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Preface

HE THESIS surveys our progress in laboratory experiments and numerical simula-
tions in which I've been involved over the last ten years. The work is devoted
to experiments on single dust grains caught in electrodynamic traps, where particular
charging processes can be observed separately. Such a unique approach brings attain-
ments and fine details that cannot be easily seen by other facilities. We focus our study
to the basic understanding of charging processes that are evoked by particle (no mat-
ter which) impacts. Materials of interest are often insulators and other space-related
substances. The focus is split into three domains:

1. development and construction of the technical equipment and experimental tech-
niques — outlined in section 2 and in Pavla et al. [2004, Appendix A] and Beranek
et al. [2012, Appendix B],

2. study of particular dust—particle interactions (that includes all kinds of charging
processes, ion sputtering, neutral diffusion, surface and structural modifications,
etc.) — referred in sections 3.1 and in Nouzdk et al. [2016, Appendix C], Pavli
et al. [2009, Appendix D], Pavla et al. [2008, Appendix E], Richterova et al. [2006,
Appendix F], Richterova et al. [2012, Appendix G], Richterova et al. [2016, Ap-
pendix H], Pavlt et al. [2007, Appendix I], and Beranek et al. [2010, Appendix J],

3. application of our knowledge on particular processes (and their combination
complemented with numerical simulations) to real plasma environments — men-
tioned in sections 3.2 and in Némecek et al. [2011, Appendix K], Vaverka et al.
[2013, Appendix L], Pavlt et al. [2014, Appendix M], Richterov4 et al. [2011, Ap-
pendix NJ, and Vaverka et al. [2014, Appendix O].

The research included in this thesis was in course of time supported by Min-
istry of Education Research Plan MSM 0021620834, Czech Science Foundation projects
202/04/0912,202/08/P066,202/08/0063,209/11/1412, and 16-05762S, and finally, by
Charles University in Prague through various projects. We greatly acknowledge all
funders.






1. Introduction

PACE (COSMIC) DUST is present across the whole universe. It is generally small
S object having a few molecules up to about millimeter in size. Stardust is a small
fraction that consists of larger refractory minerals that condensed as matter left the
stars. Cosmic dust can be also distinguished by its location: intergalactic, interstellar,
interplanetary (such as in the zodiacal cloud), and circumplanetary dust (such as in
a planetary ring). Solar system dust origins are mostly comets, asteroids, Kuiper belt,
and also interstellar dust passing through the solar system. Zook [2001] estimated that
as much as 40 000 tons of cosmic dust reach the Earth’s surface every year.

In the past, the dust annoyed astronomers, as it obscures objects they are observ-
ing. With growth od infrared astronomy, those dust particles were observed to be
a significant part of astrophysical processes. Similarly, in the laboratory plasma, the
dust was often considered as an unwanted rubbish. Last several decades brought up
the attention to the so-called “complex plasmas” (also referred as “dusty plasmas”)
where dust grains play a role of the third plasma constituent.

1.1 Dustin Space

Dust plays an important role in the overall scenario of structure and evolution of the
universe. It's generally agreed that dust is present from almost the beginning of the
universe to present time. Dust is at the center of all important events there, influ-
ences thermal, dynamical, ionization, and chemical states of matter of the interstellar
and also intergalactic medium. Since the dust grains are effective absorbers of radia-
tion (shielding each other), they often form low-temperature clouds serving as small
chemical laboratories in outer space. While optical properties are most important for
studies of dust clouds far beyond the solar system, the dust within the reach of the Sun
(and thus within the influence of the solar wind) is located inside plasma, therefore its
electrical charge plays a key role.

Various space missions have been conducted to sound and to investigate the com-
position, size distribution, and structural characteristics of interstellar and interplan-
etary dust, such as Ulysses, Cassini, and Galileo [Altobelli et al., 2003, Kriiger et al.,
2010a,b]. The dust grains provide an excellent window into interstellar and interplan-
etary processes, carry information on the origin and evolution of their parent bodies,
and reveal the intrinsic properties of the environments where these grains were born.
In situ measurements also provide opportunities to test and to validate various theo-
ries related to cosmic dust.

