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Dynamic Mach cone as a diagnostic method in reactive dusty plasma experiments

PHYSICAL REVIEW E, VOLUME 65, 04540&R)

0. Havnes* T. W. Hartquist A. Brattli,! G. M. W. Kroeser® and G. Morfilf
IDepartment of Physics, University of Tromsg, N-9037 Tromsg, Norway
2Department of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, United Kingdom
3Eindhoven University of Technology, NL-5600 MB Eindhoven, The Netherlands
4MPI fir extraterrestrische Physik, D-85740 Garching, Germany
(Received 16 April 2001; published 11 April 2002

We demonstrate how the observation of dynamic Mach cones in dusty plasma experiments allows one to
follow the evolution of the dust acoustic wave velocity as charges on dust particles change, or as their mass
changes. In experiments in which only the charge is changing due to, e.g., the application of a thin coating on
UV-illuminated dust particles, the coating rate may be inferred through the analysis of the Mach cone pattern.
In other experiments where the dust sizes are changing, also leading to some change in charge, the growth rate
can be followed.
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Havneset al.[1,2] first suggested that Mach cones shouldHere w is the wave frequency ankl is the wave number
be observable in dusty plasmas and serve as valuable diagrile ngg, njg, andnyy are the electron, ion, and dust num-
nostics since they can be directly observed through remotbeer densities in the absence of a wave. The electron and ion
sensing and they do not significantly affect the dusty plasm&emperatures ar€, and T;, my is the dust mass, and, is
conditions. The Mach cones in dusty plasmas have sincthe dust charge number. Boltzmann's constankgs The
been observed in several experimef8s5|, have received magnitude of the phase velocity(k) of the DAW is low; it
further theoretical attentiofi6,7], and are now studied in can be as low as a few cm/s or less in experiments, and down
many ongoing and planned experiments both on the grountb a few m/s or less in planetary rings. The disturbing body
and in space. The Mach cones, which occur if a localizectreating the Mach cone, which could be a dust particle in
body moves through a dusty plasma at a speed larger thasxperimentd3,4| or a boulder in planetary ringsl], must
the dust acoustic wau®AW) [8—11] speed, are of a nature move at a speeds> w/k for a Mach cone to be created. One
similar to those of cones occurring at supersonic speeds iigsue for us to consider is whether the dust particles can
gases, liquids, or some cryst4l2,13). change their properties during the lifetime of an observed

Earlier investigations of Mach cone properties in dustyMach cone pattern, created during one particle passage
plasmas[1,2,6,7 have concentrated on cases in which thethrough the experiment, or whether changes occur on a
dust particles do not evolve. In the following we will con- longer time scale so that successive Mach cone patterns
sider cases of what we choose to call dynamic Mach coneshow the evolution.
(DMCs), where the evolution of the dust particle takes place. The time rate of the change of a dust particle’s mass in
This can happen in reactive dusty plasmas by the growth afeactive environments in which a specific gas, of number
the particle sizes, which in turn will lead to a change in thedensityn,, temperatureTs, and massng, accretes on to
charge. We also consider cases in which the charge changefyst is given by
e.g., during a coating process. Systematic changes in the ion-

izing radiation or plasma conditions can also influence the d_md: 2 2
) Il gNgMgv g, (2
Mach cone pattern. All these processes will lead the Mach dt
cone pattern to deviate from a straight V-shaped pattern, h
which results for constant dust properties. where
vg=(8kgTs/mmg) 2. ©)
THE DAW AND TIME SCALES FOR DUST CHARGE
CHANGES AND SIZE CHANGES The time scale for the mass changetjg=my/(dmy/dt)
given by
The DAW [8-11,14 can be subject to both Landau 4 pyryg
damping and to charge fluctuation dampii®,11. We ne- tacc=§ o (4
g'g¥g

glect these processes, they are generally not important in the

dusty plasmas e will consider, and consider long-Thg timet,..to obtain a coating of 1 ML of particles, if each

