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Surface waves in strongly irradiated dusty plasmas
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High-frequency surface waves at the interface between two dusty plasmas subject to radiation are consid-
ered. Ultraviolet radiation with energy flux larger than the photoelectric work function of the dust surface
causes photoemission of electrons. The dust charge and the overall charge balance of the plasma are thus
modified. The dispersion properties of the surface waves are investigated for three parameter regimes distin-
guished by the charging mechanisms in the two plasmas. It is shown that photoemission can significantly affect
the plasma and the surface waves.

PACS numbgs): 52.25.Zb, 52.35.Lv, 94.20.Bb

[. INTRODUCTION face waveqSWs9 at the interface between two dusty plas-
. . . mas with different dustand thus electron and iprconcen-
Massive dust particles appear naturally in many space arlﬁ’ations. Such an interface can appear if a part of a dusty
laboratory plasmagl-5|. They are charged by the micro- -4 i irradiated by strong UV light, as what might occur
scopic electron and ion currents flowing into them. Due t0jy the |ahoratory, the Earth’s ionosphere, the planetary rings,
the much higher mobility of the electrons the dust particles,q interstellar dust clouds near bright stk It is shown
usually acquire a large negative charge in the equilibriumpat pecause of the effect of the strong radiation on the
state, which is characterized by the balance of the microsteady-state of the plasmas, the surface waves at the interface

scopic electron and ion grain currehi&-8]. Under specific  can behave very differently from that of radiation-free plas-
conditions the overall charge on the dust particles can alsmas.

become positive. Such a situation can occur in the presence
of strong electromagnetic radiation or fast electrons. It has
been shown that ultraviolglUV) photon flux with energy

sufficient to extract electrons from the grains can affect the For simplicity we consider the interface between two ho-

electron Debye length and thus the conditions for Coulomimogeneous dusty plasmas. Our model structure consists of
lattice formation[9,10] and the boundary regions of dusty two distinct plasma regions. One or both of the regions is
plasmag 11]. In situ rocket measurements in the Earth’s po- homogeneously irradiated by UV light, and the dust particles
lar mesosphere also indicate the existence of striated plasnean be either negatively or positively charged, depending on
structures with regions of different dust-charge sigh8].  the intensity of the radiation. For definitiveness, we assume
The positive dust particles may be attributed to solarthat the UV light in region 1X<0) is absent or weaker than
radiation-induced photoemission of electrons from the dusthat in region 2 ¥>0). One may thus imagine that the UV
grains[12,13. If photoemission is strong enough, the poten-radiation enters the plasma from region 2 and is weakened
tial and charge of the dust particles can become positive. Thiey absorption and scatteringy the dust and plasma par-
ions are thus repelled by the dust and the electron grain cuticles) before reaching region 1. The size of the transition
rent is reduced/reversed by the photoelectrons. Such r@egion between the two plasmas is assumed to be much
change of the sign of the dust particles can greatly modifysmaller than any of the relevant space scales. This is equiva-
the properties of the plasma. In particular, in a plasma witHent to the commonly used assumption of a sharp interface
positive dust particles, the electron density would be largef14]. Stable discontinuous structures with fairly sharp inter-
than that of the ions, and waves in the plasma could béaces have often been observed in space and laboratory dusty
strongly affected. plasmaq1,15].
In this paper we investigate the effect of photoemission The SW eigenfrequency of the electron SWs is much
on the steady state and thus the dispersion properties of suarger than the characteristic rates of ion and dust motion, so
that the latter can be treated as immobile in the wave field.
The average charge of the dust particles is assumed to be
*Present address: School of Science, Nanyang Technological Ungonstant for a given UV flux intensity, and charge relaxation
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be valid in both plasma regions, that is;eng+en; 5
*e|Z4jngj=0, where j=1,2, e>0 is the electronic
charge,ngj, njj, ngj, andZy; are the equilibrium electron,
ion, and dust densities, and the dust charge number in region 4t
j, respectively.
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The electromagnetic fields of the SWs are obtained from ,35¢ ]

