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Shock waves in a dusty plasma
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In the present paper, shocks in a dusty plasma are studied. A set of macroscopic shock equations are
introduced in which the charge on the dust particles and the electrostatic potential in the dusty plasma have
been taken into account. It is found that two shock modes may exist in a dusty plasma. One that is called the
fast mode corresponds to an acoustic wave and the other, called the slow mode, corresponds to a dust-acoustic
wave. The results show that the electrostatic energy of dust particles affects the shock speed and shock heating.
The shock speed of the slow mode is found to be strongly dependent on the nondimensional dust density
parametelp. In a tenuous dust plasma pt1 for the slow mode, the flow of energy as the shock heats is
mainly converted into thermal energy of the dust particles; for the fast mode, the plasma heating may be
reduced and partly transferred into an increase of the charge on the dust particles when they cross the shock.
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I. INTRODUCTION II. SHOCK MODES IN A DUSTY PLASMA

Dusty ol di isti f mi d submi We study a dust plasma that contains three components:
usty p lasma, amedium cor_15|sh|ng 0 rrr:’lcron an su m'_'negatively charged dust grains, electrons, and positive ions.
cron particles, exist in space, in the earth's atmosphere, 1§y o jons and electrons are assumed to be closely coupled to
planetary rings, in the interstellar medium, etc., and also a0 other due to frequent collisions. On the other hand, the
man-made environments such as some production processggst grains may be discoupled from the plasma due to weak
rocket exhausts, and in many laboratory experiments. Thggjjision effects because of their large mass and, in some
dust particles in a plasma become electrically charged angases, also because of their low-number density compared
interact with each other, as well as with the ions and elecyth jons and electrons. We therefore use a model in which
trons of the plasma. The charge on the particles depends qRe plasma fluid and the dust grain fluid are dealt with sepa-
their radius and chemical composition, and also on theigately,
physical environment, and it varies with changes in its envi- - The qust particles move together with the plasma stream
ronment. A study of dusty plasma has led to the discovery oft the same velocity in the unshocked region. They enter the
different wave modes, instabilities, and crystallizationfront of the shock with a velocity); (Fig. 1). From the
(*plasma crystals) etc.[1]. The supersonic flow in @ dusty conservation of mass and momentum equations, one finds

plasma and shocked dusty plasma by some wave modes hayf jump conditions for the ion-electron fluid across the
also been studief®,3]. The Mach cones, ov-shaped distur-  gpock to be

bances created by supersonic objects in dusty plasma were

predicted[4,5] and recently detected in laboratory dusty J{Vi—{U}=0, )
plasma in a state of crystalline Coulomb latti@&. In the
present paper, the general character of shocks in a dusty {P}+J{U}+;{¢>}+¢_@{p}=0 )

plasma is investigated. We include the charge on the dust

particles and the electrostatic potential of a dusty plasma,,q for the dust fluid

Indeed, the electrostatic energy of the dust particles may be a

major part of total energy and play an important role for the Jo{Vat—{Ug=0, 3
dynamics of the dust particles that may have an effect on the

shock by its energy conversion.

We consider plane shocks moving in a dusty plasma in a {Pa}+Ja{Ud}+ pal @} + P{pq}=0. )
direction normal to the plane of the sho@kig. 1). The fluid
undergoes a discontinuity in the fluid and also the electro- UNDISTURBED SHOCKED
static parameters. The macroscopic conservation equations FLUID FLUID

integrated across the shock give a set of equations relating
the fluid properties on either side, which is independent of
the interior structure of the shock. In Sec. Il this set of mac- v v A n VB

roscopic equations is introduced and used to study the shock Vi qu @ Vo 4 @

modes. The shock speed and shock heating are studied in

Secs. Il and IV, respectively, and the results are discussed in FIG. 1. A plane shock moving in a dusty plasma where the fluid
Sec. V. and electrostatic parameters undergo a discontinuity.

v
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homogeneous equation of the variablgg}, {U}, {U4},
and{®}. A condition for the nonzero solution of Eg&l)—
(4) is
J -1 0 0