1.2 Dust in Laboratory

Dust grains immersed in ionized media acquire charges whose signs and magnitudes
strongly affect the properties of the surrounding plasma as well as of the ensemble
of dust grains itself. The various crystalline and liquid phases of dust grains found
in special laboratory experiments are the most important manifestations of this ef-
fect [Fortov et al., 2005, Ishihara, 2007, Ivlev et al., 2015]. The fact that dust grains
and plasma are significantly coupled is known for a long time. Not only from as-
trophysical plasma environments [Horanyi, 1996, Mann, 2008, Sakai et al., 2013] but
also from processing discharges, where the grains are not the intentional constituents
studied for their properties but contaminants which need to be controlled because
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they are detrimental to the performance of the discharge [Bouchoule, 1999, Smirnov
etal., 2015].

1.3 Dust Charge

Since the charge acquired by a dust grain is an important parameter, it has been mea-
sured in a number of experiments [Melzer et al., 1994, Trottenberg et al., 1995, Walch
etal., 1995, Tomme et al., 2000a,b, Samarian and Vladimirov, 2003, Khrapak et al., 2005,
Lisin et al., 2012, and many others]. The dust grain is often considered being a electric
probe and thus reaches the floating potential. For a spherical particle it can be imme-
diately translated into a charge. In the most cases, however, the charges calculated
using this approach are not in agreements with experimental data [e.g., Bronold et al.,
2009].

Similarly, any unprotected surface in the space charges in response to incident cur-
rents, reaching a floating potential with respect to the surrounding plasma such that
positive and negative currents to the surface balance [Whipple, 1981]. Typically, cur-
rents from lighter and faster electrons dominate over ion currents, acting to drive the
surface negative, while photoelectron and secondary electron emission currents tend
to charge the surface/grain positively [Halekas et al., 2009]. For example, on the Moon
sunward side photoemission usually dominates, leading to a small positive potential.
On the other hand, in a lunar shadow, depending on the secondary electron yield,
surfaces can reach either positive or negative charges [e.g., Vaverka et al., 2013, Ap-
pendix L]. Further complicating this environment, although less understood, is an
effect of the presence of surface relief, typically in the form of craters and/or boulders.
It has been suggested that such non-trivial surface topography can lead to complex
electrostatic potentials and fields, including “mini-wakes” behind small obstacles to
the solar wind flow and “supercharging” near sunlit-shadow boundaries [Poppe et al.,
2012]. The knowledge of electric fields and dust charge near the surface may have im-
portant implications for robotic and human explorations of the Moon and for forming
of dust ponds on various asteroids [Stubbs et al., 2007].

As it was already mentioned, photoemission is one of the most important posi-
tive currents. Although it was widely studied on metals and semiconductors, it lacks
observations for dielectrics and especially rather small samples. For its description,
one would usually need only the work function of a given material and knowledge of
photoelectron spectra but both remain generally unknown for space-related materials.
Thus, half-empirical formulas are often used [Ma et al., 2013] for setting these con-
stants in space-like simulations. Light absorption and reflection (complex refractive
index or dielectric constant) for various wavelengths depend not only on the material
itself but also on the shape and size of an object. Although there was a number of the-
oretical and numerical attempts in order to describe and to simulate light scattering
from arbitrary shaped space-related grains [e.g., Kolokolova et al., 2006, Zubko et al.,
2009, 2013], the laboratory experiments are rare.

Although the spherical grain shape is widely used for simulations, there is an evi-
dence which suggests that many grains in astrophysical environments are irregularly
shaped aggregates. Recent studies have shown that aggregates acquire higher charge-
to-mass ratios due to their complex structures, which in turn may alter their subse-
quent dynamics and evolution [Wiese et al., 2010, Okuzumi et al., 2011, Ilgner, 2012].
However, the study of complex shapes numerically is rather difficult and it opens
a playground for experiments.



