. We believe this accounts for the
5.4 s *, which is five orders of magnitude smaller than for \ounded vertex of our first cone. The second cone, on the
particles of the same size in water. This low damping ratether hand, has a sharp tip. We will make some further com-
allowed us to produce Mach cones. The damping rate iNparisons of the angles of the two cones later in this paper.
creases with atomic mass fro_m argon to krypton to xenon, Gray-scale speed maps, Figich also show the cones
and it decreases with increasing patrticle size. clearly. The double cone structure is visible as two dark
Additional parameters characterizing the Yukawa inter-cones on a brighter background. The background is not
particle potential are the interaction ran@e p and the par-  hite, as one would expect for zero velocity. This is due to
ticle chargeQ. The latter was determined from the Mach thermal and collective particle motion, where the latter can
cones, using a method that will be explained later. Thesg,cjude drift of the suspension as a whole, local flows within
values are presented in Tables IV and V. The interactiofgpe suspension, and waves.
range was in the range 1.4-2.7. The charge was typically speed maps can be compared to number density maps,
—1400@& and —5 00Ce, for 8.9 um and 4.8um particles,  Fig. 4(d). This comparison shows that the first and second
respectively. cones are regions of compression and rarefaction, respec-
tively. We attribute the rarefaction wave to a restoring force
VI. MACH CONES IN 2D SOLIDS d_ue. to .the interpa(ticle interqctions_ in a crystalline state. A
distinctive rarefaction wave like this would not occur in a
While Mach cones are clearly visible on a video, it is gas, where the atoms have no memory of their original po-
difficult to spot them on a still picture. Figurda shows the sitions. The rarefaction wave does have an analog in solids,
particle positions as the cone passes by. One can see a rapwever. It is similar to the release wave in solids, which
efaction caused by the cone vertex in the middle upper paccurs after the passage of a shotk
of the figure. We repeated the experiment using different gases and two
The Mach cone is more easily identified on a particledifferent particle sizes. Mach cones for the series of experi-
velocity vector map, Fig. @). The supersonic particle in this ments with 8.9um particles are shown in Fig. 4 for argon,
case was moving from left to right. It is clearly seen that theFig. 5 for krypton, and Fig. 6 for xenon. The length of the
cone has a double structure, with the particles moving forcone decreases as the gas atomic mass increases, from argon
ward in the first cone and backward in the second. The spade krypton to xenon. Note the different size scale in the im-
ing between the cones is about (8 -20) ages for these different gases.
The first cone has a rounded vertex. We attribute this to Comparing Mach cones made using two different particle

TABLE V. Experimental parameters for the crystals made of+D8-um particles. Here the terms first
and second refer to the two cones. Run 6 is not shown: the particle cloud was unstable. Discharge conditions
are found in Table I.

Discharge conditions 1 2 3 4 5
Acoustic velocity(first) (mm/9 18+3 20+5 202 22+1 13.0+0.3
Acoustic velocity(secondl (mm/9 13+3 14+6 13+1 16+1 n/a
Particle chargeQ 5400 6 000 4900 5000 4400

Interaction rangea/\p 25 2.7 1.6 15 1.7
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FIG. 5. Mach cone with 8.9+m particles in a krypton 100-W
discharge. The supersonic particle moved to the lgit.Particle
velocity vector map derived from particle positions in two consecu-
tive video fields,(b) gray-scale speed map, afal gray-scale num-
ber density map. The latter two maps were averaged from data for
20 video fields. The dashed liné9, (c) indicate the location of the
cross-sectional slices of velocity and density profiles that are plotted
in Fig. 12. The Mach cone is less distinct than in argon.
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sizes, we find that those made with 4un particles(Fig. 7)
are longer and have sharper vertices than for 8- We
have no explanation for the latter result.

Now we present a test of the Mach angle relation, Bg.
This is one of the chief results of this paper. For one set of

FIG. 4. Mach cone with 8.9¢m particles in an argon 100-W
discharge. The supersonic particle moved to the lgit.Particle
positions for a single video fieldp) particle velocity vector map

derived from particle positions in two consecutive video fields, A . .
gray-scale speed map, afd) gray-scale number density map. The experimental conditiongkr, 100 W, 4.8um particles we

latter two maps were averaged from data for ten video fields. ThiVere able to measure cones created by supersonic particles
asterisk (*)(a) marks the particle for which the trajectory is plotted Where some had a faster speed and others were slower, over
in Fig. 9. The dashed line&), (d) indicate the location of the @ range of nearly a factor of 2. For each of these events, we
cross-sectional slices of velocity and density profiles that are plotte@neasured the cone anglemanually from the vector veloc-

in Fig. 11. The first cone consists of particles moving forward, andity maps. Figure 8 shows 1/ginas a function of the super-

it coincides with the high density region. The second cone hasonic particle velocity/. Note that the data generally fall on
particles moving backward, and it coincides with the low densitya straight line passing through the origin. This result is con-
region. sistent with the Mach angle relation, EQ).
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FIG. 7. Speed maps of Mach cones with 48 particles(a)