{P} —, —{p}

— J 0 p+d—

i\ {®}

a5 o glea| O ©

{vi Py

Parameter p 0 0 -1 3, {{Vd;
)

FIG. 2. Electrostatic potential and dust charge density of a dust
cloud in hydrogen plasma varies as a function of the paranpeter Using the condition of charge neutralization in the fluid, i.e.,
Curve one is fopg /nge, curve two fore®d/kgT, and curve three for  p= —pg, we find from Eq.(5)

pdCI)/nokBT.
{Vd} —{pa}  {Vd} {P}

Here,{A}=(A,—A;) is the usual notation for a shock, the {q)} + +¢’{¢)} {®} {V} 3%+ pa
subscripts 1 and 2 stand for the undisturbed and shocked
fluid, respectively, a subscript stands for the dust grain —{Pd} {P+Pg}
componentV, V4 the specific volume, is the reciprocal of {q>} vy =0, 6)
the mass densit’W=1/nm;, Vyq=1Ihgmy; J=U/V, J4
=Uy/Vy is the flux densityP, P4 the thermal pressurd? where
the electrostatic potential; and pq4 the charge density, and
a bar is for an average = ﬂ

3

— patpr  — Pt Dy
p=">% = 2 is the ratio between the flux density of the dust particles
stream and the plasma stream.
Equations(1)—(4) may be looked upon as a set of linear  The solution of Eq(6) is

{Pd} {Vd} {P}) \/[( {Pd} {Vd} {P}) it ( {Pd}){Vd} {P+ Pd}}
{‘I’} “ oy vi {‘I’} “ ey v) {‘I’} {®} {V}
AVa} AVt

20°—— {(1)} 20— {(D}

)

In a dusty plasma, it is convenient to introduce a dimen-be calculated by Eq13). In Fig. 2, the curves 1, 2, and 3

sionless parametgqr defined by{7], show pg/nge[ =pFy(p)], edP/kgT, and pgP/npksT as a
function of the parametqy for a dusty hydrogen plasma.
NgagkeT For the shocks {ng}>0, {V}<O0, {V4}<0, {P}
= o >0, {P4}>0, and{T}>0, one finds tha{d}<0, {p}>0,
0
which is related to the ratio of dust space charge to the elec- {P} {Pg}
tron space charge, whegg is the radius of the dust par- m<0, {\/} <0,
ticles, kg is the Boltzmann constang is the electronic
charge, andch, refers to the common plasma density value
when®=0. A dusty plasma is tenuous in dust whet1 {Vq}
and dense whep>1. The local electrostatic potentidh m>0’

will, in the following, be calculated by Eq.14). The dust
particle chargegg=ay4W is related toWw, which is the dust
surface potential relative to thé plasma potential? may and
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(CACH{pg®}{P})~(mi/mg)p<1l. For a dense
dust cloud with p>1 and py®~P, we find
(CAIC2)({pg®}/{P})~(m;, /mg)<1. The second term in the

We can see that there are the two positive solutions of Eqight-hand side of Eq(10) may be neglected and we have
(7). It means that there are two shock modes in a dustyhe shock speed

plasma. They are called tHast modefor J=J, and slow
modefor J=J_,
the dust-acoustic wave, respectively,
next section.

Ill. SHOCK SPEED IN A DUSTY PLASMA
WhenP>P,, we find from Eq.(7)

. _{PL 1 {pP}{Pa}
M VR ®
and
o 1 {pg®} {Pgd}
T2 Vg ( Ich 5) ©
here,
. (P _| L tpe)
i el
(P L {a®l] (P |1 {0e®)
BRI V<2 v

and corresponds to the acoustic wave and

as will be seen in thPThis means that the shock speed of the fast mode is the speed

U2=32v?=C2. (12

of sound. It is the same as that in a normal plasma flow. The
dust particles have not affected the shock speed of the fast
mode.

