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Abstract. The results on shock phenomena in dusty plas-iron-sulphur-nickel, and 10% silicates (olivine). The pa-
mas of the Solar System are reviewed. The problems of dustameters of the interplanetary dust are the aizd—-10um,

ion acoustic bow shock in interaction of the solar wind with the densityn~10-10-10-%cm3. The dust environment is
dusty cometary coma and formation of transient atmospheredenser in the vicinity of planets, and dust is most prominently
of atmosphereless cosmic bodies such as Moon, Mercuryseen in the ring systems surrounding all giant planets of our
asteroids and comets are considered. The latter assum&wlar System (Kiger, 2003). In the dust evolution cycle,
the evolution of meteoroid impact plumes and productiondust offers a tangible, physical link between our planetary
of charged dust grains due to the condensation of both theystem and the stars. For example, dust is formed in the ex-
plume substance and the vapor thrown from the crater andended envelopes of evolved stars, and it is an intimate player
the surrounding regolith layer. Physical phenomena occurin proto-planetary accretion discs and the formation of plan-
ring during large meteoroid impacts can be modeled with theetesimals. Therefore, the study of dust in space can provide
aid of active rocket experiments, which involve the release ofimportant information on the fundamental processes govern-
some gaseous substance in near-Earth space. New vistasiimg the formation of planetary systems.

investigation of shock processes in natural dusty plasmas are The dust grains in space acquire variable charges due to the
determined. competing effects of electron and ion capture from the am-
bient plasma, secondary electron emission from the impacts
of high energetic ions or electrons, on the release of photo-
electrons from the ambient UV radiation field (Ostrikov et
al., 1999, 2000; Verheest, 2000). The dust particle charg-
Dusty plasmas represent the most general type of plasmas 15'9 process aIIovv_s_us to consider most plasmas m_th_e So-
our Solar System. In fact, it is difficult to find any plasma ar System containing dust as dusty plasmas _conS|st_|ng of
environment in the Solar System that is free of dust parti—eIeCtr.onS’ ons, neutrals, and .chqrge.d.dust grains. This pro-
cess is a basis for the strong dissipativity of the dusty plasma

cles — perhaps the interior of the Sun is the only exception. ) S

The brightness observations of the F-corona, made durin ystem (Tsytqwch, 1997)' The strong d'SS'patIV'ty results
total solar eclipses or from satellites equipped with coro- nanew physics of nonl_me_ar wave structures in dusty pla_s-
nagraphs have shown the possibility of the innermost dusfhas- First, anomalous dissipation originating from dust grain

cloud at the distances from the Sun not exceeding 0.3 Alfharging appears. Second, new kinds of nonlinearities take
(Kimura, 1997: Mann, 2000). The sources of the dust areplace. The anomalous dissipation leads to preferential im-
asteroids, short-period comets as well as the interplanetar ortance of shock waves in dusty plasmas, which have spe-

dust which is present at larger distances from the Sun tha ific features that distinguish them from ordinary collisional
the innermost dust cloud. The probable origin of the in- and collisionless shock waves. That dust ion acoustic shock

terplanetary dust is from decay by collisional fragmentationWaVes associated with anomalous dissipation can actually ex-

of debris from comets, micrometeoroids, man-made poIIu-ISt was proyed analytically by Popel et al. (1996, 2001, 2005)
tion, etc. The main composition of the interplanetary andand experimentally by Nakamura et al. (1999) and Luo et

1 Introduction

cometary dust is 60% chondritic (Fe, Mg, Si, C, S), 30% al. (1999).