1.4 Laboratory Observations

In this context, laboratory experiments bring a new approach to this field because the
investigations of individual grains in equilibrium or steady state may provide their
electrical and optical parameters and may separate particular processes.

Several laboratory experiments have been focused on various aspects of grain
charging. Suszcynsky et al. [1992] measured secondary electron yields from ammo-
nia and methanol ices as a function of the electron beam energy in the energy range
of 2-30 keV and summarized that secondary electron yields are at the low end of
the range for insulators. Barkan et al. [1994] studied charging of micron-sized dust
grains dispersed into a fully ionized, magnetized plasma and found that the charge
on a dust grain in a dense dust cloud can be substantially reduced with respect to the
charge on an isolated grain. Walch et al. [1994, 1995] measured the charge on small
grains of different non-conducting materials in a plasma containing both thermal and
suprathermal electrons. Sickafoose et al. [2001] studied the photoemission and tribo-
electric charging of single dust grains levitating upon the metal surface. They have
shown that triboelectric charging may be the dominant charging process for silicate
planetary regolith analogs and thus it will play an important role in the subsequent
behavior of dust grains released from planetary surfaces.

A technique developed in the 1950s for ion spectroscopy [Paul and Steinwedel,
1956], generally referred to as a quadrupole trap, has been successfully employed
for the investigation of single micron-sized grains [Wuerker et al., 1959]. Using this
technique, photoemission experiments with the UV radiation [Abbas et al., 2003],
secondary electron emission experiments [e.g., Spann et al., 2001], and rotation and
alignment of dust grains by the radiation [Abbas et al., 2004, Kane, 2010] have been
performed. A similar technique was used in laboratory experiments where micron-
sized grains bombarded by keV electrons were stored and a size dependence (ob-
served by Svestka et al. [1993] and qualitatively explained by Chow et al. [1994]) was
identified. Quadrupole traps were also used for studying ensembles of dust [e.g.,
Vasilyak et al., 2013].

Cermadk et al. [1995] applied an electrodynamic quadrupole inside an ultra-high
vacuum chamber to trap grains of micron and submicron sizes which were charged by
electron and ion beams of energies up to 5 keV. The authors developed a new method
for determination of the dust grain size, surface potential, and electric field strength,
and they measured the effects of electron and ion beam energies on the dust surface
potential. They obtained energy spectrum of emitted secondary electrons and esti-
mated the yield of the secondary electron emission. In last ten years, the experimental
set-up was further gradually extended [Zilavy et al., 1998, Cermak et al., 2004, Pavlii
et al., 2004, Appendix A] and used to study different kinds of charging processes in
well-defined laboratory conditions.






2. Experimental Facilities

FOREMENTIONED INVESTIGATIONS are based on two laboratory set-ups where
A a single dust grain levitates in traps — both are based on the quadrupole trap
principle. The first is a standard 3D quadrupole as originally designed by Paul and
Steinwedel [1956], the geometry of the second reminds the linear quadrupole filter.
Its electrodes are split and the applied voltages are combined in such a way that they
form three independent quadrupole fields that together create the trap. The main
advantage of the latter trap is a wider space between electrodes allowing of use of the
UV light source. Furthermore, observations from different angles and accessing the
trapping area with another instruments are much easier.

2.1 3D Quadrupole Trap

The electrodynamic quadrupole together with the dust reservoir are placed inside an
ultra-high vacuum chamber [pressure in the chamber is less than 10~ mbar, Pavld
et al., 2004, Appendix A]. The quadrupole is supplied symmetrically, i.e., there is zero
potential in the middle of the trap. The quadrupole theory gives the vertical electrodes
supplied by the same voltage. However, we are using two different amplifiers for
them in order to apply a dumping voltage and DC voltage for the compensation of
gravity. The scheme of the experiment is depicted in Figure 2.1.

