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Rigid and differential plasma crystal rotation induced by magnetic fields

U. Konopka, D. Samsonov,* A. V. Ivlev,† J. Goree,* V. Steinberg,‡

and G. E. Morfill
Max-Planck-Institut fu¨r Extraterrestrische Physik, D-85740 Garching, Germany

~Received 14 June 1999!

Observations show that plasma crystals, suspended in the sheath of a radio-frequency discharge, rotate under
the influence of a vertical magnetic field. Depending on the discharge conditions, two different cases are
observed: a rigid-body rotation~all the particles move with a constant angular velocity! and sheared rotation
~the angular velocity of particles has a radial distribution!. When the discharge voltage is increased sufficiently,
the particles may even reverse their direction of motion. A simple analytical model is used to explain quali-
tatively the mechanism of the observed particle motion and its dependence on the confining potential and
discharge conditions. The model takes into account electrostatic, ion drag, neutral drag, and effective interpar-
ticle interaction forces. For the special case of rigid-body rotation, the confining potential is reconstructed.
Using data for the radial dependence of particle rotation velocity, the shear stresses are estimated. The critical
shear stress at which shear-induced melting occurs is used to roughly estimate the shear elastic modulus of the
plasma crystal. The latter is also used to estimate the viscosity contribution due to elasticity in the plasma
liquid. Further development is suggested in order to quantitatively implement these ideas.

PACS number~s!: 52.25.Zb
er
.
m

he
r

en
i

el
o
o
n
on
on
t
n
b

-
an
to
h
x
r
d

the
nce
at
eld

ud
low

d-
ura

ag-
e

s of
. We
ud

sma
na-
g
in-

ca-

sma
n the
ions

nics

tus.
nd

er-
.56
t is
ed
a

m
de.

T

A

em
I. INTRODUCTION

Micron-sized particles immersed in a plasma acquire
negative charge and may arrange themselves in ord
structures@1–6#, which behave like a gas, liquid, or solid
This phenomenon, the ‘‘plasma condensation,’’ can be e
ployed, e.g., in studying phase transitions@7–9# and low-
frequency wave propagation@10–12#. In a typical dusty
plasma experiment in a radio-frequency~rf! discharge, a thin
single-layer or multilayer cloud of particles is levitated in t
sheath at the lower electrode, where the electrostatic fo
due to the vertical electric field is strong enough to comp
sate for the weight of the particles. The particle cloud
shaped like a disk, suspended above the center of the
trode, and confined by a weak radial electric field. The c
lective processes in the particle cloud and its structural c
figuration are governed by interparticle coupling forces a
by the ‘‘external’’ forces acting on the cloud, such as the i
drag, neutral friction, and electrostatic force due to the c
fining electric field@13,14#. In turn, all these forces, excep
the neutral friction, are functions of the single-particle pote
tial. In general, the potential of each particle is assumed to
the screened Coulomb~Yukawa! potential, which is charac
terized by two parameters: the effective particle charge
the screening length. These parameters are assumed
averaged over the rf-induced high-frequency variations. T
usual methods to determine them are laser or electrical e
tation of different types of low-frequency waves in the pa
ticle cloud @11,15–17# and, as shown recently, controlle
collision of fast particles@18–20#. A new possible tool for
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the investigation of the forces acting on the particles is
study of the cloud in the presence of a magnetic field. Si
the cloud is located in a region with a high electric field th
has a radial component, adding a vertical magnetic fi
should result in an azimuthalE3B ion drift and therefore a
rotation of the cloud in the horizontal plane. Particle clo
rotation due to this mechanism was observed in a dc g
discharge by Uchidaet al. @21# and in a rf plasma by Law
et al. @22#. Deflection of a single-particle trajectory was stu
ied in an electron cyclotron resonance plasma by Nunom
et al. @23#.

In the present paper we study the effect of a vertical m
netic field on the particle cloud in the sheath of an rf H
plasma at various discharge conditions. All the parameter
the system are assumed to be the average of an rf period
show that the magnetic-field results in a rotation of the clo
and that the angular velocity strongly depends on the pla
conditions, even changing its sign. We propose a simple a
lytical model describing the particle cloud motion, takin
into account the electrostatic, ion drag, neutral drag, and
terparticle interaction forces. One of the possible appli
tions of plasma rotation, and oscillations induced byB, is to
measure elastic and viscoelastic properties of the pla
condensed states. Order-of-magnitude estimates based o
data presented in this paper are given, and further direct
in experiments are suggested.

