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The reflection and transmission of an incident solitary wave with an arbitrary propagation
direction due to an interface are investigated in the present paper. It is found that the
propagation direction of the transmitted solitary wave depends on not only the propagation
direction of the incident solitary wave, but also on the system parameters such as the
masses, the number densities of dust particles in two different regions. Dependence of
the transmission angle on the plasma parameters and incident angle are given analytically.
Moreover, the number and amplitude of transmitted solitary waves and reflected solitary
waves are also given when there is only one exact incident solitary wave. Our result has
potential application, for example, we can devise an appropriate experiment to measure
the differences of the masses and number densities of dust particles between two different
regions by using our present results. Furthermore, we can also measure the electric charge
of a dust particle by devising an appropriate experiment by using our results.
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1. Introduction

Dusty plasmas, sometimes called complex plasmas, have been extensively studied
during past years (Rao, Shukla & Yu 1990; Mendis & Rosenberg 1994; Barkan, Merlino
& D’angelo 1995; Horanyi 1996). Dusty plasmas show many low-frequency phenomena
(Duan et al. 2004; Ghosh et al. 2011; Shukla & Eliasson 2012) due to large mass of
dust particles (De Angelis, Formisano & Giordano 1988; Shukla & Silin 1992; Choi,
Dharuman & Murillo 2019). Dust acoustic waves (DAW) were first reported theoretically
in unmagnetized dusty plasmas by Rao et al. (1990). Whereafter, Shukla and Silin found
the dust ion acoustic waves (DIAW) (Shukla & Silin 1992). Experiments have confirmed
the existence of both DAW and DIAW (Barkan et al. 1995; Barkan, D’ Angelo & Merlino
1996; Morfill & Thomas 1996). Furthermore, other kinds of waves in a dusty plasma
have been reported (D’ Angelo & Song 1990; Melzer et al. 2000; Wang, Bhattacharjee &
Hu 2001; Nunomura et al. 2002; Avinash et al. 2003; Tsai, Tsai & Lin 2016; Hussain &
Hasnain 2017; Marciante & Murillo 2017; Zhang et al. 2017; Lin, Murillo & Feng 2020).
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Most of the aforementioned research has focused on a dusty plasma composed of
same sized dust particles, however, previous studies have shown that the size of dust
particles varies from nanometres to micrometres and their distribution is determined
by various conditions. The dust size distribution of dust particles in space plasma
can be usually described by a power law distribution (PLD) function (Horanyi &
Goertz 1990; Chow, Mendis & Rosenberg 1993; Brattli, Havnes & Melandsg 1997):
n(r)dr = Kr" in the range (7min, 7max), While n(r) dr = 0 when 7 < ryin OF 7 > Fiay.
The dust size distribution of dust particles in laboratory plasma is usually described by
a Gaussian distribution (Brattli er al. 1997, Meuris, Verheest & Lakhina 1997; Duan
2001): n(rydr = De—Hr=r)’, Many studies have shown that the dust size distribution can
affect the characteristics of a dusty plasma (Duan & Parkes 2003; Duan & Shi 2003;
Duan et al. 2007).

Recently, a binary dusty plasma containing two types of microparticles of different sizes
was studied (Sun et al. 2018; Du et al. 2019). The binary dusty plasma can either be mixed
(Smith et al. 2008; Hartmann et al. 2009; Wysocki et al. 2010; Wieben, Schablinski &
Block 2017) or form a phase-separated system (Ivlev e al. 2009; Jiang et al. 2011; Du
et al. 2012; Killer et al. 2016), caused by spinodal decomposition (Ivlev et al. 2009) or an
imbalance of external forces (Killer et al. 2016). In the latter case, an interface emerges
between the separated phases. The propagation of self-excited waves and solitary waves
has been investigated in the experiments performed in the PK-3 Plus laboratory on board
the International Space Station (ISS) (Yang et al. 2017; Sun et al. 2018). Furthermore, the
reflection and transmission of solitary waves at the low damping regime have been studied
by using Langevin dynamics simulations and experiments (Schwabe et al. 2008; Menzel,
Arp & Piel 2010; Jaiswal et al. 2018; Schwabe et al. 2020). Later, a theoretical investigation
on the propagation of a solitary wave in a phase separated binary complex plasma are given
by assuming that the complex plasma is a viscous fluid composed of microparticles (Hong
et al. 2021). Approximate analytical results of both the transmitted and the reflected waves
due to the incident wave whose propagation direction is parallel to the normal direction of
the interface are studied analytically, numerically and experimentally (Hong et al. 2021).
The analytical results are compared with both the simulation results and experimental ones
and a qualitative agreement is found. However, only the special case is studied (Hong et al.
2021), in which the propagation direction of the incident wave is parallel to the normal one
of the interface between two different regions which are composed by two different dust
particles. Following this process (Hong et al. 2021), the present paper will study the more
general case where the propagation direction of the incident wave is arbitrary, i.e. the
incident wave angle 6 (see figure 1) varies in the region [0, w/2]. Dependence of
the transmission wave angle « (see figure 1) on the plasma parameters is shown. Moreover,
the number and amplitude of the transmitted solitary waves and the reflected solitary
waves are also given.