A trapped grain is irradiated by a laser beam modulated by 10 kHz. The scattered

@ﬁght trap
PD -
telescope - dust particles

Figure 2.1: Experimental set-up of 3D quadrupole trap: C — counter, DA — damping
amplifier, EC — emissivity control, EG — electron gun, FC — Faraday cups, F — filter,
IG —ion gun, Il — image intensifier, LS — lens system, M — acousto-optical modula-
tor, PD — photodiode, PSD — position sensitive detector, QPS — quadrupole power
supply, SE — sampling electronics, SG — signal generator, SP — signal processing.
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Figure 2.2: Sketch of the voltages on electrodes forming the electric potential of a linear

trap. The voltage applied on a particular segment of the rod is a sum of partial voltages
shown in the figure. Adopted from Beranek et al. [2012, Appendix BJ.

light is collected by a simple lens system and the magnified grain image is projected
onto the entrance fiber optic of an image intensifier. The intensifier output is optically
coupled to a PIN diode serving as a position sensitive detector. Signals from the PIN
diode are amplified by narrow-band and lock-in amplifiers prior to the coordinates
of the light spot are determined. We control the motion of the particle by a damping
system. Actual charge-to-mass ratio, ()/m, is calculated from the particle secular fre-
quency, f., the quadrupole supply voltage, VI, and its frequency, fac. The Q/m is
given by the expression:

Q

= =72

oI (S fuo) @)

where ry stands for the inner radius of the middle quadrupole electrode and c is a cor-
rection function close to unity which reflects the f,/ fac ratio and actual field geometry
inside the trap.

2.2 Linear Quadrupole With Three Orthogonal Fields

This experiment differs from the previous mainly in the geometry of the trap. Except
that, the rest of the equipment is very similar, thus, we will further focus on the trap
principle only.

The design originated in the classical (four-rod) linear quadrupole in which we
split each electrode into two parts with a small insulating gap in between. The idea of
the trap is based on a superposition of three AC quadrupole fields. Figure 2.2 schemat-
ically demonstrates the voltages providing three quadrupole fields. If we neglect the
insulating gap, the voltages £V, shown in the left part of the figure will create the
quadrupole field in the plane z = 0 because this is a standard linear quadrupole. The
middle and right panels show the potentials creating the quadrupole fields in planes
x = 0and y = 0, respectively. We would like to note that we expect the same frequency
and zero phase shift of both V, and V,,,. The voltage applied onto the particular elec-
trode is a sum of partial voltages shown in Fig. 2.2. The simplified view suggests that
only three different HV supplies (amplifiers) can be used. This is true for the grain
confinement but additional requirements like a compensation of the gravity force or
damping of the grain oscillation amplitude lead to a requirement of a dedicated sup-
ply for each half-rod.

The voltage supplying the trap maintains the central symmetry (the voltage on the
electrodes and the potential inside the trap does not change if we invert the coordi-
nates). The lowest multipole term that such field can form is the quadrupole term.
The electric potential ¢ inside the trap is a result of superposition of three partial po-
tentials generated by an alternating voltages of amplitude V. and V,, applied to the
rods according to Fig. 2.2. The resulting electric field does not change the sign if we
invert direction of the z axis but changes the sign if the direction of any of remaining
two axes is inverted. Therefore, the only possible quadrupole term is proportional to
zy. The quadrupole term does not depend explicitly on the rod radius R in this ap-
proximation. The exact solution of the potential inside the trap [Berdnek et al., 2007]
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Figure 2.3: The scheme of the linear quadrupole trap with 3 orthogonal fields:
C1,C2 — counters, CCD — camera, DD — dust dropper EG — electron gun, FC —
Faraday cup, F — filter, HVA — high-voltage amplifiers, IA — image amplifier, IG —
ion gun, LDC — laser diode controller, LD — laser diode, LLT — laser light trap,
NBA — narrow band amplifier, NBF — narrow band filter, OL — lenses, PC — com-
puter PSD — position sensitive detector, SG — signal generator, SP — signal process-
ing, UV — discharge UV lamp.

shows that the geometric factor weakly depends on the ratio R/r; that determines
the content of higher multipole terms. Finally, we can state the equation 2.1 applies
similarly (up to the constant) in this case, too [see Berdnek et al., 2012, Appendix B,
for details]. As mentioned before, the scheme of this experiment is similar — compare
Figures 2.1 and 2.3.