II. EXPERIMENTAL SETUP

The experiments are performed in a gaseous electro
conference~GEC! rf reference cell@24# with a modified elec-
trode system. Figure 1 shows the inner part of the appara
The powered lower electrode, surrounded by a grou
shield, is capacitively coupled to an rf oscillator that gen
ates a sinusoidal output voltage at a fixed frequency of 13
MHz. To introduce a magnetic field, a permanent magne
installed under the lower electrode’s surface. A ring-shap
upper electrode with an outer diameter of 130 mm and
thickness of 5 mm is at ground potential. A 40-mm-dia
glass plate is installed in the central opening of the electro
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PRE 61 1891RIGID AND DIFFERENTIAL PLASMA CRYSTAL . . .
The electrode separation is 30 mm. A digital oscilloscope
used to measure the peak-to-peak voltage as well as
negative self-bias at the driven electrode. Helium gas a
pressurep50.223.0 mbar is used for the discharge. The g
is not made to flow constantly~to avoid disturbances in par
ticle motion during an experiment! but refilled at frequent
intervals to prevent contamination.

We use melamine-formaldehyde spherical particles wit
diameter of 8.960.1 mm. They are introduced into the dis
charge through a 1-mm hole in the glass plate in the up
electrode. Since the distribution of the sphere diameter
narrow, the levitation height is equal for all particles until
first layer is filled. Only monolayer clouds are studied he
A 2-mm-thick copper ring with a 40-mm inner diameter
placed on the lower electrode. The ring enhances the ra
component of the sheath electric field, which confines
particles in the center.

The particles are illuminated by a 30-mW He-Ne las
equipped with a cylindrical telescope to form a horizon
sheet of light of.140-mm thickness. The particles are im
aged from the top by an external high speed~maximum 160
frames/s! digital charge-coupled-device~CCD! video camera
with a 50-mm spatial resolution.

The cylindrical permanent magnet installed in the low
electrode produces a vertical magnetic field. The field lin
point downward, and the field strengthB514065% G,
measured by a Hall probe at the height of the suspen
particles. Note that the presence of the plasma does no
fluence the magnetic field, since the typical value of
plasma magnetic susceptibilityuxmu;neTe /B2;1027

~wherene andTe are the electron density and temperature! is
negligible.

The recorded video sequences are analyzed with a
gram that identifies individual particles and traces them fr
one frame to another. Having first determined the rotat
center, we then calculate the angular velocity of each part
from the measured azimuthal displacement between c
secutive frames and its distance from the rotation centerr.
To reduce the uncertainties in the calculated values~due to
pixel noise and limited camera resolution!, the data are
binned in radial 0.5-mm intervals and averaged in each
The uncertainties are then calculated as the standard d
tion divided by the square root of the number of particles
the bin.

The electron temperature and density are measured a
center of the discharge with a rf-compensated passive La
muir probe. The electron temperatureTe is found to be
within 2.7–3.7 eV in all experiments, while the electron de
sity ne ranges from 53108 cm23 to 53109 cm23.

FIG. 1. Sketch of the inner part of the experimental setup.
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III. EXPERIMENTAL RESULTS

Figure 2 shows a velocity map of a particle cloud rotati
in the presence of the magnetic field. Individual partic
move on almost circular trajectories. For low values of t
discharge peak-to-peak rf voltageUPP, the cloud is shaped
like a disk with a small void in the center@Fig. 2~a!#, whereas
at high rf voltage the void diameter increases significan
and the cloud takes the form of a ring@Fig. 2~b!#. In all our
experiments the particles form a monolayer.

The radial dependence of the particle angular velocityV
is shown in Fig. 3 for three different rf voltages at varyin
gas pressurep. We keep the particle numberN constant for
each voltage. Figure 3~a! corresponds to the lower rf voltage
In this case the cloud rotates as a whole, practically with
any shear motion. The angular velocity curves do not h
significant radial dependence over the investigated gas p
sure range. As the pressure increases~from curve 1 to 5! the
rotation slows down. At higher rf voltage@Fig. 3~b!# the
curves exhibit a strong radial dependence. As we increase
pressure~from curve 1 to 8! the angular velocity decrease
and particles start rotating in the opposite direction. At ev
higher rf voltage@Fig. 3~c!# the angular velocity strongly
changes between the center and the periphery.

Pair correlation functionsg(r ) of the particles are shown

FIG. 2. Typical configuration of the particle cloud rotating in th
magnetic field. The vectors indicate the particle displacement in
consecutive frames. The plots are made for two parameter sets~the
discharge peak-to-peak rf voltageUPP, the gas pressurep, the par-
ticle number N, and the frame rate!: ~a! UPP547 V, p
50.40 mbar, N5250610%, 8 frames/s; ~b! UPP582 V, p
50.30 mbar,N5450610%, 6 frames/s.
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1892 PRE 61U. KONOPKA et al.
in Figs. 4~a! and 4~b!, corresponding to those in Figs. 3~a!
and 3~c!, respectively. The shape ofg(r ) does not vary sig-
nificantly with pressure for the same discharge voltage.
see that for small voltages@Fig. 4~a!# the phase state of th
particles is more ordered and nearly crystalline, but as
voltage increases@Fig. 4~b!# it becomes liquidlike with only
one peak in the correlation function. This last case co
sponds to a strong shear due to differential rotation.