FIG. 6. Mach cone 8.9:m particles in a xenon 50-W discharge. krypton and(b) xenon 100-W discharges. The cones are more dis-
The supersonic particle moved to the rigtab. Particle positions for  tinct and have sharper vertices than for the same discharge condi-
a single video field(b) gray-scale speed map averaged from datations with the larger 8.9+m particles.
for 16 video fields. The asterigle) marks the particle for which the
Frajectory is plotted in Fig. 10. The Mach cone is less distinct thanpat only within a very narrow angle can the disturbance
in argon and krypton. include particle motion corresponding to the shear wave.

) . . Therefore, the first cone, and most or all of the second cone,
The slope of the straight line in Fig. 8 yields a measure{,,st pe due solely to compressional wave motion.

ment of the wave’s acoustic speed. In this experiment, the T¢ fyrther analyze the particle motion in our experiment,
first cone had a faster speed of 20 mm/s, while the seconge prepared time series and maps of the orbits of some rep-
cone had a slower acoustic speed of 13 mm/s. resentative particles. We selected particles on the cone path

We expect that the angle of the first cone should correyjighily off the axis. These particles are marked with an as-
spond to the speed of a compressional wave in the undis-

turbed medium. This is because it is propagating outward

into a medium that has not yet been disturbed by a shock. It | e

is possible that the angle of the second cone might be deter- A
mined by nonlinear effects. We suggest this because the sec- 4 A J .
ond cone lies in the medium that was disturbed by the first I 7 A

cone. If the angle of the second cone is determined by the error bars & A

local continuum parameters, such as the number de(esty 4 3r [9 7 PY ° &
discussed in Sec. VIII A and if these parameters were dis- .S s

turbed by the first cone, then one would expect that the angle — oL e i
of the second cone should depend on the magnitude of the ®

disturbance created by the first cone. We are unable to test I Q2

this idea in the present experiment, because we had no way 1L \(56‘/ o i
to vary the intensity of the disturbance, but perhaps a test can s 7 de\ @ first cone

be carried out in future experiments or numerical simula- 0' /4 A second cone ]
tions_ L 1 L 1 L 1 L 1 L 1 L 1 L

0 10 20 30 40 50 60 70

Since the Mach cones in our experiment propagate velocity (mmys)

through a solid medium, which can sustain both compres-
sional and shear waves, it is reasonable to ask whether both |G, 8. Test of the Mach angle relation, E@). Here 1/sinu is
waves might be present. The theoretical model of &8]  piotted vs the velocity of the supersonic particle. Data are for
for a two-dimensional Yukawa crystal predicts that the shean.g-um particles in a 100-W krypton discharge. The straight lines
wave is slower than the compressional wave by a factor of 4orrespond to the acoustic velocities for the cones. The first cone
to 7, for the range of/\ in our experiment. This means has a faster acoustic velocity than the second.
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! ! ! 1 FIG. 10. Orbit of one particle, as in Fig. 9. The particle is the
17.0 174 17.2 17.3 one marked with an asterisk in Fig(a. This case shows higher
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damping.

FIG. 9. Orbit of one particle, as marked with an asterisk on Fig. ied b ise in th ic| locity. Thi
4(a). Time series are shown f@a) x and(b) y positions.(c) A map accompanied by a rise in the particle velocity. IS corre-

of the trajectory is shown. The numbers 0—29 denote the video fiel&ponds_ to the first cone, Which is compressional shock mo-
number, which indicates the time sequence. The particle exhibitdOn. It is followed by the density drop at 12 mm where the

nearly oscillatory motion superimposed on a secular drift. velocity peaks in the opposite direction. In kryptdfig. 12,
the parameters rise more steeply, they exhibit more oscilla-

tions, and the density drop is more pronounced.

terisk (*) in Figs. 42 and @a). In both cases, particie mo- The shock thickness is an important characteristic length

tion is an oscillation superimposed on a secular drift, a%or

shown in the time series in Figs(&, 9(b), 10(a), and 1@b).
Maps of these same particle orbits are shown in Figs), 9
10(c). It seems that in argon discharge particle motion is les
dampedFig. 9c)] than in xenor{Fig. 1Qc)].

