Dust acoustic waves in a direct current glow discharge
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An experimental investigation of dust acoustidA) waves in a dc glow discharge plasma is
described. The glow discharge is formed betwae3 cmanode disk and the grounded walls of a 60

cm diameter vacuum chamber which is filled with nitrogen gas at a pressure of about 100 mTorr.
Dust located on a tray in the chamber is attracted into the plasma where it is trapped
electrostatically. The dust acoustic waves were produced by applying a modulation (Sig4él

Hz) to the anode. The wavelength of the DA waves was measured from single frame video images
of scattered light from the dust grains. The measured dispersion relation is compared with
theoretical predictions. €997 American Institute of Physid$§1070-664X97)04907-Q

I. INTRODUCTION layer. Visual images of these waves could be obtained due to

. . the scattering of light from the dust grains. The waves typi-
A dusty plasma is a plasma consisting of electrons, poSig,\y had phase velocities9 cmis, frequencies:15 Hz, and

tive ions, and charged dust grains. In typical laboratory dusty, ayelengths~0.6 cm. The general features of these waves

plasmas, the dust grains are in the micron-size range and &g o ared to be the same as those of dust acoustic waves. In

negatively charged. Dusty plasmas have been produced &y icyiar, the measured phase velocity was in good agree-

ther by dispersing dust grains into a p_Iaér’nar by "grow-  ment with the theoretically predicted one. However, the

ing” dust in plasmas made from certain chemically reaCt'Vecomparison between theory and experiment was of a prelimi-

gases such as oxygen and sildrie.situations where a sub- nary nature since, at that time, no measurement of the dust

stantial fraction of the negative charge in the plasma residegensity was available. Observations of macroscopic very low
on heavy dust grains, many of the properties of the collectiv

e #requency modes of a charged dust cloud in a gaseous dis-
plasma wave modes are modifiedeven when the charged cparge were reported by Praburam and Géfeerabhakara

dust merely falls.throggh the plasma'. When the dust graing,q Tann® trapped negatively charged dust particles in a
are actually confined in the plasma, i.e., when they are baly; fijament plasma discharge which was exposed to a layer
anced against gravity by electric fields, new, very low fre-o¢ g5t Coherent fluctuations in the 1-15 Hz range were
quency dust wave modes appear. One such mode is the Sgsgerved in the spectrum of scattered HeNe laser light.
called dust acousticDA) wave, which was first discussed  this paper we report observations of dust acoustic
theoretically by Racet al.® and subsequently by other& _waves in a dusty plasma that was produced by trapping nega-

The dust acoustic wave is a new type of sound wave ifiely charged dust grains in a dc glow discharge. This
which the inertia is provided by the heavy charged dust an(a

) . ) Jpresent investigation is a substantial extension of our earlier
the tension provided by the ion and electron pressures, WitQ,qrk on DA waved? in that (1) the full dispersion relation

the resulting phase velocity was measured over a wide frequency range, @ndeliable
o [KkT4 KT €72 12 estimate_s, base_d on measured quantities, qf the size of the
Uph= K ~ m—d+ Wd 1+ (T,/T)(1-ez)| ° (2) dust grains, their pharge, and number density were used in
the comparison with theory.

wherew is the wave angular frequendy, the wave number, This paper is organized as follows: Sec. Il contains a
T4, Te, andT; are, respectively, the dust, electron, and iondescription of the experimental setup and the results of the
temperaturese=ny/n;, the density of the dust grains rela- measurements of some of the important plasma and dust pa-
tive to the ionsZ the charge on a dust graiin units of the  rameters. The general features of the dust acoustic waves are
electron chargee) and finally, my, the mass of the dust described in Sec. lll, and the results of the measurement of
grains. This dispersion relatiqit) was obtained from a fluid the dispersion relation are presented. A discussion of the
analysi§! and is valid in the limit K\p)2<1, wherenp is  results and comparison with theoretical predictions are given
the plasma Debye |eng[h\,52=>\,5§+ )\Biz, wherehpe(y is i Sec. IV. Sec. V contains the conclusions.
the electrofion) Debye length