At present, at least two natural phenomena which illus-
Correspondence tdS. . Popel trate the importance of shocks, where dust charging ef-
(s.i_popel@mtu-net.ru) fect is important, are known. These are dust ion acoustic
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224 S. I. Popel and A. A. Gisko: Charged dust and shock phenomena in the Solar System

bow shock formation in interaction of the solar wind with fluence of the dust on the bow shock follows from the prob-
dusty cometary coma (Popel et al., 2003) and shock wavéem of the investigation of laboratory dusty plasmas.
structures associated with the evolution of meteoroid impact The interaction of the solar wind with comets is impor-
plumes and production of charged dust grains due to the cortant only when the comet has rather extended and dense at-
densation of both the plume substance and the vapor throwmosphere. The atmosphere expands in the ambient gas of
from the crater and the surrounding regolith layer in the prob-a very low pressure. The main reason for an appearance
lem of formation of transient atmospheres of atmospherelessf the atmosphere is the evaporation of solid (volatile) sub-
cosmic bodies such as Moon, Mercury, asteroids and cometstance constituting the cometary nucleus under the action
(Nemtchinov et al., 2002). In Sects. 2 and 3 of this paper weof the solar radiation. The refractories from the destruct-
review briefly these possibilities. We bring also the reader’sing cometary nucleus enter also the atmosphere and repre-
mind to bear on the fact that physical phenomena occurringsent its dust fraction. The density of volatilesy(®l CO,
during a large meteoroid impact with the Moon’s surface canCHg, etc.) is determined as a rule theoretically (Houpis and
be modeled with the aid of active rocket experiments, whichMendis, 1981). The size distribution of coma grains is such
involve the release of some gaseous substance in near-Earthat the total area is dominated by the smallest grains present,
space, and present some data on such experiments (Sect. 4nhd the 1P/Halley in-situ results showed that this continued
Furthermore, in Sect. 5 we discuss possible phenomena ito hold down to radi~0.01xm (Mazets et al., 1987; Vais-
nature related to the expanding dusty plasmas where the prdserg et al., 1987). The size distribution is well determined
cesses of dust grain production and shocks are important. observationally (Qin and Jessberger, 1990) as an approxi-
mate power—law function with index—4 in terms of radius.
We consider in all subsequent estimates and calculations the
2 Dustion acoustic bow shock characteristic dust grain size as-1um. Due to the pro-
cesses of photoionization the gas surrounding the comet be-
Theoretical studies of the interaction of the solar wind with comes ionized at the distances exceeding several kilometers
cometary comae do not take into account usually the influ-from the cometary nucleus (Houpis and Mendis, 1981). Itis
ence of dust. Cometary nuclei are found to be, most likely,the interaction between the cometary ions (the dominant are
dominated by refractories, very porous and fragile (thoughthe ions HO™) and the solar wind protons that is considered
monolitic rather than of rubble-pile structure), and generally as the strongest one in the interaction between the cometary
quite homogeneous except for dust mantling and the effectgoma and the solar wind. This is related to the fact that the
of radial migration of volatiles in the interiors (Rickman, collision frequency between the ions of the coma and the so-
1998). Under the action of the solar light volatile compo- lar wind is higher than the frequencies between the charged
nents of the cometary nucleus evaporate and vapor streamnd the neutral particles. Because the main particles partici-
entrains dust particles. pating in the interaction are ions, one may conclude that the
The dust/gas ratio is introduced to characterize the ratidoow shock is the ion acoustic bow shock. The presence of
of masses of refractories to volatiles in the cometary nucleidust in the coma leads to another important kind of inter-
In quantitative terms, an average value of dust/gas ratio exaction — the interaction between the solar wind protons and
ceeds unity (Kihrt and Keller, 1996). The dust/gas ratio charged dust of the coma. The dust particle charging process
obtained from the coma observations is in the range 0.1-1s described by the equation
Newburn Jr. and Spinard, 1989; Singh et al., 1992; Storrs .
ézt al., 1992). Thuspwe can expect gignificant quantity of%9a = Ie(qa) + 17" @) + 1 @a) + 1o (a), @
dust in the cometary coma (tens per cent of the total massvhereg,=Z,e is the dust particle chargd;, 15V, I¢ are
of the coma). Assuming ten per cent content of the dust inthe microscopic grain currents (originating from the poten-
the cometary substance and bulk density of about 13/cm tial difference between the plasma and the grain surface) of
we obtain that the density of micron-sized particles is of theelectrons, solar wind ions, and cometary coma ions, respec-
order of 161cm~2 (Losseva et al., 2002). tively; I, is the photoelectric current of electrons emitted
The crucial point of the investigation of the interaction of from the dust grain surface due to the presence of external
the solar wind with cometary comae is the description of bowelectromagnetic radiation: for their explicit expressions see,
shock formed as a result of this interaction. The presence oé.g., (Popel et al., 2000);e-s the electron charge.
dust constituting tens per cent of the total mass of the coma The ions of the coma together with the charged dust inter-
can modify the bow shock. Indeed, it is well known that in act hydrodynamically with the ions of the solar wind. This
laboratory dusty plasmas dust often contributes only a fewallows us to determine the distanée from the cometary
percent of the mass density. The investigations in laboratorynucleus where the bow shock appears. For the para-
dusty plasmas (Popel et al., 1996; Nakamura et al., 1999meters of the solar radiation spectrum in the vicinity of
Luo et al., 1999) show that even for small mass density ofthe Earth, electron and ion temperature in the solar wind
the dust, it can be the crucial factor in shock formation andTesszl.SW=15 eV, the ion temperature in the cometary
propagation. Thus the problem of the investigation of the in-comaT7,°=0.03 eV, the electron and ion (proton) density in