For the slow mode, due t&>P, and |£|<1, the first
term in the bracket in the right-hand side of expression Eq.
(11) is much larger than the second term that may be ne-
glected. The density of the electric energy® may be cal-
culated by using the following rational function approxima-
tions for the dust and plasma potentigl§

A weak shock may be treated as a perturbation of an

isotropic process. Assuming that the plasma and the dust

particles are perfect gases, one has

{P}__C
{vi v
and
{Pa__Ci
{Vab V3
where C,=(yPV)¥? is the speed of sound an€
=(y4P4Vg) Y% where y is the ratio of the special heats.
Then, it may be found from Eq$8) and (9) that
C? Ci {pg®
v2\ "2 {P}
and
Ci({pa® P
2__d({Pd }+{Pd }5)_ (11)
{Pa} {P}

First, we discuss the fast mode of Ed.0). According to
C2/Ci=m,/my and Eqs.(13), (14), and (16) for a tenuous
dust cloud withp<1, we have thap,®~pP and we find

e\If_ apt+tap —Fy(p) 13
KeT  1+4b,p+byp? P
ed cip+Cyp?
— =" 2 —F.(p). 14
kT 1+d;p+d,p? +(P) a8
We further have that
adkBT
Jg=aq¥= Fy(p) (15
and
pa®=pFy(P)Fa(P)NoksT. (16)

For a weak shock, one has

1pa®} _ d(pg®)
{Pgd} dPyq

Using Eq.(16) and treating the shock as an isotropic process
from Eq. (11) we find the shock speed of the slow mode to
be

1 dlpFe(p)Fy(p)]
PFL(p) dp

U2_=J2_V2=C§2[

Fo(p) 1
= (17)
PFy(p) Yd
Here,C} is the velocity of the dust-acoustic wal@|
Cg 2= (l)d)\z y
where, wi=4mnggi/my, IM3=1M3.+1N3,
~47nye?/kgT.

Figure 3 shows the speed of slow mode shock, in units of
the dust-acoustic wave velocity, as a function of the param-
eterp of Eq.(17). Three case are calculated: the solid line for
a hydrogen ior(proton plasma, the dashed line for a singly
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14 : : : 2
1 qg PaVy
2 lg=— : (20
8 12} ] Mg 4mag (yq—1)
o
3 il For simplicity, we use a tenuous dust plasmgefl as an
& example to show how the electrostatic energy of the dust
(=N . . s .
B onl particles affect the shock heating. We will, in the following,
E ' discuss details of the two different models separately.
= o8}
'(-; A. Slow mode shock
T 04r In this case, the shock speed is in a regionCet> U,
o >U_. The internal energy of the plasma should not be af-
02r o ] fected by the shocked fluid due to the shock speed being
. . . much less than the thermal velocity of the plasma particles.
?0“‘ 10° 10’ 10° 10* Therefore,
Parameter p {T}=0, (21)
FIG. 3. The speed of the slow mode shock in a dust plaGma {1}=0, (22)

terms of the velocity of dust-acoustic wa@,), as a function of

the parametep, based on Eq(17). The solid line is for hydrogen and from Eq.(15)

plasma, the dashed line for single-ionized oxygén'] plasma, agksT 2

and the dashed-dot line for double-ionized sulphsit {) plasma. {qﬁ}:(T> {a3}=0. (23

ionized oxygen ©*) plasma, and the dashed-dot line for a\ye have used that for a tenuous dust plasma-<fl then

doubly ionized sulphur§” ™) plasma, respectively. The co- Fy(p)=a,. FromFg(p)=c;p, for the tenuous dust plasma,
efficients in Eqs(13) and(14) for the three cases are shown gne has

in Table | andyy=5/3 is assumed.
It can be seen from Fig. 3 that the speed of the slow mode pa®Uy  ay(kgT)

shock depends on the parameper . = 5 @Cip<l, (24)
UgJqg e
IV. SHOCK HEATING IN A DUSTY PLASMA and
. A jump condition of the shock from the energy equation p®U  ngmy Cﬁ ) s
UZJ - nmi Uzaoclp - ( )
1 1 ,
|+ EUZ J+| g+ EUS Jg+ (P+p®)U+(Py We then find from Eqs(18)—(25)
2 2 2
¥dCq  Ug U= |
+pdq))Ud]=0. (18 [(yd—l+7 Jat 531 =0. 26