2. Theoretical model

We consider a dusty plasma consisting of dust particles, free electrons and free ions.
To study low-frequency phenomena (o < kv,, v < kv,;, where v, v; are the thermal
velocity of electrons and ions), it is customary to treat the electrons and ions as a light fluid
which can be modelled by a Boltzmann distribution, while the full set of hydrodynamic
equations is used to describe the dynamics of the dust fluid. This is also justified for a
strongly coupled regime because of the higher temperatures and smaller electric charges
of both electrons and ions (Kaw & Sen 1998). Then, we have n, = n.exp(e¢/kzT,), n; =
nij exp(—e¢/kgT;), where n,, n; are the electron number density and ion number density,
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FIGURE 1. Schematic diagram of incident, reflected and transmitted waves. Superscripts ‘I’,
‘R’ and ‘T’ in the text represent incident, reflected and transmitted waves. In the region x < 0,
we use superscript ‘—’ to represent all the physical quantities, while in the region x > 0, we use
superscript ‘4’ to represent all the physical quantities.

T,, T; are the temperatures of electrons and ions, ¢ is electrostatic potential and kg is
Boltzmann’s constant.

For simplicity and generality, we will study the waves propagating only in the xoy
plane, i.e. the wave number k = (k,, k,, 0), for strongly coupled three-dimensional dusty
plasma which can be realized not only in the micro-gravity condition but also by using a
thermophoretic force as a tool to levitate particles against gravity (Rothermel et al. 2002).

We use the generalized hydrodynamic model and introduce a viscoelastic effect and
compressibility. The change of dispersion due to the strong coupling effect is mainly
caused by compressibility. So, in some cases, the dissipation caused by viscosity and dust
collisions is negligible. The neglect of dissipative effects is a valid approximation in the
modes with wt,, > 1, the so-called kinetic modes, where 1, is the relaxation (memory)
time. Therefore, the dynamics of the dust fluid in such a strongly coupled dusty plasma
is governed by the following normalized equations (Jaiswal, Bandyopadhyay & Sen 2014;
Tao et al. 2020):

on 0 (nu) 0 (nv) B

- 0, 2.1
ot ox dy @D
d d 0 0 "9
u oy 0w 9 yom_ 2.2)
ot ax dy dx n ox
av ov ov  d¢p y'on
—4u—+v———+=——=0, (2.3)
gt ox Ay dy ndy
%¢p 3%
— Bso —s¢
e a—yz_n—i—ve — pe?, (2.4)

where n refers to the number density of the dust particles, u, v are the velocities in the

x direction and y directions, s = 1/(u + vB), C3 = ZuTet/mas a),z,d = dnngZge*/my,
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Zyo 1s the number of charges of a dust particle measured in units of electron charge
e when the dusty plasma is in the equilibrium state, y' = yT,/Z,T; and y is the
compressibility. We neglect any charge fluctuation of the dust fluid. The compressibility is
y ={1/Ty)@P,/0ng) =1+u(l")/3 4+ (I'/9)(@Qu(I")/dI") (Ichimaru, Iyetomi & Tanaka
1987; Kaw & Sen 1998; Tao et al. 2020), where I" = Qj /kgTya is the coupling parameter,
k = a/A, is the screening parameter, O, = —Zye is the charge in a dust particle, T,
is the temperature of the dust fluid, d is the average distance between dust particles,
and A, is the Debye length of the dust fluid. Typically, for weakly coupled plasmas

<1, ul) = —?u(]“)”2 (Kaw & Sen 1998), while in the regime 1 < I' < 200,
w(I’) = —0.89I" +0.95I""* 4 0.197 "'/ — 0.81 (Kaw & Sen 1998).