Nonlin. Processes Geophys., 13, 2239 2006 www.nonlin-processes-geophys.net/13/223/2006/



S. I. Popel and A. A. Gisko: Charged dust and shock phenomena in the Solar System 225
102 1010

20 —
10 10° i
P 108 niswlcm-3 10 —
107 |
- 11 0 —

R id sSw 10 I 10° T T
RySW .. 100 —
10° &
-3 50 p—
10 - ¢, CGSE ]
10 10° 0 —

10° 102 [ ¢ [ !

0 10 20 30

1 10 10% 10° 104 10° 10° 10" 10°

rAp,
r, km =

Fig. 2. Profiles of the solar wind ion density; and the electro-

; A pSW  pSW ; ;
Fig. 1. The ratioR;; /Ritl as a function of the distance from th?. static potential in a bow shock structure. The spatial variablis
cometary nucleus. The lines | and Il correspond to the dust densitieS

near the nucleus #&m—3 and 131cm3, respectively (the ratio expressed in units of the electron Debye lerigh.

magnitudes for the lines | and Il are shown on the left and right
vertical axes, respectively).

from the cometary nucleus for the above plasma parameters.
The effects of dust—proton interaction become dominant in
the region of bow shock for the dust densities exceeding
10°cm™3. The structure of the bow shock is described by

. the set of equations where, in addition to Egs. (1) and (2), the
C=n¢ = L . . s
asnj=nigx(rolr), the radius of the nucleug=1km, and continuity equation for the solar wind protons is included,

+ . .
H30* cometary coma ions, we find th&t~10'km and the 4o cometary coma ions are described by the continuity and
dust particles acquire positive charges reaching the values ex o mentum transfer equations, the electron density is taken

ceedingZ,;e=200Q for r~R. The equation describing the to be Boltzmann with constarft,, and the Poisson’s equa-
momentum transfer of the solar wind protons takes the form;,, is used. This model is a generalization of the model ap-
plied for the study of shock-like structures in charge-varying
dusty plasmas in the presence of the electromagnetic radia-

tion (Popel et al., 2000) but developed with taking into ac-
where the Greek letters denote vector (tensor) component, count the two sorts of ions. In Fig. 2 shock profiles are

Wpy Vg 2 given which are obtained for~10*km. We note that there

axp + 8Tp - §5aﬁV -V, is a good agreement between the estimate for the shock front
4 ¢ width A§ ~c,/v,, wheree,=,/TSW /m,, is the ion acoustic
speed in the solar wind, is the dust charging frequency

the solar windn3% ~n,=20cnT3, the ion density in the
coma near the nucleus,=1.43<10° cm=3, the ion density
in the coma depending on the distancérom the nucleus

dea app SWaWPaﬁ 3(p SwW SwW
D LSS —_— ——+R: R: 2
dt | dxg dxg Vo | ida @)

mpnp iio ?