the standard linearized hydrodynamic and Maxwell equa- Y. 3 )
tions
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FIG. 1. Dependence of the magnitude of a negative dust charge
V X B;=(1/c)dE;— (4m/c)enyVe;, (4) on the intensity of the UV flux. Heré=log(|Zyl), t=—log(l,h).
Te=0.15 eV, T,,=0.2 eV, T;=0.015 eV, nj,=5x10° cm?,
wherevej, nej, and v, are the fluid velocity, density and Ng2=5% 107 Cm7.3- Curves 1-5 correspond to the following val-
effective collision frequency of electrons, aBigandB; are ~ ues of the dust size, and yield of photoelectron¥: 0.5 xm and
the electric and magnetic fields of the SW. 02,1 pmand 0.2, 2um and 0.2, 3um and 0.25, and Sum
Depending on the intensity and transparency of the U\and 0.25, respectively.
flux in the two plasma regions, three distinct cases are pos-
sible. Case I: the dust charge remains negative in both reYIph/errag is the charge extracted by the UV photons from a
gions 1 and 2. This occurs when the intensity of the photounit surface area of the dust grain per second. The depen-
emission current is low. The latter is sufficient to affect thedence of the magnitude of the dust charge on the intensity of
charge of the dust grains in region 2 but not in region 1. Cas¢he UV flux is presented in Fig. 1 for typicahveraged
II: positive dust particles in region 2 and negative ones are irparameterg17] of the lower ionospherid= region. Curves
region 1. Here the radiation in region 2 is sufficiently intensel—5 correspond to different values of the dust size and pho-
to turn the dusts positive, but its action on the dusts in regionoelectron yield.
1 is absent or weak. Case llI: the radiation is so strong that The equilibrium dust charge in the radiation-free region 1
the dust charge in both regions 1 and 2 are positive. In thés determined by a balance between the electron and ion
following section we analyze the currents flowing into andgrain currents. One obtairf§]
off a dust grain and derive the equations for the equilibrium
dust charge and electron density which govern the SW dis- . €| Zg1l (Telmi)m 1 |Zdl|nd1)ex% ez|Zd1|)
Ni1 aTer /)
(6)
nwherea;, Te;, andT;; are the dust radius, electron, and ion

persion relation.
for cases IIIl. For case | the dust particles are negative if€MPeratures in region 1, respectively.

both regions 1 and 2. The equilibrium charge neutrality con-, FOF case Il, the dust particles in region 2 are driven posi-
ditions for regions 1 and 2 am@y =Ny, — | Zg1 Ny and Ny tive by the UV radiation, and those in region 1 remain nega-

= Niy—|Zgo| Nz, respectively. We assume that the UV radia-tive', We r.ecall_that.the charging dynamics for .positive dust
tion affects the dust charge in region 2, where the charge 0Hartlcles is quite different from that for negative ones be-

the dusts is determined by balancing the electron, ion, anf§2USe of the complete difference in the orbit behavior for
photoemission currents. One obtalisd] oth the electrons and iog,8,12,16. Furthermore, we can

neglect the ion grain current, as shall be verified later. The

a;Tiy Ti1Me
Ill. THE STEADY STATES

We consider the charge balance in both plasma regio

8T, | 12 €% Zy,| balance of the plasma and photoelectron currents yields
(Niz—|Zgalngp)eXp —
TMe aTe 112 2
BTz (Ni2+1Zg2INg2) 1+e 1Zad
B 8Ti2)l/2 ( e%|Zq,| N [onY 92|Zd2|> 5) Mg 127 [Fazitid2 aTer
m, 2 aTiz | eraj aTpez/’ 2
_ l'onY exp{— e |Zd2|> )
wherea,, Tep, Tiz, andT,e, are the dust radius, electron, emas a2 Tpe2 )’

ion, and photoelectron temperatures, respectively. The latter

is in general different from that of the plasma electrons, buivhich allows one to determine th@gositive) dust charge
rapid thermalization can occur if electron-electron collisionseZ,;,. Note that when the dust charge is positive, the photo-
are frequent. In Eq5) | 5, is the UV photon flux, and' is the  electric current is greatly reduced because of the action of the
yield of photoelectrons. The value of is near unity for attracting positive potential of the grain on the released pho-
metals and near 0.1 for dielectrigk|. The quantityl ph/wa§ toelectrons. The dependence of the dust charge on the UV
is the photon flux per unit area of the dust grain, andflux is given in Fig. 2 for the same ionospheric parameters as
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FIG. 2. The same as in Fig. 1, but for positive dust grains. Here .
£=10g(Z), 5=10g(l,y), and the other parameters are the same as FIG. 4. Dependence of the tr;rreshold UV photon flux per unit