persive. The dispersion relation then becorf&40] given by
Nao| Y2/ kT, | Y2 NeoT; | V2 4
w=kZ4yl —| |— I+ == . O foo— _ ®)
Mio Mq NioTe coat O coallcoal coat
We consider parameter values typical for dust experiments of
*Electronic address: Ove.Havnes@phys.uit.no temperaturesT;~1000 K, mg~mc,,~30my (leading to
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= — - - _10-6 o
Ug=Ucoar= 840 M/s), pg=3000 kg/n¥, ry~1 um=10"°m, o
and oga= 107 m?. We find for these values that R(x,t=0)= _X/UBad(t)dt' ©
(95 10193 (6 e taket=0 to be the time at which we observe, or obtain a
ace Ng picture of, the Mach cone. For both of the demonstration
cases that we study, we assume that changes in dust mass and
and charge do not significantly affefsee Eq(1)] ngg, Nig, Neo.
or the temperatures. This is equivalent to the dust charge
5x 10 density being small compared R, andn;,.
teoar™ Neoat S. () In case | we will consider dust that is illuminated by UV

radiation and on which a coating process changes the photo-

For laboratory conditions, the gas number density normallyelecmc properties resulting in alterations of the dust charge

ranges upwards from $0m~2 and coating materials can be also. The effect on the dust mass is taken to be negligible.

present at smaller or comparable number densities. Th\iézve will assume th.at the dust charge numizir changes
inearly as the coating proceeds and that

above time scales can, therefore, vary within very wide lim-
its but can easily be made comparable to the propagation Zy(t)=Zgo+ Z4t. (10)
time for a DAW across the volume of an experiment. For

today’s dust experiments this is of the order of a few secondblereZ, is the dust charge when we observe the Mach cone
but in some forthcoming larger experiments the time will beatt=0. The charge numbéty is the only quantity varying in

larger. Eqg. (1). Inserting Egs(1) and(10) in Eq. (9) we find

The charging time in rf-heated dust experiments is usually
very sh i “fos X 1 x

y short, sometimes as low as , S0 any charge R(x,t=0)=2~|1-= (11)
changes are most likely almost instantaneous if changes in ' M 2tqs)’
dust properties, plasma conditions, or charging illumination )
occur. where the charging time due to the coatingyis Zyo/Z4 and

With the low densities in planetary rings oh ~ M=uvg/ay(0).
=10°-10 m 3 the time scales for accretion and coating In case Il only the mass changes due to gas accretion. The
will be much longer than the travel time for a DAW before it change in mass will affect the DAW directly through the
is damped. We will, therefore, in the following only consider my Y2 term but this will partly be compensated for by an
the changes of the wave pattern of Mach cones in dust exncrease in dust charge as the radius increases. We consider
periments. charging by plasma collisions and attachment. The surface
potential of the dust is determined by the plasma temperature
and the ion masgl6,17] and is independent of the dust ra-
dius. From this and the expression for the surface potential of
a spherelJ =ql/4meyr 4, it follows that the change in charge

In a nondispersive Mach cone the wave pattern basicalljpumber with dust radius is
has a pure V shape except possibly near the disturbing body "
[3,4,15. If dispersion is important, this will not be $6], but Z4(t) = Zdo(_d) _ (12)
we will restrict attention to nondispersive cases. The I'do
V-shaped form results in the nondispersive regime becausI
all of the disturbances propagate with the same spegd
so that if a disturbing body is moving through the dusty

EFFECT ON THE MACH CONE PATTERN BY CHANGES
IN DUST MASS OR DUST CHARGE

%serting Eq.(12) and

ra(t))®
plasma with speedg, the V pattern will have an opening md(t)Zmd(t=0)(r—) (13
half-angley given by o
into Eqg. (1) we find that
. Qqo 1/2
siny= — (8 I'do
vs aqy(t)=ago| — < (14)
ra(t)

€.g.[1,3.4. C_hanges in the dust properties will influence theWith a constant density of accreting molecules, the dust ra-
DAW properties and thereby the Mach cone wave pattern%ius will change linearly with time as

Here we will consider two separate cases and show in eac
of them how the changes affect the Mach cone pattern.