Wpap =

m,, is the proton massy is the ion speedg is the elec-
trostatic potential, p, is the proton pressureys" and
RV ~—m pn,v(V,)(V), — V) are respectively the viscos-
ity and the friction force related to the interaction between
the solar wind protons and cometary coma ioRs," ~—
m,I5Wng(V,~Vy)le is the friction force related to the in-
teraction between the solar wind protons and cometary coma

dust,v(V ,)~4re*n{ L/m% V3 is the Coulomb collision fre-  whereq,, is the equilibrium dust particle charge. Thus for
quency between the solar wind protons and the cometaryypical cometary nucleus size of about 1 km and rather dense
coma ions,L is the Coulomb logarithmy .4 is the speed  dusty comar;>10° cm~3) the bow shock formed as a result
of the cometary coma ions (dust grains)x (ro/r)? is the  of the interaction of the solar wind with the coma is expected
dust density. The terms containing" and R,.Sl.W on the  to be related to the anomalous dissipation due to the dust
right-hand side of Eq. (2) are of the same order of magni-particle charging. The bow shock is similar, by its origin,
tude. Thus ifRS)Y=|R3)"| exceedsrR3" =|R5W| then the  to the shocks observed by Luo et al. (1999) and Nakamura
interacion of dust with the solar wind protons dominates. Inet al. (1999) and those predicted theoretically by Popel et
Fig. 1 the ratioR?)/R3" is presented for different distances al. (1996, 2000).

v=— [0 +15Y @+ @+ @) /daa]

4dd=deq
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3 Large meteoroid impacts and transient atmospheres  plume. Their speed is about 3-5km/s. This value exceeds
the first astronautical velocity for the Moon, 2.3 km/s, and

Another phenomenon in the Solar System related to shockhe droplets will not fall down the surface of the Moon. The
formation with participation of charged dust is a produc- second type of the macroparticles (dusts) is thrown from the
tion of transient atmospheres of atmosphereless cosmic bodrater and surrounding it regolith layer. Typical size of the
ies (Moon, Mercury, asteroid and comet) as a result of im-junar dust is about 30m, the velocity is within the range
pacts of large meteoroids or man-made projectiles with thes®.3—1 km/s. The estimate of the mass ejected due to the im-
bodies. A local transient atmosphere has been discoveregact gives the value which is 100-1000 times higher than the
near the Moon surface (Potter Jr. and Morgan, 1988). Threémpactor mass. Assuming the lower number, or the mass
types of a steady atmosphere sources have been proposesf,the matter ejected of about 100kg we find the number
namely, impact vaporisation by micrometeoroids, solar windof the grainsN~4x10'l. The gravity restricts the rise of
sputtering, and photodesorption (Smyth and Marconi, 1995such grains. For the lunar gravity 160 chénd the speed
Mendillo et al., 1999). 0.3km/s the dust is stopped and falls back in approximately

Meteoroid impact is accompanied by emission of electro-20s. The maximum altitude attained by the grains is about
magnetic radiation which in the case of rather large mete-3km. One can expect the charging of the grains. This pro-
oroids can be detected even by the Earth’s observers. Theess is caused by the flows of electrons and protons of the
impact can be responsible for the optical flashes on the Moomolar wind on them. If the expansion of the vapor plume oc-
surface. Furthermore, the evolution of the impact generate@urs on the sunlit side of the Moon then the contribution of
vapor plume can lead to such effects as the expulsion of thehe photoelectric effect is important and the macroparticles
interplanetary magnetic field, formation of the collisionless acquire positive charges. In this case the maximum charge
shock wave structure associated with intense plasma turbus of the order of 16 electron charge for the droplets and
lence, electron heating, and even the production of x-rays10® for the dusts. If one can neglect the photoelectric ef-
The impacts of large meteoroids can, in particular, occur durfect the macroparticles acquire negative charges, the maxi-
ing the meteor storms. mum charge being of the order of°16lectron charge for the