To date, there have been only a few experiments dealing
with DA waves in dusty plasmas. For example, Giwall? Il EXPERIMENTAL DEVICE AND METHODS

reported large amplitude low frequenty2 H2) fluctuations In order to observe dust acoustic waves, the dust grains

In an rf 1‘3“Sty plasma which were later mterprlgted bY must be confined in the plasma for times longer than a typi-
D'Angelo™ as dust acoustitDA) waves. Barkaret al:="re- 5| \wave period. Devices which simply allow dust to fall
ported observations of very low frequency wave modesy qgh the plasma are generally unsuitable, since the resi-
which were spontaneously excited in & dusty plasma ifjence time of a dust grain in a typical laboratory device is
which the dust grains were confined in an anode double_q 3 g Thys it is necessary to provide some mechanism for
balancing the negatively charged dust against gravity.
dElectronic mail: merlino@iowa.physics.uiowa.edu The dc glow discharge device, shown schematically in

Phys. Plasmas 4 (7), July 1997 1070-664X/97/4(7)/2331/5/$10.00 © 1997 American Institute of Physics 2331

Downloaded-11-Jun-2001-t0-128.255.32.146.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/pop/popcr.jsp



A-G96-276

- T T T T 1 ‘I T T T I T T T T -
' i 110 70V ]
Light Source % 20 59 —/_ 100 -]
g v 120 —/— 90 &0 :
C 130 ]
_ d 10~ -
—_ :'80\ 1
§ ok .
- ]
- 160< b
-0 - 140 E
Video - ]
Camera 20 7

C 1 1 1 1 l 1 1 1 1 I 1 1 1 1
0 5 0 15

z(cm)

FIG. 1. Schematic diagram of the glow discharge device. The dust is at
tracted into the glow discharge from a tray located beneath the anode. Thc
dust cloud is viewed, either visually or with a video camera, in the scattere

light from the source. q:IG. 3. Contours of the floating potential of a Langmuir probe in the mid-

plane of the glow discharge. In this diagram the anode is locatee- at

The dust cloud is usually trapped in the region up to about 5 cm from the
anode.

Fig. 1, proved to be effective for both attracting dust into the

plasma and levitating it. The glow discharge was formed

between a positively biased cold anode d@szimm diam- The ion densitypn;, was estimated from the ion satura-
etep and a grounded vacuum chamkié® cm diameter and tion current,l.,, using li.=e n v, g A, where A is the
90 cm long. The anode was located on the axis of the cham- 1St 'S 1 Ziith

) robe collecting area ang 4, is the ion thermal speed. Al-
ber an(_j approximately 10 cm from the_center of the Chambe'ﬁwough the ion temperaturd;, was not measured, we ex-
The discharge was produced in nitrogen at a pressur

. t that, as a result of fr nt collisions with the neutral
P~70-100 mTorr. The discharge voltage and current wer<§ec &, as a result ot frequent cotisions e nhed

. N > .. gas molecules, the ions will be relatively cold;
typically: V4=300-400 V and 4~ 25-35 mA. A longitudi ~0.03—0.1 eV so thati,th=(kTi/mi)1’2%(3—6)>< 10° emis

p:éi;}agnetm field of 90 G helped to confine the pI"jlsm""for an N, plasma. The measured ion saturation current then
y. corresponds to an ion density~(4—8)x10° cm 3.

The plasma density and electron temperature were deter- T o . e
. ; ; 0 get a qualitative picture of the dc electric fields
mined from measurements taken with a double Langmuir

probe. This probe consisted of two tantalum disks, 8 mm inW'thln the glow discharge, the floating potential of a mov-

diameter, separated by 5 mm. A typical double prob¥ able Langmuir probé4 mm diameter diskwas measured at