3. Nonlinear wave
3.1. Poincare-Lightill-Kuo (PLK) perturbation method

To study the collisions between solitary waves, we adopt the PLK perturbation method
and introduce the following coordinate transformations:

E=c@+ky—vat) +€Py(n,7)+ P (E, 0, T)+ -, (3.1)
n=c¢c@+ky—uvot) +€Q(E, 1) +0 E,n,T)+---, (3.2)
T =€, (3.3)

where € is a small parameter, & and 7 represent the trajectories of two solitary waves, v,
and vy, are the velocities of solitary waves propagating in different directions, and k; and
k, are the wave numbers in the y direction of the first and second solitary waves. Here,
Po(n, t) and Qy(&, T) are two quantities which will be determined later, and P, (&, 1, 7)
and Q, (&, n, T) are another two quantities. We expand the physical quantities as follows:

n=14+enEnt)+emE nt)+enEn o)+, (3.4)
u=¢eu (E,n,7)+uy E,n, 1) +etus E,p, 1)+ - - -, (3.5)
v=¢cv E ) FEnE DD+t E )+, (3.6)
p=€¢En D) +EGE T+ G E T+ (3.7)

3.2. Korteweg de Vries (KdV) equations and their solution

Substituting (3.1)—(3.7) into (2.1)—(2.4), we have the following equations: ¢; = ¢: (€, ) +
¢n(na T)a ny = nE(Sa T) + nn(ns T)a uy = Mé(és T) + Mn(ﬂ, T)? v = UE(S» T) + Un(n’ T)’
ve = (kjug /(y'(1 + k%) - Uszl))(f’g, ug = (vg /(y'(1 + k%) - Uﬁ))‘ﬁs, ng = ((1+ k12)/
V' (A +k) —viNde, vy = (kuo/(Y' (L +k) —v3) /by uy = (Wa/(Y' (1 +k3) —
Vb 1y = (1 + D/ L+ 1) = 02y = —sB + b1, V3 = (1+k)
(' +1/0) and vi=(1+k)(y +1/0), where Q= (vB+ u)s. The unknown
functions ¢ (&, ) and ¢, (1, T) will be given later. We find from the above equations
that there are two waves propagating in two different directions of & and 5.
From the higher-order approximation, we have

0P 0P 83d>§
B 4 bp— 4+ c—— =0, 3.8
or T0P e T (3-8)
8¢77 / 8¢77 /83¢7I
4y 1 —1 =0, 3.9
e +b'¢, o + o (3.9)
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where
1+ k2 2030° + vy 0*(1 + &)
b=———|v - : ,
T30 [“ VBT — s’ + 1+ &)
2 2
_l+R o _1+R G.10)
2Ule 2U32Q
4k 2030° + vpQ*(1 + k2)
/o [UAZ(Uﬁ 2 + 52 S 2 } .
20308 +8)

Equations (3.8) and (3.9) are two KdV equations that describe two solitary waves
propagating in the & and 7 directions. The KdV equations have many solutions. One
solitary wave solutions of both (3.8) and (3.9) are as follows:

3u Uge \ 1/2

b = boé ech? [( 405) (& — uogz)} , (3.11)
3 1/2

¢, = %sech2 [(%) (n — uo,,t)i| . (3.12)

The amplitudes and the widths of two solitary waves are ¢, = 3uos/b, ¢y = 3u,/b’,
= (4c/uge)'?, W, = (4 Jug,)'?, where ugs and uy, are two arbitrary constants.