VII. SHOCKS IN 2D SOLIDS

shocks. Normally it is of the order of a few mean-free

paths[5], which in a crystal would be of the order of the
Qarticle spacing. In our experiment, the velocity and den-
sity rise in a gradient with a scale length of 2—3 mm. This
distance corresponds approximately to (3a5)

Shock waves satisfy the Hugoniot relatidag. These are

derived from the conservation laws assuming that there is a

il sh hat the disturb _ hjump in the number density and other continuum parameters.
Here we will show that the disturbances in our Mac Assuming that there is no motion ahead of the shock, the

cones can be analyzed as shocks. We do this using our e
perimental data in the theoretical Hugoniot relations for
shocks.

To visualize the interior structure of our shocks, we plot-

fgfugoniot relationg5] for a linear shock in two dimensional
geometry are

ted cross-sectional slices of the velocity and density maps na(U—v,5)=nU, 2
along a line parallel to the direction of the cone propagation.

The locations of these slices are indicated with a dashed line mmnUv, ,=p,—P1, 3
in Figs. 4¢) and 4d) for the case of argon discharge. Profiles

of number density, velocity in the direction parallel and per- 1 1 1

pendicular to the slice are shown in Figs.(@%+11(c), re- E2E1:(p1+p2)( ) (4)
spectively. The particle number density increase at 6 mm is 2m ng N
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FIG. 11. Cross-sectional slices &) number density and par- -4
ticle velocity (b) parallel and(c) perpendicular to the direction of 0 5 dist ;ge (mm) 15 20
the supersonic particle velocity. These slices were taken from the a

images in Fig. 4. The number density has a peak inside the first 5 15 cross-sectional slices as in Fig. 11, with data taken
cone at 6 mm, and this coincides with a peak in the velocity. Inside, ;1 the images in Fig. ) and 5c). Compared to the case of
the secono! cone, a densn_ty minimum at 12 mm coincides with %rgon dischargdFig. 11) the parameters rise more steeply, they
peak velocity in the opposite direction. exhibit more oscillations, and the density drop is more pronounced.

whereU is the shock propagation velocity is the particle  turbed statgi.e., ahead of the shogkSubstituting Eq.(5)
mass,n is the two-dimensional particle number densit\is  into Eq. (4) we obtainp;+p,. Thus we can compute the
the two-dimensional normal stress, i.e., hydrostatic pressurgvave pressurep, and p..

andE is the internal energy per unit mass. Herandicates The number density and velocity ahead and behind the
the direction normal to the shock, and the indices 1 and Zhock were measured from the cross-sectional profiles. For
indicate the condition ahead and behind the shock, respe#r (Fig. 11), we find n;=3.0 mni 2, n,=4.2 mm 2, and
tively. Equation(2) is based on the continuity equation. Its vy,=5.0 mm/s. Substituting these values into E—(5)

left- and right-hand sides were equal within 15%. This dis-we calculated the pressure ahead of the shock tgpe
crepancy serves as an indication of our measurement erros 3.7x 10 22 kg/s* andp,/p;=1.6. In krypton(Fig. 12, we

We used Eq(3), which is based on the momentum equation,find n;=5.3 mm 2, n,=6.2 mm 2. We then compute the

to calculatep,— p;. pressure ahead of the shock pg=7.1x10 22 kg/s* and
In order to use Eq4) we need to knowE,—E;. Taking  p,/p,=1.3.
into account the high value of the coupling constintve These values of the ratim, /p;=1.6 and 1.3 indicate that

neglect the thermal energy and assume that the internal ethe shock is very weak and consequently is very close to an
ergy is equal to the potential energy. For the Yukawa interacoustic wavd5]. It is interesting to note that the number
action potential usingic1/a* we have density varied significantly as well, with a ratig,/n;=1.4
and 1.2, respectively. Because the Yukawa interparticle po-
tential is a soft-sphere interaction, the solid can be com-
_ 6Q% [exd—(a/\p)Vni/ny]  exp(—a/\p) pressed easily.
~ Amregm ayn,/n, B a ' One m_ight expect that if the disturbance crgated by the
(5) supersonic particle were greater, the shock might be com-
mensurately stronger. In this experiment the disturbance was
created by the fast particles moving on a plane below the
whereQ is the particle charges, is the dielectric constant, lattice, and this disturbance apparently was only strong
and a is the particle separation of the lattice in an undis-enough to create a weak shock.