It was investigated whether the rotation depends on
size of the clouds for constant discharge conditions. Figu
shows the radial dependence of the angular velocity for
ferent particle numbers in the cloud. It is obvious that, ev

FIG. 3. Angular velocityV of the particles moving in the mag
netic field vs distancer from the center of rotation. Positive value
of the angular velocity correspond to counterclockwise rotati
Each figure shows a set of the curves taken at a fixed rf voltageUPP

and particle numberN. Different curves correspond to different ga
pressuresp: ~a! UPP547 V, N5250610%, andp50.31 mbar~1!,
0.50 mbar~2!, 0.60 mbar~3!, 0.70 mbar~4!, 0.80 mbar~5!; ~b!
UPP582 V, N5850610%, andp50.25 mbar~1!, 0.31 mbar~2!,
0.49 mbar~3!, 0.69 mbar~4!, 0.80 mbar~5!, 0.90 mbar~6!, 1.08
mbar ~7!, 1.20 mbar~8!; ~c! UPP593 V, N5700610%, andp
50.41 mbar~1!, 0.61 mbar~2!, 0.71 mbar~3!, 0.90 mbar~4!, 1.01
mbar ~5!.
e

e

-

e
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though the size of the cloud increases significantly with
particle number~as shown on the inset!, the angular velocity
varies very little.

Another interesting observation illustrating a qualitati
change in the confining potential~as discussed later! is
shown in Fig. 6. Initially, particles form a large slowly rota
ing ring @Fig. 6~a!#. The rf voltage was increased sudden
causing the particles to spiral toward the center@Fig. 6~b!#
and the cloud to contract, forming a stable disk@Fig. 6~c!#.
When the rf voltage is decreased, particles spiral outwa
and the initial configuration is restored@Fig. 6~a!#. Both
changes happen on a time scale of a few seconds.

IV. DISCUSSION

The experiments show that in the presence of a magn
field the particle cloud is often shaped like a ring, in contr

.

FIG. 4. The pair correlation functionsg(r ) of the particle
clouds.~a! and~b! correspond to the profiles of the angular veloc
in Figs. 3~a! and 3~c!, respectively.

FIG. 5. Angular velocityV of the particles moving in the mag
netic field vs distancer from the center of rotation. The curves a
for 47-V rf peak-to-peak voltage and 0.5-mbar gas pressure. Dif
ent curves correspond to different particle numbers ranging from
to 620 particles in the cloud. The inset shows how the outer rad
rout of the cloud depends on the particle numberN ~the variance of
the inner radiusr in is negligible!.
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PRE 61 1893RIGID AND DIFFERENTIAL PLASMA CRYSTAL . . .
to the case without the magnetic field at the same gas p
sure and discharge voltage. In similar experiments wit
magnetic coil ~Ar discharge, p.0.5 mbar,B.150 G) it
was observed by Lawet al. @22# that after the magnetic field
was switched on, the particles were swept away from
center and a void of.526 mm diameter was formed. Ap
parently, the magnetic field modifies the radial profile of t
confining potentialFC(r)52*EC(r)dr ~whereEC is the
weak confining electric field that results from both the ri
shape of the confining electrode and ionization and mag

FIG. 6. Three consecutive graphs showing the~a! initial, ~b!
intermediate, and~c! final stages of particle contraction to the cen
after suddenly increasing the rf peak-to-peak voltage on the e
trodes from 100 V to 200 V, at 3-mbar gas pressure. The vec
indicate the particle displacement in 20 consecutive frames,
frame rate is~a! 20 frames/s and~b!,~c! 30 frames/s. The contrac
tion happens on the time scale of a few seconds. Decreasing t
voltage restores the initial configuration~a!.
s-
a

e

e-

tization conditions of the plasma!, and the maximum of the
particle potential energy occurs in the center, as shown
Fig. 7. This effect is presumably due to the magnetization
the electrons: Forp.1 mbar and at our magnetic-fiel
strength, the ratio of the electron gyrofrequency to the f
quency of the electron-neutral collisions exceeds un
vBe /nen.2; for the ions, the ratiovBi /n in is about 1022.
Note also that numerical simulations of the electric poten
in the discharge chamber using a two-dimensional fluid c
from Boeuf and Pitchford@25# show that a small maximum
of 2FC in the center can also arise in the absence of
magnetic field due to the perturbation caused by the g
plate in the upper electrode. However, for most of the d
charge conditions used here the value of the radial elec
field predicted by the simulation is insufficient to produce t
void in the center of the cloud. The simulation also sho
that starting from some critical radiusr.rcr ~see Fig. 7! the
radial electric field increases significantly. This is due to t
sheath perturbation caused by the ring. Correspondingly,
profile of the confining potentialFC(r) becomes steep at th
outer boundary. This effect is more significant at higher pr
sures.