" . ) A several positions within the discharge. The resulting electric

characteristic taken at a point 2.5 cm on a@pproximately : -
. . potential contours are shown in Fig. 3. These data corre-

where the DA wave observations were mpadie front of the "
: g - . spond to the conditionsVy=~400 V, |4=25 mA, P~80

anode, is shown in Fig. 2. The data are indicated as circles _ -
S 2 : rhTorr, andB=90 G. The potential in the center of the glow
whereas the solid line is a plot of the theoretical double,

probe relatiorl® | =1 . tanh(eV/XT,). The data are best fit is on the order oft-200 V with respect to the walls. It should
) ! s e be noted that although the floating potential and space poten-
to this relation forT,~2.5 eV.

tial may differ quantitatively, we expect that for the plasma
conditions here, the spatial distribution of the floating poten-
tial is a reasonable approximation of the spatial distribution

2000 T of the plasma space potential. The role of the potential struc-
z=25cm ture of the glow discharge in attracting and confining dust
1000 - will be discussed below.
Py To introduce dust into the plasma, an electrically float-
< ing, rectangular metal tral 5 cmx25 cn) was placed about
E 0 3 cm below the anode disk, as indicated in Fig. 1. About 25
p— g of kaolin (aluminum silicat¢ dust were spread over the
-1000 + | surface of this tray. When the discharge was turned on, some
of the dust was attracted into the glow and trapped here.
Presumably the top layer of dust, which is exposed to the
-2000 . L . .
50 -25 0 25 50 plasma, becomes negatively charged due to the collection of

AV (V OltS) electrons. These negatively charged dust grains are then at-
tracted into the positive glow plasma and levitated there by

F1G. 2. Double L - Crobe characterist 4 for the determinati f(rjc electric fields in the glowsee Fig. 3 Light scattered
. 2. Double Langmuir probe characteristic used for the determination o .
the electron temperaturd,, and plasma densityy; . The circles are the rom the dust cloud could be ea5|ly seen when the dust was

experimental data points, while the solid line is the theoretical probe charllluminated by a high intensity lamp. Video i_mages of the
acteristicl = ;s tanh(eV/XT,), for T,=2.5 eV. dust cloud were recorded on VCR tape using a standard

2332 Phys. Plasmas, Vol. 4, No. 7, July 1997 Thompson et al.

Downloaded-11-Jun-2001-t0-128.255.32.146.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/pop/popcr.jsp



along which the grains were collected, we obtain an approxi-
mate figure of X10° cm™ 2 for the average grain number
density.

DUST CLOUD
CONTROL

ANODE
lll. RESULTS

I_ While observing the dust cloud one could see vertical
bands of scattered light of enhanced intensity propagating
away from the anode. Analysis of the video images of these
spontaneously produced fluctuations showed that they propa-
gated at a velocity=12 cm/s. From single frame video im-
FIG. 4. Schematic of the instrument used farsitu collection of dust ~ages of the fluctuations, a wavelength of 0.6 cm was deter-
grains. Dust grains are collected when the lower arm is swept through thgqined. which combined with a velocity of 12 cmi/s
dust cloud. ’ : !
corresponds to a frequency of 20 Hz. These fluctuations are
identified as dust acoustiDA) waves. The propagating

video camerd30 frames/s For quantitative measurements, Pright bands are the wave crests, the regions of higher dust
the light scattered from the dust grains was imaged onto 4ensity which produce enhanced light scattering. These
photodiode. spontaneously excited DA waves are similar to those ob-
By collecting dust grains within the discharge and ana_serve% previously by our group using a somewhat different
lyzing them using scanning electron microscq@EM), in-  SEWUP-~ . . . .
formation on the size of the dust grains and their number 10 investigate the dispersion properties of the waves, a
density was obtained. A schematic diagram of the setup usegjnusoidal voltage modulation was applied to the antde
to collect dust grains within the plasma is shown in Fig. 4. A2ddition to the dc bigsat frequencies in the range of 5-40
rod on which two horizontal arms are mounted was insertediz. For a sufficiently large modulation amplitude, the DA
vertically into the vacuum chamber. Pieces of SEM speci\Waves could.b.e driven at the frequency of the applied signal.
men tape(double-sidegiwere fixed on the ends of the arms. FOr €ach driving frequency the wavelength was measured
When the rod was rotated through its axis, the lower amn{fom a single frame video image. Examples of single frame
swept through the dust cloud collecting dust grains along it4"9€s of DA waves c_orre_spondmg to frequencies of 16, 22,
path. The upper arm was used as a control monitor to check"d 30 Hz are shown in Fig. 6. A plot of the measured wave
that grains were not being collected before the arm was ro?UMPerK, vs angular frequencyy, is shown in Fig. 7. Over
tated through the cloud. After the sample was collected, ithis frequency range the waves exhibit no dispersiof
was removed from the vacuum chamber and an SEM phota= Vphexs™~Constant-12 cm/s. _
graph of it was made. Several samples were taken and ana- " the photographs of Fig. 6, the contrast was adjusted to
lyzed to ensure that typical results were obtained. An SEMRCCeNtuate the wave crests in orde_r to determine their posi-
photograph of one of the samples is shown in Fig. 5. Most of'ONS accurgte_ly. Thus th!s type of visual data cannot be used
the grains fall in the size range of 0.5 tom, with an for_a quantitative determination of the wave amphtude. Pho-
average of 0.8:m. By counting the number of grains on the todiode signals of low frequency fluctuations in the forward