E,—Ey
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FIG. 14. Voronoi maps with 8.9sm particles in krypton 100-W
discharge. The two frames are separated in time by 0.26 s. In this
case the Mach cone did not generate any defects, indicating that all
the deformations were elastic. Fivefold defects are marked by tri-
angles &), sevenfold are marked by squard®)( and the other are
marked by asteriské®).

FIG. 13. Voronoi maps with 8.9«m particles in argon 100-W Ilnear or I_ow-amp_lltude regime. Herg we discuss the disper-
sion relation applicable to our experiment.

discharge. Two frames are shown, separated in time by 0.24 s. The ", . . . .
Like other solids, a complex plasma in a crystalline

verteX, which is indicated by four arrows at the edges, moved from

left to right. A narrow stripe of defects, generated in the track of theStrongly coupled state can sustain both compressional and

supersonic particle, indicates plastic deformation. Elsewhere no des_hear Wav_es. Peet_ers and \/EBB]_ Cal_culated the phonon
fects were generated, indicating that that deformation was elastiSP€ctrum, i.e., the dispersion relation in the absence of damp-
Fivefold defects are marked by trianglek ), sevenfold are marked 1N, for a 2D triangular lattice of particles interacting through
by squares M), and the other are marked by asteri¢ks. the Yukawa potential. For long wavelengths, both the com-
pressional and shear modes have a linear relationship be-

Now we consider the issue of whether the shocks we prot—Ween the frequency and wave numberck, and they are

duced are elastic or plastic. The distinction depends Oﬁherefore pharactenzed by an acoustic speed. .

whether the disturbance generates defects. Voronoi maps of In the field of complex plasmas, the compressional wave
the crystal lattice are shown before and after the cone h 3 termed a dus.t lattice wavbLW) yvhen a/Ap>1. Be-
passed by in Figs. 18 and 13b) and Fig. 14a) and 14b) cause our experiment was characterized by<bBMp<2.7,

for the same experimental runs as in Figs. 4 and 5, respe{:jt-_faIIS i_n thislr?_gim_e. :—kc)jmantﬁt alﬁ[Z?] dir(;ved t_he DbL\tN th
tively. The location of the vertex of the cone is shown by ISpersion refation Inciuding the eflects of damping, but oth-

arrows in each panel of these figures. In the first dase erwise with the same physics assumptions as Peeters and

100 W, 8.9um particles, there is a stripe of defects that Wu.. Homannet al. also verified the dispersion relation ex-
was generated in the track of the supersonic particle, Wh”gerlmlentlally. h ional , . d
the remainder of the lattice was untouched. In the secong Calcu at!ng t € compressional wave's acoustic spee
case(Kr, 100 W, 8.9um particles, the disturbance gener- from the_ dls_perS|on_ relat|o_{129]_, if one mclu_des only the
ated no defects at all. Thus we conclude that the shock Wav(%rslt.erpamcle interactions with six nearest neighbors one ob-
propagating outward from the supersonic particle were elas2!Ns

tic shocks, in the case of our experiment. . (A(1+a/)\D)+ B(a/\p)?2| 12

: (6)

megamexpa/ip)
VIIl. COMPLEX PLASMA DIAGNOSTICS
where A=1/2, B=1/4 for a linear chain and\=15/32, B
=9/32 for a 2D triangular lattice. For small valuesaf
The term “dispersion relation™ refers to the relationship this expression should be corrected to include more distant
between a wave’s frequeney and wave numbek in the interparticle interactions. When these corrections are made,

A. Sound speed
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FIG. 15. Mach number (1/sim) vs supersonic particle velocity FIG. 16. Mach number (1/sim) vs supersonic particle velocity

for 8.9-um particles determined for the firl) and secondb) cone  for 4.8-um particles determined for the fir&) and secondb) cone

at different discharge conditions. The straight lines correspond tat different discharge conditions. The straight lines correspond to

average acoustic velocities for all events on the plot 20 m@)/s average acoustic velocities for all events on the plot 20 n@y/s

and 15 mm/s(b). The acoustic velocity is the same for different and 15 mm/s(b). The acoustic velocity is the same for different

discharge conditions. discharge conditions. It is also independent of the particle size
(compare to Fig. 16