a}iﬂ t 2 i
in Fig. 1. Curves 1-5 are plotted for tlag andY values: 0.1 um surface area of the dust gr . |pn ma” (in photons per Cﬁ) on
the electron temperature for different parameters of the ionospheric
and 0.15, 0.2um and 0.3, 0.3um and 0.35, 0.5um and 0.35, .
and 1 wm and 0.4. respectivel layer. Curves 1-6 correspond to the, and Y values: 1
- o fesp y: x10* cm 2 and 0.35; % 10" cm 3 and 0.3; 810" cm 2 and
0.25; 2x10° cm™2 and 0.2; 5<1C° ¢cm 2 and 0.15; and 7

in Fig. 1. It is clear that the magnitude of the dust charge is>< 105 cm2 and 0.1, respectively

much lower than that for negatively charged dusts.

As soon as the grain becomes positive, the ion grain curiynogpheric layer in our example. In Fig. 4 the dependence
rent becomes much smaller because of electrostatic repylt ihe threshold photon flux per unit area of the dust surface
sion. From the marginal conditicfy,~0, it is easlyl/zto Verify  on the electron temperature is shown. From Fig. 3 we see
from Egs.(5) and (7) that|l;|/[le|~(Time/Tem) <1, SO that more intense radiation is necessary to neutralize larger
that the ion grain current is indeed negligible. The equilib-q,st grains.
rium ion density is given by When the dust charge in region 1 is unaffected by the

radiation we have ng=nj;—|Z4|ng; and nge=n;,
®) +|Zg2/ng2. OnN the other hand, if the dust particles in region

1 are affected by the radiation but still negative, the equilib-

rium dust charg& 4, is determined from Eq.7). The corre-
wherelg‘hr is the threshold UV photon flux for the production sponding quantityZ4, can be obtained from Eq5). The
of positively charged dust grains. Expression [8). also  electron densitiesi,; and ng, can easily be obtained from
allows one to estimate the UV photon flux necessary for théhe corresponding charge neutrality conditions.
complete neutralization of the dust grains in region 2. In Fig. In case lll the dust particles are positive in both regions 1
3 we show the dependence of the threshold photoelectroand 2; Eq.(7) (with appropriate modification of the indices 1
current on the average dust size for the paramétensden-  or 2) can be used to determitf; andZy,. In this case the
sity, plasma, and photoelectron temperature, and the phot@lectron densities in the two regions arg =n;;+|Zg1|Ng1
electron yield per incident photprcorresponding to the andng,=n;,+|Z4,/ng,, respectively.

The above cases roughly model the different stages of the

thr —12

TMe

Ni2= 2

2 —— interaction of UV radiation of increasing intensity with a
L 1 structured dusty plasma or the different regions of the plasma
160 as the radiation penetrates it with reducing intensity because
I 5 ] of absorption and scattering by the dust particles. Different
1ol ] combinations of these cases can also model other situations.
oL 4 | For example, both regions can contain negative dust particles
0.8 but are differently affected by the UV light. In this case the
- 3 corresponding equations for the equilibrium dust charge can
04’ easily be obtained by combining Eq%)—(8).
2
I 1 " IV. SURFACE WAVE DISPERSION RELATION
% 1.0 2.0 30 40 50

We consider electron SWs propagating at the interface
along thez direction. All perturbations in the SW field are
FIG. 3. Dependence of the threshold photoelectron cudrent assumed to vary liké\(r,t) =A(x)exdi(k,z—wt)], wherek,
:Ig‘h' (in statampergson the average dust size(in micrometers  is the SW wave number. From the basic equatit)s-(4)
for different parameters of the ionospheric layer. Curves 1-5 corwith the boundary conditionBy, =B, andE,; =E,, [14] at

respond to thd, nj,, andY values: 0.15 eV, X10* cm ™3, and  the interfacex=0, we can easily obtain the dispersion equa-
0.2;0.2 eV, 8<10° cm 3, and 0.25; 0.25 eV, 210° cm %, and  tjon for the high-frequency SWs,
0.3; 0.3 eV, 5<10° cm 3, and 0.4; and 0.35 eV, ¥10° cm 3,