We attribute the rotation of the cloud to the azimuth
component of the ion drag forceF ID

f acting on the particles
@23#. This component appears because of the azimuthal
of the ions in crossed radial electric and vertical magne
fields EC3B. The sign ofF ID

f is determined by the sign o
the confining fieldEC . The shape of the potentialFC(r)
strongly depends on the pressure and rf voltage, as expla
above. For small values ofUPP the whole cloud rotates in a
counterclockwise direction@Fig. 3~a!#. Thus, EC must be
positive ~pointing radially outward! in the region occupied
by the particles, except for maybe a small central part. T
qualitative shape of the potentialFC in this case correspond
to curve 1 in Fig. 7. For the intermediateUPP, the inner part
of the cloud starts rotating in the opposite direction with
increase of pressure, which suggests that the profile of
potential resembles curve 2@Fig. 3~b!#. At high UPP the
cloud rotates in a clockwise direction@Fig. 3~c!#. Therefore,
EC should be negative~radially pointing inward! nearly in
the whole cloud, so that the shape of the potential sho
correspond to curve 3. In this case only a small numbe
particles at the outer boundary of the cloud (r.rcr) should
continue to rotate in a counterclockwise direction. Howev
since the vertical electric fieldES at r.rcr considerably ex-
ceeds that in the central part of the cloud, these partic

c-
rs
e

rf

FIG. 7. Sketch of the qualitative change of the radial profile
the particle potential energy in a rf plasma with a vertical magne
field. The curves~dashed lines! correspond to~1! low, ~2! medium,
and~3! high values of rf peak-to-peak voltage;r50 is the center of
the electrode. The solid line shows the potential well in the abse
of a magnetic field.
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1894 PRE 61U. KONOPKA et al.
might well levitate above the laser sheet and become in
ible.

Let us introduce cylindrical coordinates$r, f, z%, where
the z axis is coincident with the vertical axis of symmet
and its origin is the electrode surface. In the vertical direct
the equilibrium heightzeq of a particle is determined by th
balance of the gravity forceMg, electrostatic force due to
the sheath fieldeZES(zeq), and the vertical projection of the
ion drag forceF ID

z (zeq). The particle mass in our exper
ments isM.5.5310210 g, so that the value of the electri
field ES at the equilibrium height can be estimated as
V/cm or more. Depending on the discharge conditions,zeq
varies from.4.5 mm to.7 mm. The steady circular mo
tion of the particles in the horizontal plane is determined
the balance of the radial electrostatic force due to the c
fining electric fieldEC , the radial and azimuthal componen
of the ion drag forceFID , the azimuthal friction force due to
neutral-dust collisionsFND

f , and the force due to the cou
pling with the neighbor particlesFNP ~the latter has both the
radial and azimuthal components averaged over fluctuat
and differs from zero in spatially nonuniform system, e.
due to stresses!. The resulting equation of motion for th
particle is of the form

2MV2rnr52eZECnr1FID
' 1FND

f nf1FNP, ~1!

where V is the rotation angular velocity,FID
' 5F ID

r nr

1F ID
f nf , FNP5FNP

r nr1FNP
f nf , andnr andnf are the unit

vectors in the radial and azimuthal directions, respective
Using the equilibrium condition in the vertical direction

we obtain that the centrifugal force in Eq.~1! can be ne-
glected when the following inequality is satisfied:

V2r

g
!

EC

ES
.

The maximum value of the angular velocity in our expe
ments is about 531022 s21, and the cloud radiusr
;1 cm, so that the ratio of the centrifugal to the grav
acceleration does not exceed 1026. It follows from the re-
sults below that the ratioEC /ES is about 102221023. Thus,
we can neglect the left-hand side of Eq.~1!.

The neutral friction force~under the assumption of com
plete accommodation of the scattered He atoms! is given by
expression@26#

FND
f 52 4

3 dmnnnvTn
pa2Vr, ~2!

wherea is the particle radius,mn is the mass of He atom
vTn

5A8Tn /pmn is the thermal velocity of the atoms,nn is

the gas atom number density, andd;1 is a coefficient de-
pending on the type of the atom scattering.