the expression retains the same scaling with the charge and
massQ/+/m as in Eq.(6). In all cases, the acoustic speed isthe disturbance created by the supersonic object, might need
independent of the direction of wave propagation, just as ito be taken into account.
would be in an isotropic elastic medium3]. Finally, we should also note an empirical result that says
While the expressions above are based on the dispersi@omething about the conditions of the complex plasma. In all
relation for a low-amplitude linear wave, we should also dis-the discharges we tested, the acoustic speed was the same,
cuss nonlinear effects. The acoustic velo¢ig. (6)] has a and it was independent of the particle size. This result can be
weak dependence on particle separation. If the particle nunseen in Figs. 1) and 1&a). These show 1/sip for the first
ber density drops from; to n,, then the particle separation cone, which we interpret a¢/c, as a function of the super-
increases by a factafn, /n,. The resulting acoustic velocity sonic particle velocityV. These data for all the discharge
will decrease. In a shock wave, one would expect the comeonditions lie on the same straight line, indicating that all the
pression and rarefaction of the number density to be largdischarge conditions have the same acoustic speed, within
enough to lead to nonlinear effects such as this. To see hothe error bars. Moreover, the acoustic speed for the second
this applies to our experiment, let us compare the conditionsone is also the same regardless of the plasma conditions.
in the most compressed and the most rarefied regions of thEhe speed for the second cone was 25% slower than for the
lattice. The acoustic velocity varies by 16% in argon, and byfirst.
10% in krypton in these two extremes, as calculated for the The only exception to our result that the acoustic speed is
density change from maximum to minimum in Figs.(@1 independent of discharge conditions was the crystal of
and 1Z7a). 4.8-um particles in argon at 50 W. While not shown in Figs.
While we presently have no quantitative model to predictl5 and 16, these results are listed as experimental condition
the angle of the second cone, the parameters described aba in Table V. The acoustic speed for the first cdifégs.
suggest that nonlinear effects, depending on the amplitude df5(b), 16(b)] was somewhat lower for this case, while the
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particle separation was almost twice as high as in the other The charge can be measured directly by laser-induced
cases. The second cone could not be positively identified fophotodetachment in combination with a measurement of

this condition. electron density using microwave44]. It can also be mea-
sured indirectly in several ways, including the observation of
B. Dissipation colliding particle trajectorie$17,18].

_ Another indirect method of measuring the charge, which
The waves constituting the Mach cones decay at Somg,. \seq for two discharge conditions in this paper, is the

distance from the vertex. One of the reasons is the gas dr%rtical resonance methd@4,45. In the original method

that slows down the oscillating particles and dissipates thf24,4fﬂ the particles, while levitated in the sheath, are shaken

wave energy. Th|§ drag applies a forl§e= Muvg, yvhereM by a low-frequency sinusoidal voltage applied as a modula-
andv are the particle mass and velocity, respectively, apd
. . . on to the rf voltage on the lower electrode. The resonance
is the damping rate. The corresponding length scale, for th . .

requency was determined and the particle charge calculated

wave energy to diminish by a factorel/is |=c/vy. : h . ¢ . d the Poi , .
The damping rate for a sphere moving through a rarefied>'"9 the equation of motion, and the Poisson's equation,

gas can be computed using the Epstein drag expressioﬁ’ésuming that the sheath potential changes quadratically.

[41,42 as Two limitations of this method are the assumption of a qua-
dratic potential and the need for a value for the electron and
\/§ 6P Mg ion densities at a location inside the sheath where it is im-
vg=\ -V , practical to insert the probe. One can measure the ion density
Wpdrd kBTg