) _ _ ‘We may now show that for a slow mode, the flow energy is
The internal energy density per mass unit of the plasma igonverted by the shock into thermal energy of the dust par-

given by ticles. We have from Eq26) that
PV T (va—1) 1 1
l=—, 19 _d2_ vd T . 2
(y—1) 19 T * 24 Lt r2 arﬁ Ma. (@D

and the internal energy density per mass unit of the charge@herer=U,/U,=D,/D;, andrg=Uy;/Ugo=Dy,/Dy; is
dust particle is the compression ratio of the plasma and the dust, respec-

TABLE I. The coefficients in Eqs(13) and (14) for three cases of dusty plasni, is the ion charge
number and; is the atomic weight

Z; A Qo a by b, C1 Cz d; d,
1.0 1.0 —2.50 —-0.764 1.09 0.120 —-1.26 —0.210 1.04 0.112
1.0 16.0 —-3.61 —-1.07 1.11 0.0838 —1.83 —0.246 1.14 0.0956

2.0 320 —343 —0.509 0.686 0.0138 —-1.10 —0.0666 1.13 0.0364
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tively, My=U,/Cy; is the dust Mach number in region one. the acoustic wave, which also exists in the ordinary plasma.
Sincer andry>1, y4>1, the large square in the parenthe- The other, slow mode, corresponds to the dust-acoustic
ses in Eq(27) will be larger than one. Since also the Mach Wave, which is unique for the dust plasiid]. In experi-

number is larger than one, we find that the dust gas may pgents, a Mach cone pattern in a dust crystalline layer created

; by the slow mode has been observed, corresponding to a
reatly heated when it crosses a slow shock.
g y shock speed of 23 mm[$].
The shock velocity of the slow mode of E{.7) may be
B. The fast mode shock rewritten as

In this caseU>Cg,;, and the plasma will be heated by

the shock. For the tenuous dust plasma, we have from Eq. |\, _5 4 1 4 19-12 Fo(p) dlpFo(p)Fy(p)]
(23) that TTT et F2(p) dp
agag)? F2(p) 1)) Y2
{q2}=(—) {(ksT)?}. (28 @ __)
d e +Fq,(p) 1 " (m/s). (33
Equations(18)—(20) combined with Eqs(24), (29), and  ere T, is the plasma temperature in electron valf,, is
(28) gives the dust average radius jam, and ¢ is the dust specific
o2 2 2 cz 2 weight. This equation gives a relationship between the shock
YCla +(1+ a)_1+ @ [ Qq1 ): Yl L2 velocity and the dust and plasma parameters. The shock ve-
-1 2  Myl\dma T y-1" 2 locity may be measured, for example, by the opening angle
) of a Mach cone created by a body moving through the dust
Qa2 Ugz 29 plasma. This will lead to information on the dust and plasma
Myl 47a d2 +0‘T' (29) parameters. This idea has been suggested to be used as a

diagnostic method in space experiment suctCASSINI to
Dividing Eq. (31) by C2, and for a tenuous dust plasma of the Saturn[4,9] and in dusty plasma experimen{i§], to
p<<1 neglectingWy(=P4V4/y4— 1), the thermal energy of obtain information on dust plasma conditions where one can-

the dust particles, we find not, or may with difficulty, obtairin situ observations.
(2) The electrostatic energy of the charged dust particles
(y—1) 1 1 will affect the shock process and its properties. For the slow
1+ > lta-—-a— mode, as was shown in Sec. lll, it determines the shock
E: r " M2 (30) speed. For the fast mode, as was shown in Sec. IV, it has an
T (1+ad) ’ effect on the energy conversion of the shocked flow.