3.3. The solitary wave solution in the experimental coordinate

To compare out results with the experimental ones, we let all the physical quantities be
in the experimental coordinate. Then, one solitary wave solutions of the incident wave,
reflected wave and transmitted wave in the experimental coordinate are as follows:

X —Vt+eP(n,

u' = u! sech® ;;ﬂe (n t), (3.13)
— V& ,

uf = uf sech? ;REQ ¢ 7:)’ (3.14)
X —Vit+eP(n,

u” = u’ sech’ ‘;: (@ T), (3.15)

where u?, = ul;e~"/?" (Hong et al. 2021), where y = I, R, T which represent incident,
reflected and transmitted waves, respectively, u is the initial wave amplitude, V¥ =
C;T 4w, /2 and WY = (1 — u,,” /2C;7)/4C;T /u,,Y Apq™. Notice that the amplitude of
the solitary wave decays exponentially due to the viscosity of the dusty plasma. For the
low viscosity of a dusty plasma, v, = 0, i.e. the amplitude of the solitary wave remains
constant. It seems that the propagation speed of the solitary wave increases with the
increase of the amplitude of the solitary wave, while the width of the solitary wave
decreases with the increase of the amplitude of the solitary wave. Moreover, we have
the following equations in the experimental coordinates: n/ /ng~ = u'/C;~ = v /C;~ =
@' (Teii [e), n*/ngy~ = —uf/Cy~ =v*/Cq™ = —¢®[(Terr™ [€), n' [na* =u" /Cs" =
V'/C" = ="/ (Tuii" /o).

4. Inhomogeneity of the dusty plasma

As is well known, most previous studies have assumed that the dust particles in dusty
plasma are the same in size, charge and material because it is easier to study. Furthermore,
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it is assumed that all dust particles are spherical in shape. However, whether in space
plasma or in the laboratory plasma, dust particles of a dusty plasma may differ in size,
shape, charge and material composition. Previous studies have shown that the size of dust
particles in a space dusty plasma generally satisfies a power law distribution (Horanyi
& Goertz 1990; Chow et al. 1993; Brattli et al. 1997). The size of dust particles of a
dusty plasma in experiments generally satisfies a Gaussian distribution (Brattli et al. 1997,
Meuris et al. 1997; Duan 2001). To study the general cases of dust particle size distribution
in dusty plasma, some scholars assume that the dust particle size distribution satisfies a
polynomial distribution (Chen & Duan 2007; Zhang et al. 2016).

4.1. An interface of the dusty plasma

Recently, the propagation of solitary waves in a dusty plasma system composed of different
dust particles has been studied theoretically and experimentally. In the experiment, there
are two different dusty plasma in two different regions (Sun et al. 2018; Du et al. 2019;
Hong et al. 2021). The reflection and transmission of a solitary wave at the interface are
studied experimentally and theoretically.

Based on these experiments (Sun et al. 2018; Du et al. 2019; Hong et al. 2021), we now
consider a dusty plasma which is made up of two regions. The dusty plasma with smaller
dust particles is in the region x < 0, while the dusty plasma with larger dust particles is in
the region x > 0, see figure 1. Suppose that there is an incident solitary wave in the region
x < 0O initially. As it travels to the interface x = 0, it will be reflected and transmitted
at the interface. Therefore, we must consider both reflected and incident waves in the
region x < 0, whereas we only need to consider transmitted waves in the region x > 0.
For simplicity, we use superscripts ‘I°, ‘R’ and ‘T’ to represent incident, reflected and
transmitted waves, respectively.

4.2. Evolution of solitary waves from an initial condition

For the sake of convenience, we assume that the incident wave is a single solitary wave
and try to know the reflected wave and the transmitted wave. For this reason, we use a
previous result (Hong ez al. 2021). It is well known that the number of solitary waves and
their amplitudes can be given from the standard KdV equation and its ‘initial conditions’.

For the standard KdV equation: d¢/dt + 6¢(d¢/0€) + 33¢p/0&> = 0 and its ‘initial
conditions’: ¢|,—g = —(A/Loz)sechz(é /Ly), where L, is the characteristic width of the
initial pulse, Ay/Lo” is the characteristic amplitude of the initial pulse. The number N of
generated solitary waves and their wave amplitudes for each solitary wave can be given

2
by the following equations: /Ao + ; +3 —N >0, 2<, [Ao+ 1+ 13 —j) Ly, where

j=1,2,...,N. The number N is the maximum integer.
The three KdV equations for the incident wave, reflected wave and transmitted wave can
be rewritten as follows:

0b; 9% 3¢

8¢R . 9 R ) 783¢R

a—r” + (#) —¢§a—n’7 + (<) 3773” =0, (4.2)
9 T P T 83 T
& & +£ =0, (4.3)