at a location upstream from the sheath and then reduce this
) _ value by an arbitrary coefficient to estimate the density at the
where § is a numerical factor equal to 1.39 for the case Ofparticle height. A second arbitrary coefficient, the ratio of the
diffuse reflection41], P is the gas pressure, amnd andrq  ion and electron densities, is also needed since these densi-
are the mass density and radius of the particles, respectivelyjes are not equal inside a sheath. In a variation on this
kg is the Boltzmann constanMg and T, are the gas mo-  method, one uses a measurement of the height of the par-
lecular mass and temperature, respectively. . ticles rather than the ion density, thereby improving the ac-
The gas drag damping rate is listed for our experimentagyracy of the input paramete46]. Even so, one still has the
conditions in Tables Il, Ill. It increases for heavier gas andjimitation of assuming a quadratic sheath potential.
for smaller particles. In the case of the highest damping rate | this paper, our primary measurement was the method
(Xe, 4.8.um particles the damping length is=c/v4=4  of Ref.[4]. Using the angle of a Mach cone in E@) yields
mm. The wave damping length is the distance from the conghe acoustic speed. Inserting this in a theoretical expression
axis to the wave where its amplitude decreases by a factor @by the acoustic speed, which depends on charge, then yields
e (natural logarithm exponehtFigure 7 shows that the wave 3 yalue forQ. For the theoretical expression we previously
propagates to at least that distance. This suggests that in tg] ysed Eq(6), which includes only the particle interactions
case of 4.8um particles gas drag is the limiting factor of the with the six nearest neighbors. Here we improve on this by
cone length. In the case of 89m particles the observed including second-nearest-neighbor interactions. The Debye
cone length is smaller, despite a lower damping rate. Thangth is a required input for this measurement, and this has
latter result suggests that an additional mechanism is at Wolxe |imitation that we are only able to measirg upstream
in limiting the length of the cones. of the particle layer. Fortunately, it turns out that the particle
Another mechanism is dispersion. The supersonic disturcharge is relatively insensitive to the uncertaintyaif\p,
bance launches a broad spectrum of Fourier componentgy the range of parameters in our experiment. The values we
with different wave numbers. In the absence of damping, th@ omputed for the charge are presented in Tables IV and V.
wave energy propagates at the same acoustic speed for gy comparison, we used the vertical resonance as an alter-
long wavelengths, but not for short wavelengths. These shoHate method. For 8.9:m particles in krypton of 50- and
wavelengths will therefore gradually reduce the sharpness ofpo-w discharge, the vertical resonance frequency was 52
a cone’s wings, as the wave energy propagates outward. Hz which corresponds to a charge of 38000 and 33000
Nonuniformities in the medium might also limit the size g|ectron charges, respectively. This is roughly twice the
of the cone. For example, nonuniformities in the particlecharge calculated from the measured Mach angle.
number density will lead to a nor_1unif_orm acoustic speed. The particle charge is approximately the same for all dis-
Another possibility is nonuniformities in the plasma back- charge conditions. It depends most sensitively on the particle
ground, which can lead to a particle charge that varies spasjze. The latter result is expected in charging modéig,

tially. There may be still other effects that we have not anyyhich predict that the particle’s charge is proportional to its
ticipated that will dissipate the cone as it propagates. radius.

C. Charge IX. CONCLUSION

A particle immersed in a plasma acquires an electric Mach cones and shocks in a 2D Yukawa solid were stud-
charge by collecting ions and electrons from the gas phaséed experimentally using a strongly coupled complex plasma,
Here we will review methods of measuring charge used by.e., a dusty plasma. The Mach cones were produced sponta-
previous experimenters, and then a method based on theeously by charged supersonic particles moving below the
Mach angle, which is the primary method we used in thismain crystal layer. The cones were found to have a double
paper. structure. In the first cone particles moved forward and in the
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second they moved backward. The waves constituting the The charge of the particles in the crystal was calculated
cone were shocks, where the first and second cones wefem the measurements of the Mach angle. This is a useful
analogous to the so-called loading and unloading waves iwol for complex plasma diagnostics.
shocks in solids. Our imaging methods yielded measure- The damping of the wave was explained by the gas drag
ments of the positions of individual particles. We devisedfor the smaller particles that we used. But there was an indi-
methods of presenting the results as if the particles were gation that other damping mechanisms were at work for big-
continuum, with a smooth number density and particleger particles.
speed. After the experiments in this paper were performed, an-
We tested the Mach angle relation, Hd), and verified  other series of experimenfd8] was carried out, producing
that it is accurate, at least over the limited range of MaCh\Aach cones using a moving laser spot. The laser app“ed an
numbers accessible in our experiment. The acoustic velocityptical pressure to the particles, and the spot was moved at a
calculated for the second cone was 25% smaller than that fajypersonic speed. This method allowed the experimenters to
the first. The latter result might depend on nonlinear effectsgontrol the supersonic speed, rather than using Mach cones
i.e., upon the amplitude of disturbance created by the supeproduced spontaneously by uncontrolled particles as in our
sonic object. experiment. The Mach cones created by the laser were gen-
Applying the Hugoniot relations to our results yielded aerally similar to those excited by our charged particles, al-
measure of the pressure increase behind the shock. This pregpugh there are some distinguishing features, as explained
sure increased by a factor of 1.3—1.6 so that the shock wag detail in Ref.[48].
classified as weak and thus close to an acoustic wave. The
corresponding jump in the number density was a factor of

1.2—-1.4. The shock was judgeq to be elastic becauseT no de- ACKNOWLEDGMENTS
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