The ion drag force is determined by the ion drift veloc
u of ions in the fieldsES , EC , andB. For the pressure rang
p;0.121 mbar the mean-free path of He1 ions l i;1021

21022 cm is of the order of or less than the vertical spat
scale of the sheath, and is much smaller than the radial s
of the confining potential in the regionr,rcr ~see Fig. 7!.
Consequently, for estimations atr,rcr the local relation be-
s-

n

0

y
n-

ns
,

.

l
ale

tween the velocity and the fields is valid. Using an empiric
expression for the mobility of He1 ions from Ref.@27#, we
get for the ion drift velocity

u5
~m0 /p!@E1~u/c!3B#

A11~a0 /p!uE1~u/c!3Bu
, ~3!

where the vectorsE andB are

E5ECnr2ESnz , B52Bnz

~the vector of the sheath electric field points down,ES
.0), the ion mobility ~at p51 mbar) m0.12.2
3103 mbar cm2/V s, the coefficient a0.5.3
31022 mbar cm/V, and the pressurep is given in mbar
units. Taking into account thatm0B/c[vBi /n in!1 and uE
1(u/c)3Bu.ES , we obtain from Eq.~3!

ur5
~m0 /p!EC

A11~a0 /p!ES

,

uf5
1

c

~m0 /p!2BEC

@11~a0 /p!ES#
, ~4!

uz52
~m0 /p!ES

A11~a0 /p!ES

.

Note thatuuzu@uuru@uufu. The ion drag forceFID is a sum
of two components—the collection and the orbit forces c
responding to the nonelastic and elastic collisions, resp
tively. Using expressions for both components derived
Ref. @13#, we have

FID5miniuSpa2~11gD1g2D2G!u, ~5!

wheremi5mn is the mass of He1 ion, vTi
5A8Ti /pmi is

the thermal velocity of the ions,ni is the ion density,g
5e2Z/aTe is a numerical factor depending onuz and the
ratio of the electron to ion temperatureTe /Ti ~for our con-
ditions, g.223), G is the Coulomb logarithm for the ion
dust elastic collisions integrated over the interval from t
ion collection impact parameterbc5aA11gD to the elec-
tron Debye lengthlDe ,

G5
1

2
lnS ~lDe /a!21g2D2

11gD1g2D2 D .

If bc exceedslDe , then the orbit force equals zero. Th
mean ion velocityuS and the parameterD are

uS.AvTi

2 1uz
2, D5

p

4

Te

Ti

vTi

2

uS
2

. ~6!

Thus, Eq.~1! together with the expressions for the neut
friction force ~2! and the ion drag force~5! describe the
stationary circular motion of the particles in the cloud. Let
consider separately the forces acting in the radial and
muthal directions.
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PRE 61 1895RIGID AND DIFFERENTIAL PLASMA CRYSTAL . . .
In the radial direction the electrostatic force due to t
confining electric fieldEC is balanced by the radial compo
nent of the ion drag forceF ID

r ~which is proportional toEC

and pointing opposite to the electrostatic force! and by the
force due to the coupling with the neighbor particlesFNP

r

eZEC5F ID
r 1FNP

r .

When uF ID
r /ECu,eZ, the particles are located at the botto

of the potential well, where their potential energy is minim
~see Fig. 7!. In the opposite case, when the ion drag for
exceeds the electrostatic force, the particles should ei
contract in the central region or spread outward, depend
on the shape of the potentialFC(r). Using Eqs.~4! and ~5!
we obtain the condition when the ion drag exceeds the e
trostatic force

miniuSpa2
m0

eZp

~11gD1g2D2G!

A11~a0 /p!ES

.1. ~7!

For conditions typical for our experiments (p
.0.5 mbar,ni;109 cm23, Te /Ti;102, ES;30 V/cm) the
left-hand side of Eq.~7! is of the order of a few tenths. Thus
the particles should be located at the bottom of the poten
well, which is consistent with the results of the observatio
Using Eq.~6! for uS and D and substituting in Eq.~5!, we
obtain the following dependence of the ion drag force on
pressure:F ID

r (p)}q(p)p2 for p&a0ES.122 mbar and
F ID

r (p)}q(p) for p*a0ES , whereq5ni /nn is the ioniza-
tion fraction. The probe measurement data show that, for
conditions of our experiments,q(p) decreases slightly with
p. Therefore, raising the pressure up to a few mbar and
creasing the rf voltage~and therefore the ion density! we can
force the particles to contract to the center~see Fig. 6!, be-
cause at highp and highUPP the profile of the potentialFC
should have the form of curve 3 in Fig. 7.

In the azimuthal direction, the corresponding compon
of the ion drag force is balanced by the neutral drag and
interparticle interaction forces

F ID
f 1FND

f 1FNP
f 50.