) ) ) (3) An equation, derived from the above set of macro-
here, M=U,/Cs, is the plasma Mach number in region scopic Eqs(1)—(4) and(18)—(20), which corresponds to the

one. If «=0, that is, no dust in the plasma, EQO) will  pydrodynamic equation known as thRankine-Hugoniot
describe the case of a ordinary plasma heated by a shockquation describing the energy conversion of the shocked
The factoré in the denominator of Eq.30) is flow, is now
lagl m; 1 a
s=—2 Lz, 3D {1+ S (PP ){VE+ S (PaytPe){Va}+aflg}=0.
4 My 2 2
(34)

where {Z4} =1|qq4,//€—|qq1l/€ is the change of the charge
number on a dust particle when it crosses the shock. For thdere,

tenuous dust plasma 2 a T.\2
0 d 2
a{lg=a— (kT )2[(— -1/ (35)
agke(To—Ty) thol AmmMge? Ty

{Za}t=laol —7—, (32)
e The second and third terms of E(4) are negative as in

_ _ normal shocks, the fourth one, which comes from the dust

and it can be seen theZy}>1 due to the plasma heating by ¢narge variations, is positive as shown by B§). This term

the shock. Equatiori30) shows that the plasma heating iS jegcrines how the flow of energy is now converted partly

reduced due to the charge increase of the dust particles whef o alectrostatic energy of the dust particles as they are

they cross the shock. charged up. Assuming,=1 ev, a radius of the dust par-

ticleag=1 um, anday=2.50 as in a hydrogen plasma, one
V. CONCLUSION AND DISCUSSION obtains

From the above, it can be seen that a shock in a dusty N1 5\ 2
plasma differs from that in an ordinary plasma in the follow- aflgf=1.09x 1032— PiVy (T_ -1
; Ni1 1
ing ways.

(1) There are two shock modes in a dusty plasma correCompared with the other terms of E@4), this has a con-
sponding to two wave modes. The fast mode corresponds fsiderable effect on the energy balance in the fast mode
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shock. This energy may, in principle, also be transferred into
other forms of energy, for example, causing the electric frag- Vin=2.41m
mentation of the dust grain.

(4) In this paper only the charged particles are considereqygre, a, is_the polarizability of the neutral species,
For a partly ionized plasma, the collisions with neutrals may— g 04x 10-25 cn® for H,, D,, andm, is the density and
have an effect on the shock. In the Appendix, we compargne mass of the neutrals respectivilit]. Comparing the last
the effect of collisions with neutrals with that of the electric 5, the third term on the left-hand side of EA1) and using
field and find that these collisions may have a small effect OfEgs. (16), (A2), and Table I, we obtain the ratio of the col-

1/2
MM | ™ On_ o 2 (A2)
m;my, P

the shock over a wide range of the parameters. lision term to the electric field term for a hydrogen plasma. It
is
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APPENDIX wheren=n/2N is the ionization fraction of the plasma/R
is the density of ionized atoms amlthe density of ionized

For an incompletely ionized plasma, the effects of colli-plus neutral atoms B=m;U?/kgT is the ratio of fluid en-
sions with neutrals may affect the shock. It may change th€rgy to the thermal energy, characteristic time of sh®gk
shock model and it will also affect the shock structure when=L/U (L the characteristic length of shock units of sec-
the mean free path of the neutrals are smaller than or conend, andAu=|U—U,|/U, the relative velocity difference of

parable with the shock thickness. the neutrals to the plasma. Effects of collisions with neutrals

Taking the collisions with the neutrals into consideration,is negligible if Re<1. It could happen in a rather wide range
the momentum equation of the plasma fluid becomes of the parameters. In dust experiments, we generally have
R that =107, while the other parameters are of the order of

dv - - I one, so R&1. In planetary ringsy~1 and Re will also be
D5t TV P=pE+Dwin(U-Uy)=0, (A1) <1.However, in interstellar molecular clouds, we may have
7~10"8, while T&>1 so that collisions with neutrals may
wherev;, describes the ion-neutral coupling have a large effect.
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