To describe vapor jet we use the results of simulationsdroplets and 19for the dusts.
(Nemtchinov et al., 1998, 1999). We consider an impact of The detection of fast electron formation and x-ray flux at
the meteoroid of the size of 1-10 cm with the Moon surface.the head of the comet Hyakutake (Dawson et al., 1997) and
For an impactor body of 10 cm size and its velocity 20 km/s plasma oscillations at the boundary of diamagnetic cavity of
the impact generated plume has a conical form, at the mothe artificial comet AMPTE caused by barium release (Bing-
ment of 2.5s after the impact the dense core of the pluméham et al., 1991; Popel et al., 1995) are the basis for our
and the radius being about 10km and 5km, respectivelyhypothesis of the plasma turbulence in large regions of the
while the density of the vapor core being #8g/cn?. After  solar wind above the lunar surface.
that moment the collisionless phase of the plume expansion Once ionized, a molecule in the vapor plume finds itself in
starts. If the vapor plume expands in the region of the presthe solar wind flow. The instability similar to an ion-ion two-
ence of the solar wind the latter begins to penetrate in thestream instability occurs. The energy source of the instability
vapor plume and cause the dissociative ionization of the vais the relative motion of the vapor plume and the solar wind
por molecules. The density of the moleculesis1®’ cm 3, ions. The frequency of the waves excited is close to the lower
This value is approximately six orders of magnitude higherhybrid frequencywy,,
than the corresponding one of the solar wind in the vicinity -
of the Moon. The values of the density in the vapor plume “/
and in the solar wind become approximately equal to eactwherew . ;) is the electron (ion) plasma frequenay. is
other when the length of the plume reaches the value of 100¢he electron (ion) gyrofrequency. The situation is similar to
km while the radius of 500 km. This occurs at the moment ofthose which occur in the process of the AMPTE barium re-
about 250 s. lease (Bingham et al., 1991; Popel et al., 1995) and interac-

The evolution of the impact plume can lead to the forma-tion of the solar wind with the coma of the comet Hyakutake
tion of a shock wave structure associated with an appear(Dawson et al., 1997).
ance of charged grains (macroparticles). The shock wave The significant difference is the influence of the charged
front is associated with the fore (border)-part of the plume.macroparticles on the process of the instability development.
The first type of the macroparticles (small droplets) is cre-The waves are excited in the region near the front of the ex-
ated as a result of the process of condensation which takgsanding vapor jet. The width of this turbulent region is es-
place during the expansion of the vapor plume. The periodimated to be of the order of 10-100km. In the turbulent
of the formation of the centers of condensation is very shortregion which corresponds to the compression region of the
and all droplets have approximately the same sz8um. collisionless shock wave (Bingham et al., 1991; Popel et al.,
The degree of condensation is equal approximately to 0.2-1995) one can expect the increase of the magnetic field while
0.3. The droplets move together with the substance of thenside the vapor jet the magnetic field is decreased and the

2 2 2N
= a)pi/(l + wpe/wce) ~ WeeWci
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formation of the diamagnetic cavity is possible. The devel-
opment of the plasma turbulence results in the electron heat

ing. As a result, high-energy (with the energies up to several Impact Generated Plume Solar Wind
keV) electrons appear. Part of these electrons moves 'Macroparticles Plasma <

the surface of the Moon and falls on it. The slowing down [N Turbulence

these electrons gives bremsstrahlung with some x-ray pho

tons. The power of x-ray radiation is of order 1 kW. The pro- ./ A Qptical

cess of electromagnetic radiation lasts during dozens of sec RN\ / <
onds — several minutes. We note that because in the proceq foptical <

of the electron heating not only the high-energy electrons ap- ~

pear but also the electrons with lower energies are generate
one can expect the electromagnetic radiation also in optical
and UV ranges.

We note that a 1-m sized impactor hits the Moon about
one or two times per year. For this case, the size of the per
turbation zone would be about 1000 km, comparable to the
size of the Moon. The Moon is the first cosmic object not
only studied but used by humanity for various purposes, e.g.,
for lunar bases. Debris caused by impacts and electrostatig
charging and electromagnetic waves due to the plasma tur
bulence may be important hazardous factors, e.g., for radio
communications. Fig. 3. The portions of the impact processes: optical photons ap-