In the case of a uniform particle distribution,FNP
f is averaged

out to zero. Then the stationary rotation is determined by
balance of the total torques of the ion drag forces and
neutral friction forces. Thus, in the case of the uniform p
ticle density, we obtain

E
r in

rout
~F ID

f 1FND
f !r2dr50, ~8!

wherer in androut are the radii of the inner and outer boun
aries of the cloud.

In some special cases the integral equation~8! can be
reduced to the balance of the external forcesF ID

f andFND
f .

For instance, it follows from Fig. 5 that for the used d
charge conditions (UPP.47 V, p.0.5 mbar) we have rigid-
body cloud rotation,V(r).const. We see also thatV is
practically independent of the particle numberN in the
cloud, and therefore ofr in androut. Actually, only the outer
radiusrout increases withN, because for the lower rf voltag
l

er
g

c-

al
.
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the potential well has the form of curve 1 in Fig. 7. Cons
quently, the integrand in Eq.~8! is close to zero for anyr,

F ID
f 1FND

f .0. ~9!

Thus, for the discharge conditions corresponding to Fig
the interparticle interaction forceFNP

f is negligible.
Substituting the expressions forFND

f and F ID
f from Eqs.

~2! and ~5! in Eq. ~9! and using Eq.~4! we have

m0
2BEC

cVr
.

4

3
d

vTi

uS

p2

q S 11~a0 /p!ES

11gD1g2D2G
D . ~10!

Equation~10! is the relation between the profile of the effe
tive confining electric fieldEC(r) and the angular velocity
V of the rigid-body rotation whenFNP

f is negligible. The
right-hand side of the relation is independent of the radiur
~we assume that the vertical electric field of the sheathES is
a constant!. Therefore, within the accuracy of the experime
the confining electric field is directly proportional tor ~for
r*r in), i.e., the shape of the confining potential is close t
parabola,2FC}r2. For Fig. 5,r in.1.5 mm and the value
of the electric field at q;1027 is estimated asEC
;0.3r@cm# V/cm. Thus, for a cloud with a size of;1 cm
the ratio of the radial confining electric field to the vertic
sheath field is of the order of 102221023. It follows also
from Fig. 5 that the increase of the particle number in t
cloud practically does not change the profile of the confin
potential as well as the profile of the vertical electric fie
ES(z) ~the equilibrium heightzeq does not depend onN ei-
ther!.

From our experimental data we can conclude that atUPP
547 V @see Fig. 3~a!# the confining potential remains clos
to parabolic up top.0.8 mbar, so thatV(r).const. There-
fore, we can use Eqs.~6! and ~10! to obtain the dependenc
of EC on the pressure~for p&0.8 mbar,a0ES): EC /r
}V(p)/Apq(p). Since V decreases withp and q(p)
.const, the confining electric field also decreases with
pressure.

Thus, the parabolic confining potential always provide
rigid-body rotation with V5const, since for anyr in&r
&rout the ion drag forceF ID

f }r is balanced by the neutra
friction force FND

f }r and the interparticle interaction forc
vanishes. However, for the higher values ofUPP the confin-
ing potential changes, as shown in Fig. 7, and the ang
velocity strongly changes from the center to the periphe
Therefore,FNP

f can become a crucial factor that determin
the profileV(r). In order to solve a self-consistent proble
of the particle cloud rotation in the nonparabolic confini
potential, it is necessary to use some reasonable mode
scribing the viscoelastic shear motion of the cloud in a liqu
and crystalline states similar to what was developed for v
coelastic polymer solution flows@28#. The functional depen-
dencies of the relaxation time and shear elasticity modu
on the particle coupling parameter can be obtained from
direct molecular-dynamic simulations for strongly coupl
plasmas@29,30# or from simple plasma models@31#. The
comparison of the results of the model with the experimen
data on the cloud rotation will allow us to determine t
particle coupling parameter and therefore give additional
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formation about the single-particle potential in the clou
This is the aim of our further investigations. However, w
can use the data presented here to estimate these param
to an order of magnitude.

V. SHEAR ELASTICITY, SHEAR-INDUCED MELTING,
AND VISCOELASTICITY OF THE PLASMA

CONDENSED STATES

Rotation of the plasma crystal in a magnetic field provid
a possibility to measure elastic properties of the plasma c
tal and viscosity of the plasma liquid, and to study structu
transformations, plastic flow, dynamics of defects, and
melting transition under the shear stress. Part of these p
lems were studied both theoretically and experimentally
colloidal crystal@31–39#, but there are at least two reasons
conduct these studies in the plasma condensed states.
one can study in the plasma two-dimensional as well
three-dimensional structures. Second, one can compare
librium structures~colloidal crystal and liquid! with nonequi-
librium structures~plasma condensed state!.