and 0.5, respectively. K1l €p1+ Kol €p=0, 9)

a
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where k(1 2= [k —k2€(p1p2)]*? are the inverse skin depths 15
of the SWs in regions 1 and 2,pj=1—w,23j/w2, k=wlc,

and wf,j=47re2nej/me. The form of Eq.(9) is the same as 141
that for dust-free plasmd48] except that all quantities here

depend on the dust density as well as the intensity of the UV 131
flux. We have assumed that the characteristic oscillation fre- ¢
guencies are much higher than the collision and photoemis-
sion frequencies. From E) one obtains the wave number

for waves propagating in the positizedirection

1.2}

1.1}

k,=K[ Eplfpzl( €p1T fpz)]llzy (10
1 . . . . .
and the inverse skin depths 0 0.5 1 15 2 25 3
K
k1=K[ — €2,/ ( €1+ €15) ]2, 11
1=K~ €paf (epat €po)] (1) FIG. 5. Dispersion curves of the high-frequency SWs for case |
and (negative dusts in both regionswhere Q=w/w(), and K
:kZC/wéOl) are the normalized frequency and wave number of the
Ko=K[— egzl(epl-i- epz)]l/z, (12  SWs. [Z|ng; /ni;=0.2, [2§)|ng,/n;,=0.3, and ni,/n;;=3.
Curves 1-4 correspond to the following values 2,|/|z{}| and
in regions 1 and 2, respectively. From E@)—(12) it fol-  [Zl/|Z$)|: 1 and 1, 0.85 and 0.75, 0.7 and 0.5, and 0.55 and 0.25,

lows that electron SWs exist in the frequency rarge< respectively.

<wy, where o =minfw, 0} and wy=[(w> _ o

+w2,)/2]Y2 PP P o is equal towp; (curves 3 and 4 in Fig.)6 A further
Tphze properties of SWs are now analyzed. First, we conincrease of the UV flux intensity results in an increase of

sider case | where the dust particles are negatively charged fPth @ @andwy . Note that the threshold can only be reached

both regions. The dust particles lose electrons by photoemidt Niz>Net - From Eq.(13) one can also obtain the threshold
sion, so that bothZy,| and|Z,| decreasdcompared with ~ value of the UV flux intensity i provided thatw, = wy, for

the radiation-free cageSince the intensity of the UV radia- |ph<|tphﬁ, andw = w,, for Iph>l‘,ﬂ{. When the effect of the
tion is assumed to be higher in region 2 and the dust charggV flux on the dust charge in region 1 can be neglec¢sse

in both regions is negative, the variation |&y,| with the  the discussion in Sec. )lithe lower cutofwazwg‘l’ is inde-
flux intensity is larger than that in region 1. To study the pendent of the photon flux intensity.

modification of the SW dispersion properties as the UV flux We now turn our attention to case Il where the dust par-
intensity increases, we take as referemgetlgo), say the ticles in region 2 are positive, and those in region 1 negative.
minimum radiation flux level to be considered. In the follow- Here the UV irradiation leads to an increaseZyf, and a

ing the superscript0) shall denote evaluation at this refer- decrease ofZy,|. Clearly, when the conditiofB) as applied

ence level. We assume that with this flux level the electrorto region 2(i.e., replacing the index 2 by)is met, the dust

density in region 2 is larger than that in region 1, or charge in region 1 can be completely neutralized. The effect
of the UV flux is also strongest here because of the strong
Ni2—|Zg2INg2>Ni1—|Zgalnga, dependence of the electron densitylgp In case I since the