If a body moves through a dusty plasma it will, at every Fa=Tao™
point, create a disturbance, which propagates as a circle and
contributes to a V-shaped pattern if the DAW speed is conso that witht,=r 4, /(dr4/dt) we have
stant. If the DAW speed varies, the circle generated at a point
x (see Fig. 1, at timet=— y/vg will expand and have a
radius at the timé=0 of

dry

at t (15

—1/2

a(t)=ago (16)

+ —
1 0
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This demonstrates the potential of the DMC method to dis-
criminate between different evolutionary effects on the dust.

Vg X EXTRACTION OF INFORMATION ON DUST CHANGES
\ FROM OBSERVATIONS OF DYNAMIC MACH

CONES

{x: Y

FIG. 1. The symbols used in calculating the Mach cone patterns \We assume that the observations allow a DMC pattern to
for cases | and Il in the text. The disturbance is caused by a bodie represented by a curyéx). We wish to extract the evo-
moving at a velocity—vgX, X= x is the position of the body attime |ytion of the DAW speedyy(t) from y(x).

t=—x/vg. v is the half opening angle of the Mach cori(yx,t From Fig. 1 we see that if we replagg,, yy With y, X,
=0) is the radius to which the surface of influence generated by the
body att=— y/vg has grown byt=0. The curve coinciding with X (x?+y?)1?
the Mach cone at=0 may be considered to be given either as a Cosy= (X2+y2)1’2: X ' (20
function ofx, y=yu(x), or as a function of;, x=xy(Yy).
) ) which gives
Inserting Eq.(16) in Eq. (9) we get 9
24,2
172 Xty
R(x,t=0)="2t, ago 1—(1— X } (17) X=— (22)
UBtr
A consideration of Fig. 1 allows us to relate the coordinatesFurthermore,
Xw andy,,, of a point on the Mach cone tg and R(x,t R y
=0), siny=—= . (22)
, TTx T YA
Xy=x—Rsin _X (18
M= X Y= x Inserting Eq.(21) in Eg. (22), we find

R
Yu=Rcosy==( ¥2—R2)12 (19 R= %( X2 +y?)*2, (23

We now use Egs(18) and (19) to plot the resulting DMC  From the relationship betwegnandt and from Eq.(21) we
patterns for the two cases governed by Ed4) and (17),  obtain
respectively. For case | we usd¢=2, vg=4cm/s, and, s
=1 and 2 s in Eq(11), which applies when only the charge = X _ X Ty (24)
changes. This correspondsdgy,=2 cm/s, which is close to Vg Xvg
the values found by Samsonet al. [3,4]. We use the same
parameter values for case Il. The resulting DMC patterns arand
shown in Fig. 2. For case I, in which the size increase domi-
nates, the DAWSs slow down with time and the Mach cone dt=— 1
pattern is concave. For a pure charge increase, as in case I, Up
the DAW speed increases and the pattern becomes convex.

Differentiation of Eq.(9) with respect ta, with R given by

x2—y2 2y/d
—y y(—y dx. (25)

X2 x \dx

y (cm) Eqg. (23), and then differentiation with respectxdy the use
2+ 11-2 of Eq. (25) allows the derivation of
-1 d
y
_\3 3 2y -
/// 12 o y >+ (x°+2xy )dx 8
1k ay =UB
= -1 2.2 d_y 2. 2102
X“—y*+2Xy (x“+y9)
dx
! ! 1 If we have a normal V-shaped Mach cone pattern where
0 1 o Z 3 y/x=tanvy, then Eq.(26) leads to the expected result of Eq.
X (cm