The value of the elastic modulus of a plasma crystal
be estimated from the approximate relationG;Unp , where
np is the particle number density andU is the interparticle
potential energy. Assuming that the potential of a single p
ticle has the form of the Yukawa potential, we obtain

U~r !5
Z2e2

r
exp~2r /l!,

whereZ is the effective particle charge andl is the ~elec-
tron! Debye screening length. In the case consideredd/l
.2 ~where the nearest-neighbor distanced.0.06 cm) one
gets U(d);102 eV; that is, about one order of magnitud
larger than the interaction energy between particles in
colloidal crystals and conventional solids. However, sin
the particle number density in the plasma crystals is m
lower than in both former states and is of the order ofnp
;104– 105 cm23, the characteristic value for the elast
modulus isG;1025– 1026 dyn/cm2. Thus, the plasma crys
tals show an extremely low value of the elastic modul
about 5–6 orders less than even in colloidal crystals.

In the case considered it is very easy to reach extre
values of the ratio of the shear stress to the elastic consta
rather weak shear flows. Thus, even in a weak shear flow
can study not only the usual elastic response, but also hi
nonlinear regimes, and shear-induced melting as well.

As shown above the magnetic field can play the role o
rather convenient parameter to induce and to control
shear rate. Two experimental methods can be employe
study the shear elastic properties of the plasma crystal
viscoelastic properties of the plasma liquid in the presenc
an applied shear rate.

In the first method, which was used in the current expe
ment, a constant vertical magnetic field leads to a ste
rotation of the particle cloud. Two different regimes of rot
tion were found in this experimental configuration and d
cussed above, namely, uniform~rigid-body! rotation with
V(r).const in the case of the parabolic confined electri
potentialF(r), and nonuniform rotation, whenF(r) devi-
ates from the parabolic shape. AtV(r).const the shea
.
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stress is negligible, and since two-dimensional flow is ab
lutely stable, the crystal symmetry will persist with increa
ing B until the highestV. Another way to varyV is to
change the neutral gas pressurep as shown in Fig. 3. As
follows from the data in Fig. 3~a!, V increases about thre
times, whilep decreases by the same ratio, and the cry
structure remains the same. On the other hand, the data
sented@e.g., curves from 1 to 4 in Fig. 3~b!# show the region
of V(r).const at larger together with the region of rathe
strong change ofV(r) at smaller values ofr.

In the outer region ofV(r).const one finds the ordere
crystal-like structure~see Fig. 8!, while in the inner region,
inside the solid circle in Fig. 8, the structure looks mo
disordered. It means that the crystal and liquid-like sta
coexist in this case. This is an example of the shear-indu
melting.

Let us estimate the elastic shear modulusGsh of the
plasma crystal. For example, curve 4@Fig. 3~b!# shows just
one rotation direction and two well-defined regions of rig
and differential rotation. In the latter case the depende
V(r) can be approximated by V(r).0.1(r@cm#
20.7) s21. Then the average shear rate in this regime isS
5^r(dV/dr)&.531022 s21. Next, let us estimate the ki
nematic viscosity of He gas atp50.7 mbar. According to
Epstein @26# one has h50.35mnnnvTn

l n , where l n

5(snn)21 is the mean-free path of He atoms. The cro
section of He atom collisions iss.1.5310215 cm2, and
correspondinglyl n.0.03 cm. Using this we findh.1.6
31024 g/cm s. Assuming that the average shear stresshS
controls and causes the melting, and thus is equal to
plasma crystal shear modulus, one findsGsh5hS.8
31026 dyne/cm2.

Using the three-dimensional model for the plasma crys
based on the Yukawa potential, one can relate the shear
tic modulus to the interparticle potential energy to estima
e.g., the screening length. Indeed, in this case it was fo
@31# that Gsh5(4/9)(d/l)2npU(d), and one gets l
.0.02 cm. Of course, the model is three-dimensional, a
estimates ofnp andU(d) are rather crude, but one gets th
correct estimates by the order of magnitude.

The second method to study shear elastic properties

FIG. 8. Image of the particle distribution in the cloud corr
sponding to Fig. 3~b! with p50.69 mbar~curve 4!. The solid circle
separates an outer region with nearly solid-body rotation~ordered
structure! and the inner region with differential rotation~liquidlike
structure!.



is
re
n
in
d
n

ys
op
u

cy

he
loi
na
dy

he
h

n
es
k

io

in

on

-

d

e

on
e
on
e

pl
d

n
f
th
th

io
if-
ak
u

ge
ce

y
art
ion

ent
f a

a
tro-
ion
the
hat
g
nd
our
olt-
y

eld
le of
the
of

re of
bes

cle
os-
of
lue
the
the

the
stal
y of
es-
e
ma
ra-

a-
the
ds to
in
ress

e
or
n,

nal

PRE 61 1897RIGID AND DIFFERENTIAL PLASMA CRYSTAL . . .
particle cloud is to apply an oscillating magnetic field. Th
would lead to an oscillatory shear flow where both the f
quency and the amplitude ofB control the shear rate. The
the phase transformations, melting, and defect dynamics
plastic flow could be studied as a function of the amplitu
of the oscillating magnetic field. Similar methods with a
oscillating shear flow have been developed for liquid cr
tals, colloids, a superfluid helium, etc., to study various pr
erties. It was used, e.g., to measure the elastic shear mod
of the colloidal crystals with high resolution and accura
@37,38#.