0 . . UV flux was smaller in region 1, the variation of the magni-
where all terms are evaluated fog,=1p,' . The dispersion  y,de of the dust charge was larger in region 2. However, the
curves for this case are shown in Fig. 5, where the frequencyresent case can be quite different since the variation of the
is normalized byw(y . We see that the wave frequency has aglectron density in region (hegative dusfswith the UV flux
lower as well as an upper bound, which shall be referred tontensity is much more than that in region(gositive dust
asw, andwy,, respectively. The cutoff frequenay, coin-
cides with the plasma frequeney,, of region 1. Increasing 1.08
the UV flux intensity results in an increase ©f as well as

becomes larger thamy; when the magnitude of the dust

thr

charge|Z4,| becomes smaller thadiZyy|, where 0.94

4

the limiting frequencyw, with the change in the latter 1'06/
larger. 1.04 3

Fornge,<ngp, the cutoff frequencyw, first coincides with 1.02 /
wp2, @s shown in Fig. 6. An increase bfj, leads to a de-
crease ofZy,| and a faster increase af, = w, than that of o Tf 2
wp1. The upper limiting frequencyy, increases with;, at a 0.98 /
rate comparable to that @f, . However, one finds thab, 0.96 /

0.92

th th ‘ I
128 =(niz—ni/nz, (13 0 0z 04 06 08 1

and the superscript thr denotes evaluation at the threshold FIG. 6. The same as in Fig. 5, byz{J|ng;/n;;=0.35,

loh=11. Furthermore, whetZ,| <|Z%|, the lower cutoff  |Z{Qng,/n;;=0.25, andn;,/n;;=0.75.
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FIG. 8. The same as in Fig. 7. Her@{¥|ng;/n;;=0.3,
1ZQIng2/ni,=0.1, andn;,/n;;=0.6. The curves 1-6 correspond
to the following values ofZ(|/|z(9| and|z{)|/|Z{Y]: 1 and 1,
0.95 and 1.15, 0.9 and 1.3, 0.8 and 1.45, 0.75 and 1.6, and 0.6 and
1.75, respectively.

FIG. 7. Dispersion curves for case(positive dusts in region 2
and negative in region)1Here|Z{|ng;/ni1=0.4, |Z{|ng, /niz
=0.1, andn;,/n;;=1.2. The curves 1-5 correspond to the follow-
ing values off Zq; (1 i) |/1Z8] and|Zg,(1 )1/ Z53): 1 and 1, 0.85
and 1.05, 0.7 and 1.1, 0.55 and 1.15, 0.4 and 1.2, respectively.

. o . . We now considemg,<ng; at the minimum flux level,
particleg. This is because the large positive attractive dustthat is
potential in region 2 exponentially reduces the number of the '
released photoelectrons. Therefore, despite the weaker UV Niz+|Zga|Ng2<Ni1—|Zg1| N1,
flux in region 1, the variation of the electron density it}
can under certain conditions be actually larger than that invhere all terms are evaluated Iq‘,ﬂ) This means thaty,
region 2. Thus two situations are possible: the first is when=w, atl,,=1). If |Zy,| increases faster than the decrease
Ne, increases faster with the UV flux thamy. This also  of |z, an increase of,, results in a faster rise @b, than
means that the increases 8, with the UV flux is faster , , as shown in Fig. 8. If|Zy,|>|Z%|, where |z

. d2
than the decrease (Zq,|. The second is when the electro- —(n"_p_y/n .. the lower cutoff is equal teps. If, how-

static interaction(attraction in region 2 and repulsion in re- eyer, the effect of the UV radiation is weaker than that of the
gion 1 of the dust grains with the photoelectrons prevailSg|actron grain currentZg,| rises slower than the decline of

over the effect of the UV flux scattering. Herg; can in- |Z4]. The lower cutoff in this case coincides withy,. We

crease with ;y faster thame,. . also note that, rises faster tham, for a further increase of
First we assumag,>ng; at the minimum flux level, that I (Fig. 9).
IS, Finally, we examine case lll where both regions 1 and 2
contain positively charged dust particles. As region 2 is more
Nio+|Zg2|Ng2>Ni1—|Zg1|Na1 affected by the UV fluxZy, increases with the latter more

thanZgy,. If ng;<ng at the minimum flux level, that is,

where all terms are evaluatedigt=1(p). In this casew,; is
; ; ot ZgoNgo<nj1+Z41N

the lower cutoff for the SWs and the dispersion curves are Ni2™ £42Nd2<Ni1* £d1Nd1.
qualitatively similar to that in Fig. 5. If the scattering is
strong enough|Zy,| increases faster thajZy,| decreases
with the radiation flux. This means tha = w,; always
remains less thamp,. Here wy also increases faster than

for 1,,=1{, the lower cutoff coincides withw,. It in-
creases Wwith , faster tharw ;. If Zy, exceeds the threshold