+b+¢§¥+c

It JE
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)

where superscript ‘—’ represents the values in the region x < 0, while superscript ‘+’
stands for the values in the regionx > 0, where ¢” = €2 }', y =1,R, T, ¢ represents the
electrostatic potential of the wave y in the experimental coordinate, and the coefficients
of the KdV equation are

1+ k2 2030 + v, 0*(1 + i
b= 2[vsl(vﬁ st 4 2 TG 1)],
2v;0 (I + kD)
2 2
_ ik, 1HE (4.4)
szlQ2 2U52Q2
1+ k% 2 2 2U32Q3 + Us2Q2(1 + k%)
b =— X — u .
2”522Q2 |:U.2(V/3 n)s™ + a —l—k%)

5. Reflection and transmission of incident solitary waves

To know how an incident solitary wave is reflected and transmitted due to an interface,
we have to know the quasi-initial conditions of the reflected and transmitted waves from
the incident waves by the following continuity conditions at the interface.

5.1. Continuity conditions at the interface

Neglecting higher-order quantities, we give the continuity conditions at the interface
x=0. The continuous conditions at the interface are electrostatic-potential and
momentum:

[¢" +¢"]] g = &"| G.1)
md_ndo_ [Ml + MR] |x=0 = md+nd0+u7|x20 . (52)
ma"ng” [V 08| _y = matnatoT| (5.3)

where momentum is a vector; therefore, there are two components of momentum in the x
and y directions. Equations (5.1), (5.2) and (5.3) are in the experimental coordinate. We
have the ‘initial conditions’ of the reflected and the transmitted waves from (5.1), (5.2) and
(5.3):

T —
¢|x:0_1+x¢|x0’ (54)
1 -
¢, = Ty X o | o (5.5)

where x = my ng " Cp Ty /my ng Cp Ter". We assume that the incident wave is
a single solitary wave given by the standard KdV equation and the following initial
conditions:

8§01 a(pl 83@1
R L =0, 5.6
Py + 6¢ T + TS (5.6)
2 , (& 4t
0V = —ypasech (V_V - ﬁ) : 7

where W is the wave width. When the incident solitary wave propagates from the
region x < 0 to the interface x = 0, it will be reflected and transmitted. The equivalent
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‘initial conditions’ of reflected wave and transmitted wave can be given by the boundary
conditions of (5.4) and (5.5):

AT 2 fr
(p(T)(IT,O) = Wsech (E, 0) . (58)
A t
(R) _ R 2 R
0" p0) = ——sech (—,O), (5.9
(1r,0) (LR)2 LR

where Ay = 240(1/(1 + ) (Tetr™ /TeirH)s Lt = Lo, Ax = Ao((1 = x)/(1 + x)), Le = Lo,
Ao = 2. The ‘initial conditions’ of the reflected and transmitted waves can be used to
determine the number of reflected and transmitted solitary waves and the amplitudes of
each reflected solitary wave and each transmitted solitary wave generated by the incident
solitary wave after a period of evolution.

It seems that the number of reflected and transmitted solitary waves is in agreement in
the special case that the propagation direction of the incident wave is parallel to the normal
direction of the interface (Hong et al. 2021).

5.2. Dependence of the transmitted wave angle o on the incident wave angle 6

In this section, we will discuss how the quantity o depends on the quantity & when the
incident wave hits the interface arbitrarily. We assume that the angle of the incident solitary
wave is 6 and the angle of the reflected solitary wave is equal to that of the incident solitary
wave. However, the angle of the transmitted solitary wave is usually different from that of
the incident solitary wave. Therefore, we assume that the angle of the transmitted solitary

wave is «. Notice from figure 1 that v/ = u/ctgf, v¥ = —ufctgf and v’ = u’ ctga. Then
we have
tana (5.10)
ang ’

where x = my ng Cy To™ /my ng~ Cy Ter™, and (5.10) is the relation between 6 and
. To know the dependence of o on 6, we use the result (Wang et al. 2016): Q, =k, -
my*, where k', is a constant, and it is estimated that k,” = —3.204 x 107°. It is easy to be
verified as follows. The charge of the dust particles is generally proportional to the square
of their radius (Wang et al. 2016), while the mass of the dust particles is proportional to
the cubic power of their radius.

Notice that the dependence of « on 6 is equivalent to the dependence of the parameter
x on the parameters of the dusty plasma, such as the number density, the mass,
the temperature, the charge of dust particles, as well as the number density, and the
temperatures of both electrons and ions.