(8). Clearly from observations of a DMC pattern we can

FIG. 2. The shapes of Mach coneg,(x) is plotted for the  infer the change in the DAW velocityy(t) through the use
upper branch of each of the five Mach cones. The straight line is foPf Eds. (24) and (26). Knowing the variation of the DAW
the case when the dust does not evolve, leadingtdeing con-  Speed with time, we use E@l) to find the change in charge
stant. Results for cases | and Il are shown for the choicel of if coating occurs, or the change in mass if accretion of sig-
=2 andvg=4cms 1. The second parameter in the label for eachnificant amounts of material, similar in composition to that
curve indicates the assumed valuetofn seconds. of the original grains, occurs.
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DISCUSSION image processing will lead to much improved knowledge of

We have shown that the DMC diagnosis method has th he 3D position and motion of dust particles, which should

potential of providing essential information on reactive labo- ead 1o a better definition of the Mach cone.

ratory or industrial dusty plasmas in which the dust proper- Nonuniformity within a plasma chamber will certainly af-
ties change. fect the DMC profile, and the straightforward analysis pre-

Coating rates can now easily be made-dt nm/s, which sented here will, in such cases, not be valid throughout the
can change the charge of the particle profoundly on the tim&hamber. Locally it may be applied. In any case, observa-
scale of seconds. For industrial applications, deposition rateiions of deformed DMC should lead to valuable information
of up to~1 um/s have to be achieved. This will lead to very on the localization of and degree of nonuniformity and as
fast changes of dust properties, which the DMC method hasuch be useful in a search for optimal chamber conditions.
the potential to monitor. Methods such as mass spectrometry, We have not considered any size distribution of the dust
extraction and weighing, laser induced particle explosiveparticles. Brattli, Havnes, and MelandEt8] found that the
evaporation, particle oscillation monitoring are not suited topropagation velocity of the DAW could be represented by the
determine the mass of the dust particles because they agxpressions for a monosized dusty plasma if one uses aver-
invasive and disturb the plasma or destroy the particle. Foge values for the sizes. However, little work has been done
determination of the charge, very few methods exist. Most oPn DAW in dusty plasmas with a size distribution. Until a
them are indirect and require model assumptions. The onlfull theory for DAW is fully developed it may be difficult to
direct method photodetachmeptequires a method to deter- draw full benefit in all natural situations from the DMC
mine absolute values of the electron density, which for thenethod to deduce plasma and dust conditions. The higher
density range under discussion here almost always necessiegree of control available in the laboratory favors the appli-
tates specific discharge geometries. For time scales shorte@tion of the method to experiments.
than 1 s, no truly noninvasive and real time method for mea- We have considered cases in which changes in dust prop-
suring mass and charge is available. erties affect an instantaneously observed Mach cone struc-

If the DMC method can be implemented in dusty plasmagure. This means that the DAW propagation tipefor the
used for particle or surface processigjane plasmas used disturbing body and the time scale for dust changeare
for solar cells, plasma based coating of dust partjclkés ~ comparable. We can also consider cases in whicandt,
would open up a perspective for real time process controfre not comparable. Ifi >t, one observation of the Mach
and diagnosis of the processing of the particles. Even in theone will show a V-shaped pattern, but later observations
case of silane plasmas, where the particles are too small will show the Mach cone to have a changed opening amgle
visualize individually, the DMC method will work: the spa- use of Eq.(10) will give the time history ofay(t). If t_
tial particle density variations induced by the Mach cone can<t,, which may happen in some etching experiments,
be studied without being able to “see” each individual par-where the particle surface chemistry may change in millisec-
ticle, by using classical fluid dynamics diagnostic methodonds, the change in the DMC may show up as a kink in the
such as(Mach-Zehnder interferometry and Schlieren pho- pattern. If the kink can be resolved E¢24) and(26) can be
tography. In the present two-dimension@D) imaging of  used to determine the time history @f and related param-
position and velocity of dust particles affected by the DAW eters. If not, the change of angjeon each side of the kink
to form a Mach cong4-6], the images are not very sharp will give the change iney, and the resolution will set an
and well defined. We expect that progress in imaging andipper limit on the time for the change of dust properties.
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