SEM photograph(of known are® and estimating the path Scattered light from a narrow axial region within the dust
cloud are shown in the top trace of Fig. 8. To confirm that

these fluctuations are not due to density striations in the dis-
A-G97-24 charge, the illumination of the dust grains was turned off and
the light emission from the plasma was observed with the
photodiode. The signal corresponding to this plasma emis-
sion is shown as the lower trace in Fig. 8, which was re-
corded on a ten-times more sensitive voltage scale. To deter-
mine the actual amplitude of the DA wave fluctuations, i.e.,
the ratioAng/ng, additional measurements of both the ac
and dc components of the scattered light from the dust were
made. TypicallyAny/nyg=~20%—-30%, although even larger
amplitudes were sometimes seen.

DUST SAMPLE

- [ DUST TRAY |

IV. DISCUSSION

An experimental method for generating dust acoustic
waves in a dc glow discharge plasma was presented. By
controlling the frequency of the DA waves in the 5-40 Hz
range and measuring the resulting wavelengths by analyzing
FIG. 5. Scanning electron micrograpBEM) of dust grains collected from th.e video Images, the dlsper3|on rEIa_tmnvs.K’ Wa.s deter‘.
the glow discharge plasma. The total represented area of the micrograph f@ined and compared to the theoretical dispersion relation,
73 umx54 um. Eq. ().
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FIG. 8. Photodiode signals of light scattered from dust grains in a DA wave
(upper trace, 10 mV/divand for comparison, light emission from the glow
discharge(lower trace, 1 mV/diy. These data show that the low frequency
fluctuations are associated with dust density fluctuations.

=(4mey a U)le, whereU is the potential of a dust grain rela-
tive to the plasma space potential. In computidg one
needs to take into account the effect of close packing of the
dust graind’ i.e., the fact that the charge on a collection of
dust grains in a plasma may be smaller, in magnitude, than
that of an isolated grain. FAr;=0.03 eV andl,=2.5 eV we

FIG. 6. Single frame video images of dust acoustic wave crests at frequerfind thatU~—5 V, so that the magnitude &~ 1300.[For

cies of 16, 22, and 30 Hz.

For spherical dust grains of 0.8m diametermy~6
X 10716 kg. The relative concentration of dust grains,
=ng/ni=~(2X10°)/[(4-8)x 10*]=(2.5-5)x 10 *. TheZ
of the dust grains is computed usingZ=Qu/e
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these values o€ and Z the quantity ofeZ (the fraction of
negative charge per unit volume on dust grgi#3.3—0.65]
Since we have no way of determining the temperature of the
dust grainsT4, we can only make reasonable guesses. If the
dust grains were in thermal equilibrium with the neutral gas
molecules at about room temperature, the effectpin Eq.