Another possible application of shear flow due to t
magnetic field is to measure the viscoelasticity of the col
dal liquid. Here one can expect not only the conventio
contribution from the neutral gas viscosity and the hydro
namic contribution of the particles~of the order of volume
fraction!, but also a contribution to the viscosity due to t
interaction of the charged particles in the plasma liquid. T
latter appears as a result of the elastic shear stresses i
fluid on a characteristic time smaller than that for a str
relaxation. As in the case of a colloidal liquid, one can ma
an order-of-magnitude estimate of this viscosity contribut
h1 and the characteristic stress relaxation timet @38#.The
latter can be estimated from the Lindeman criterion: In
liquid a particle should oscillate with an amplitude exceed
the ‘‘Lindeman distance’’ of about 0.1d. The characteristic
relaxation time for conditions near the liquid-solid transiti
is the time of diffusion t.(0.1d)2/D0, where D0
5kT/6pha is the diffusion coefficient. Then the contribu
tion to viscosity due to elasticity of colloidal liquid ish1
.Gsht. For the current experimental conditions we fin
D0.331028 cm2/s, t.103 s, and h1.1022 g/cm s. As
one can see,h1@h, i.e., the plasma liquid is predicted to b
extremely viscoelastic.

Finally, the characteristic stress relaxation time~which is,
according to our estimates, rather large! can be measured
from the shear-induced distortion of the pair correlati
functiong(r ) @33,35#. This method was introduced to defin
t in the colloidal fluids, where the corresponding distorti
of the static structure factor in the reciprocal space has b
measured. In the plasma fluid the same idea can be ap
by the direct optical measurements of the shear-induced
tortion of g(r ) as a function of the shear rate.

VI. CONCLUSION

We have presented detailed observations of the rotatio
a micron-sized particle monolayer~cloud! in the presence o
a vertical magnetic field. The particles were suspended in
lower electrode sheath of a rf He discharge. We obtained
dependencies for the angular velocity of the particle mot
on the distance from the vertical axis of symmetry for d
ferent conditions of the discharge by changing the rf pe
to-peak voltage and neutral gas pressure as well as the n
r-
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ber of particles in the cloud. For low values of the rf volta
the angular velocity is practically independent of the distan
~a rigid rotation!, but for high voltage the angular velocit
can vary significantly within the cloud, so that the inner p
of the cloud, or even the whole cloud, changes its direct
of rotation.

The cloud rotation is caused by the azimuthal compon
of the ion drag force acting on the particles, which is itsel
result of the azimuthal ion drift in the crossed radial~confin-
ing! electric and vertical magnetic fields. We proposed
simple analytical model that takes into account the elec
static, ion drag, neutral drag, and interparticle interact
forces and describes the stationary circular rotation of
particles in the cloud. Using this model, we have shown t
for the rigid-body rotation the radial profile of the confinin
potential in the region of the cloud is nearly parabolic, a
we estimated the value of the confining field. Based on
measurements we believe that for high values of the rf v
age the confining electric field is significantly modified b
the magnetic field. Under some conditions the confining fi
changes sign near the discharge axis, causing the profi
the angular velocity to become strongly dependent on
distance from the rotation center. Thus the velocity field
the particles in the cloud can be considered as a measu
the confining electrical field, and the particles as local pro
of this field.

We also demonstrated that experiments with parti
clouds in the presence of a magnetic field open up the p
sibility to obtain the elastic and viscoelastic properties
strongly coupled colloidal plasmas, and as a result, the va
of the particle coupling parameter. The data obtained in
present experiment already provide us information about
critical shear rate at which shear-induced melting of
plasma crystal occurs. It allows us to estimate the cry
shear modulus and therefore the particle potential energ
the interaction and the Debye screening length. We also
timated the viscosity contribution due to elasticity in th
plasma liquid state. This estimate indicates that the plas
liquid state is expected to be extremely viscoelastic. The
dial spatial particle distribution in the cloud gives inform
tion about the elastic modulus due to compression in
plasma condensed states. We discussed further metho
obtain quantitative information about the elastic moduli
two-dimensional plasma structures, the characteristic st
relaxation time, etc.
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