Figure 2 shows the dependence of x on the mass m™ and m™~ of dust particles in the
regionx > 0 and x < 0, respectively, for the three-dimensional case, where ng t = ng ™ =
10x10°m™>3, n,=10x10"m>3,T,=5¢eV, T, =0.1 eV and T, = 298 K (Du et al.
2012). Notice from figure 2 that x = 1 when m* = m™, i.e. if the masses of the dust
particles in two different regions are same, o = 6. It is noted from figure 2 that «, or yx,
increases as the mass of the dust particles in the region x > 0 increases, while it decreases
as the mass of the dust particles in the region x < 0 increases.

Figure 3 shows the dependence of x on the number density ng* and ng~ of the dust
particles in the region x > 0 and x < 0, respectively, for the three dimensional case,
where m* =m~ =5.0x 107 kg, n,o =1.0x 104 m™3, T, =5 ¢V, T; = 0.1 eV and
T; =298 K (Du et al. 2012). Notice from figure 3 that x = 1 when ng* = ng~, i.e. if
the number density of dust particles in two different regions are the same, o = 6. It is also
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FIGURE 2. In the three-dimensional case, the influence of dust particle mass m™* and m™~ on
parameter x, where the orange line is x = %, tana = 1 tan 0, the green line is x = %, tano =
%tan 0, the black line is x = 1, tana = tan @, the purple line is x = %, tana = %tan 0, and the
other system parameters are ngo" = ngo~ = 10 x 10° m™>, n,o = 1.0 x 104 m™3, T, =5 eV,

T; =0.1eVand T; = 298 K.

noted from figure 3 that «, or x, increases as the number density of the dust particles in
the region x > 0 increases, while it decreases as the number density of the dust particles
in the region x < 0 increases.

The dependences of x on the ion number density 7,9, the dust particle temperature 7,
the electron temperature 7, and the ion temperature 7; in both regions of x > 0 and x < 0
for the given system parameters have also been studied. It seems that all have no effect on
x . Therefore, « is independent of ion number density, and the temperatures of electrons,
ions and dust particles.

The dependence of o on 6 has potential applications. For example, though the
dependence of the electric charge on the dust size is usually in the form (Wang et al.
2016): Qg o ), where r, is the size of a dust particle, 1 < p < 2 (Wang et al. 2016). The
electric charge of a dust particle may be positive in certain conditions. To know the electric
charge of a dust particle, we may try to devise an experiment to detect the electric charge
of a dust particle by the following process. The parameter x can be rewritten as follows:

¥ = vV mjnjov Z;ov e?f' (5.11)
NALITINEATN Te+ff

It is easy to give the mass, the number density and the effective temperature of the dust
particles in two different regions. After given these parameters, let an incident solitary
wave propagate in an incident wave angle ¢, measure the transmitted wave angle o, and
then we can obtain the ratio of parameter Z, to Z,. If one of them is given, then the other
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FIGURE 3. In the three-dimensional case, the influence of dust particle number density ngo™
and ngo~ on the system parameter y, where the green line is x = %, tano = %tan@, the black
line is x = 1, tano = tan @, the purple line is x = %, tana = %tan 0, and the other system
parameters are mt=m™ =5.0x 1071 kg, n.o = 1.0 x 1014 m—3, T.,=5¢eV, T;=0.1 eV
and T; = 298 K.

is obtained. This result can be used to measure the electric charge of a dust particle in a
dusty plasma.

6. Conclusion

Based on the magnetohydrodynamical model, we studied the reflection and the
transmission of an arbitrary propagation direction incident wave due to an interface
between two different regions of a dusty plasma. This investigation is different from the
previous results in which the propagation direction of the incident wave is parallel to
the normal direction of the interface (Hong ef al. 2021). It is found that the transmitted
wave angle depends on the system parameters such as the masses of the dust particles
and the number densities of the dust particles in two different regions. Dependence of the
transmitted wave angle on the plasma parameters and the incident wave angle are given.
Moreover, the number and the amplitude of the transmitted solitary waves and the reflected
solitary waves are also given.

Based on the present investigation results, we can estimate the differences of the dust
particles such as the masses and number densities of dust particles between two different
regions by devising an appropriate experiment. We can also devise an experiment to
measure the electric charge of the dust particles.
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