(1) would be negligible. If, on the other hand, the dust grains
were heated by the wavdg; could be much higher. How-
ever, it is not likely that the dust grain temperature could be
elevated much above 1 eV by this process. We can get a
rough estimate of the effect of wave heating of the dust
grains by settind T4~ (1/2)mg4(v 41)2, wherev g, is the per-
turbed dust velocity due to the DA wave. For an acoustic
perturbationu 4, is related to the wave amplitudeg, /nyo,

by v g1~ (@/K)(Ng1/Ngo) =~ vpn(Ng1/Ngo) - FOr Ng1/Ngo~0.5

and v,p~12x10°2 m/s, we find thatTg=~1 eV. A
Tq~1eV produces only a small contribution g, in Eq.

(2).

Then using my=6x10"%g, T;~0.03-0.1 eV, €
~(2.5-5)x10 4, and Z~1300, in Eq.(1), we obtainwyy,
~6-15 cm/s, as compared to a measured vajjg,s~12
cm/s. We note that Eq1) should be valid over the entire
range of measured wavelengths in Fig. 7, since for the largest
values ofK, (K\p)2~0.01.

V. CONCLUSIONS

FIG. 7. Experimentally obtained DA wave dispersion relation, wave number N summary, we have presented experimental observa-

K vs angular frequency.
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discharge plasma which contains significant amounts of'D. P. Sheehan, M. Carillo, and W. Heidbrink, Rev. Sci. Instrét).3871
negatively charged dust grains. These waves have the gent990. _ , _

eral features of the dust acoustic waves that have been re—\S’VéG)é‘Zigéasong' R. L. Merlino, and N. D'Angelo, Rev. Sci. Instrug,
cently discussed in the literatute:® In particular, the phase sg s selwyn, Jpn. J. Appl. Phy82, 3068(1993.

velocity obtained from measurements of the dispersion rela4a. Barkan, N. D'Angelo, and R. L. Merlino, Planet. Space 8, 905
tion was in good agreement with the theoretically predicted5(1995)- , _

one. We emphasize that compared to our preliminary work Al-gga'ka”' N. D'Angelo, and R. L. Merlino, Planet. Space S, 239
on DA waves:? all of the relevant quantities entering into ef\,. N%aq P. K. Shukla, and M. Y. Yu, Planet. Space S8/543(1990.
the dispersion relation have now been estimated with subZN. D'Angelo, Planet. Space S@8, 1143(1990.

stantial reliability, so that a more definitive comparison with ®M. Rosenberg, Planet. Space S&l, 229 (1993.

theory was possible. °F. Melandso, T. K. Aslaksen, and O. Havnes, Planet. Spacet§cg21

S . . (1993,
One may inquire as to whether or not the fluid anaIyS|s,me_ W:?nske, S. Peter Gary, M. E. Jones, M. Rosenberg, V. W. Chow, and
to which our experimental results were compared, was ap-p. A. Mendis, Geophys. Res. Le®2, 2069(1995.
propriate for our dusty plasma. From the visual observationszN. D’Angelo, J. Phys. [28, 1009(1995.
it appeared that the charged dust behaved as a fluid, i.e., tqgelzl- HB- CIEUr JEB'T Dl\ljl a?d I L'”aJNP*B{i erzgi(ﬁgg"?bl a3
grains showed no tendency to form “dust crystals.” Thus in '+ 5akan. R. L. Merlino, and N. D'Angelo, Phys. Plasmas
our case, we would not expect to find any major deviationsg. praburam and J. Goree, Phys. PlasB)a212(1996.
from fluid-like behaviort® We point out, however, that there °H. R. Prabhakara and V. L. Tanna, Phys. Plas8)&&176(1996.

. . . 16 . . . . .
have been a couple of experiméfit® which specifically e Chﬁné '”LP'fsma r';'\aggos“_c Tﬁ“”{?“ﬁ‘*?f&by e Huddle-
. . . . . stone an . L. Leonargacaaemic, New YOrK, p. .
investigated wave _propag_atlon in dusty plasmas in the SOA  Barkan, N. D’ Angelo, and R. L. Meriino, Phys. Rev. Lef, 3093
called strong-coupling regime. (1994

18For the parameters of our dusty plasma, a rough estimate of the Coulomb

coupling paramete(ratio of the intergrain Coulomb potential energy to
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