In Fig. 3, the portions of the impact processes describecPeared due to Fhe meteoroid .impact ontq thg Moon, plume forma-
above (optical photons appeared due to the impact, p|um‘5|on and evolution, r_‘nacropart_lcles formation |n_the_plume,_zone_of
formation and evolution, macroparticles formation, zone of plasma turbulence_ln the region of the solar wind interaction with

. . S . _the plume, generation of fast electrons as well as the UV and x-ray
plasma turbulence in the region of the solar wind interaction hotons.
with the plume, generation of fast electrons as well as the U
and x-ray photons) are presented schematically.

of 2, 4, 8, and 16 atoms were detected in the jet (Kiselev et
) ] ] al., 2006). The clusters of larger masses could not be detected
4 Active rocket experiments in near-Earth space because of the narrow range of the measured cluster energies.

. . . ... _However the analysis (Zetzer et al., 2006) of electromagnetic
Physical phenomena occurring during a large meteoroid im-

. ) ! _radiation from the jet in the infra-red range of the spectrum
pact W'th the Moon's gurface can be'modeled with the aidgp s the presence of micrometer-sized charged drops. The
of active rocket expenmer_ﬂs, which involve the release of rops are charged due to their interaction with the ambient
some gaseous substan_ce in r_1ear—Earth space. The sogrceﬁmsma and the photoelectric effect.
the substance release in the ionosphere in these experiments
is the generator of high-speed plasma jets. Their scheme
is analogous to that of the “Fluxus” and “North Star” ex- 5 Summary and new vistas
periments carried out at altitudes of 140, 280, and 360 km
(Gavrilov et al., 1998; Erlandson et al., 1999). The examples we have given make clear the nature of shock

The idea of application of such experiments to the prob-phenomena in dusty plasmas of our Solar System. We have
lem of formation of shocks related to dust charging was for-presented the results of the investigations of the dust ion
warded in the papers (Popel and Tsytovich, 1999; Popel eacoustic bow shock formed in interaction of the solar wind
al., 2000). The optimum altitudes for the experiments al-with dusty cometary coma. Furthermore, we have consid-
lowing us to observe the dust ion acoustic shocks are 500-ered expanding dusty plasmas with respect to the problem
600km. The shock wave front is associated with the foreof transient atmosphere formation and the active geophysi-
(border)-part of the jet propagating in the plasma of the iono-cal rocket experiments, which involve the release of some
sphere. The optimum speeds of the jet &e10km/s.  gaseous substance in near-Earth space.

Macroparticles (drops) appear as a result of condensation. New vistas in investigation of natural dusty plasmas are
The formation of the macroparticles in the active rocket ex-related to further investigations of expanding dusty plasmas.
periments is confirmed by the results of both active andAn expanding dusty plasma formed in strong perturbations
(modeling them) laboratory experiments as well as numerdis even a more complicated system than the usual dusty plas-
ical simulations. In the first injection of the “North Star” ex- mas because the evolution of the expanding dusty plasma in-
periment positively charged clusters of aluminium consistingcludes self-consistently the process of dust grain production.

www.nonlin-processes-geophys.net/13/223/2006/ Nonlin. Processes Geophys., 22922666
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However, the study of the expanding dusty plasmas formed
in strong perturbations is very important that is dictated by
the applications related to the description of different natu-
ral phenomena. Here we outline two problems which can
be important for applications of expanding dusty plasmas in
nature:

1. Shocks in supernova explosions.

The layer of dust behind the supernova shock is often
observed. The problem is to verify whether the layer
of dust is related to the process of dust condensation
behind the shock wave front.

shock the dust particles acquire a positive charge due
to the photoelectric effect. Thus laboratory experiments
on the dust ion acoustic linear and nonlinear waves (in-
cluding shocks) in a dusty plasma with positive charges
of the dust particles would be important.

. The presence of charged nanoscale particles in a dusty

plasma modifies its properties (Vladimirov and Os-
trikov, 2004; Ostrikov, 2005). Thus further laboratory
investigations of dusty plasmas containing nanoscale
particles would be useful from the viewpoint of the anal-
ysis of the processes of the formation of the primary

_ _ ) o Earth’s crust, hydrosphere, and atmosphere.
2. Nano- and microscale dust particles in the origin of the
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