1.04

o . In fact, if the variationZy; with the UV flux intensity
can be neglected, the lower cutoff is nearly independent of 1.03|
the flux intensity. Otherwise, the increase 8f,| is less than
the decrease 9Z|. If the magnitude of the dust charg@g, 1.02¢
(which decreases withy,;) exceeds the threshold 1.01L

|Z£1h1r|=(ni1_nteh2r)/nd1, e 1

0.99|
the lower cutoff still coincides withw,, but approaches,, 0.98
as the flux intensity increases, as shown in Fig. 7. Further- /
more, bothw andwy increase with ;, at the same rate. The 0.97 . . . .
0 0.2 0.4 0.6 0.8 1

threshold can be reached in this casaif>nY. Further
increase of the UV flux leads to a decreaseZgf, so that
Zy1<Z3 and one findsw, = wy,. After the threshold is FIG. 9. The same as in Fig. 8. Curves 1-5 correspond to the
reached,w, and w, increase faster tham,, (see Fig. 7, following values oflz{7|/|z{?| and|z{|/|Z{Y|: 1 and 1, 0.85 and
curves 4 and b 1.05, 0.7 and 1.1, 0.65 and 1.15, and 0.5 and 1.2, respectively.

K
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va|uezgh2f:(ngh;— Ni2)/Ngz, ONe obtainsw; = w,;. To reach recombination balance in the plasma. In this case the

the thresholdn®Y must be larger than;,. ForZ4,>Z the ~ resulting variation of the particle densities must also be in-

upper frequency limit increases faster than the lower one. 1f€luded. Such effective particle sources and sinks, as well as
however,ng,<ng; at | 3= S%)’ w_ would always be equal d|ffgS|on (which are of the_ same ordercan appear as dissi-
t0 wp;, andwy, would increase aky, increases. The disper- pation and lead to damping of the surface waves. Further-

sion curves in this case are qualitatively similar to that in th ore, to avou_j unnecessary complication in the_ algebra, we
case of negative dust particles. ave not explicitly taken into account possible differences in

the mass, size, and type of the dusts in the adjoining plasma
regions. However, such cases can readily be incorporated in
our results by redefining the plasma parameters appropri-

We have shown that when the dust charge is affected bgtely.
intense UV radiation, surface waves propagating on the in- Radiation plays important roles in determining the com-
terface between two physically distinct regions of a dustyPosition and properties of many space and cosmic plasmas.
plasma are modified. In particular, it is shown that whenThe present work shows that by significantly modifying the
positively charged dusts are created by the radiation, théteady state, the radiation can greatly affect the propagation
properties of the equilibrium states of the plasmas and theredf surface waves in the plasma. In particular, our results
fore the surface waves can be strongly affected. If the dusghould be useful in the diagnostics of the Earth’s ionospheric
charge is negative, the negative surface potential facilitategegions with distinct night and daytime behaviors. They may
the release of photoelectrons, and dust charge variation withe relevant to regions affected by ozone holes, as the en-
the radiation flux intensity can be very large. However, ashanced UV radiation would greatly increase plasma produc-
soon as the dust particles become positive, the photoeletion in the lower ionosphere which would otherwise be very
trons are hindered from escaping from the dust surface by th&eakly ionized. The results can also be applied in the studies
much stronger positive potential barrier. Thus a much highe@f interstellar dust clouds subject to strong radiation from the
UV flux intensity is necessary to further increase the positivenearby stars. The sharp boundary in our model would then be
dust charge than that for neutralizing the originally nega-tealized when a part of the plasma is shaded from the radia-
tively charged dust. For this reason, the magnitude of thdion by another cloud or an arm of the same cloud.
charge of a positive dust is for reasonable UV flux intensity
much smaller than. that of a negative dust particle. It i;s_ ACKNOWLEDGMENTS
shown that depending on the degree of dust charge modifi-
cation by the radiation, the upper and lower limits in the This work was supported by the Sonderforschungsbereich
surface wave frequency are strongly modified. 191 Niedertemperatur Plasmen, the Alexander von Hum-
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