2.3 Measurement Techniques

Both experiments are equipped with a reservoir of dust grains that are falling through
the trap, then the grain is charged by the electron or ion beams from the respective
gun. If the grain is trapped, it oscillates with a frequency proportional to its charge-to-
mass ratio. The grain is illuminated by a red laser, the scattered light is amplified and
processed in order to determine the frequency of grain oscillations. This frequency is
measured by a sophisticated system controlled by the computer which then provides
the specific charge, ()/m of the grain as a result. Since )/m is important but insuf-
ficient for the complete description of charging processes, we developed some tech-
niques to measure the actual surface potential (i.e., the grain electrical capacitance) and
the mass of the grain (by a variation of the Millikan oil-drop experiment). Then, we
can calculate all important quantities describing the charging/discharging processes,
i.e., currents and the electric field as well as material constants.
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The detail description of our set-up including its gradual extension and descrip-
tions of aforementioned techniques was given by Cermak [1994], Cermak et al. [1995],
Zilavy et al. [1998], and Pavlt et al. [2004, Appendix A]. The second trap with a new
design was described by Beranek et al. [2007, 2012, Appendix B].
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3. Dust Charging Studies

HE CHARGING PROPERTIES of dust grains are studied in our laboratory for several
years already. This section reports the results achieved in our group with author’s
contribution. The particular results are ordered rather thematically than chronologi-
cally. The first part deals with fundamental processes themselves while the second
part concatenates experimental and numerical simulations of several processes in or-
der to explain or describe phenomena at various environments.

3.1 Fundamental Processes

Dust can interact with all elementary particles — photon, electron, and ion. We will
focus only on several selected processes, although their variety is much broader.

3.1.1 Photoemission

Nouzék et al. [2014] described initial observations of the photoemission from glass
dust. We measured the work function of 5 ym glass grain (W ~ 4.7 eV) and the
photoelectric yield (for Hel UV emission line), n ~ 0.04. Nouzik et al. [2016, Ap-
pendix C] studied the same phenomena on lunar soil simulants — broad variety of
UV emission lines was used in this experiment. The grain was alternately charged and
discharged by different photon energies (see Figure 3.1 for reference). We associated
these lines with grain surface potentials and extrapolated them to zero grain poten-
tials (i.e., work functions, see Figure 3.2). We got values of Wy 7,m = (5.940.3) eV and
Waoum = (5.1 £0.7) eV, respectively. The measured grain work function is in a full
accordance with the value of W ~ 5.8 eV obtained by Sternovsky et al. [2002] for the
JSC-1 lunar regolith simulant by the contact charging method. According to theories
of Brus [1983], Makov et al. [1988], the work function would depend on the curvature
of the surface — this effect would be negligible for grains with a radius in the microm-
eter range, nevertheless, it would be seen for nanometer-sized grains. On the other
hand, sharp edges that can be expected on the grain surface can lead to decrease of
the measured work function.

He | Ar . Ne
0.12 | | 50
| | 45
‘ [
0.1 f [ X =He, Ar, Ne [ 40 =
! = X I photons I 35 =
§ 0.08 d : = X Il photons : 30 %
Q g\ | S %
I 0.06 I = electrons | 25 8
3 ©
e ' n } q 20 8
004 [ ] ; -
| Ir 5 )
b 1
0.02 2 | h 0
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0 ! ! 0
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t[h]
Figure 3.1: The course of the UV experiment when various gases and their emission

lines were used to influence the grain charge. Adopted from Nouzék et al. [2016,
Appendix C].

13



0.104 e Ardata = He data
= He data ® Ar data_
0.084 + Nedata 0.06 linear fit
linear fit y =-0.0123 + 0.0021x
S 0.064 y=-0.0137 + 0.0027x S W=59ev
2 _ = 0.041
3 W=5.1 eV S
£ 0.041 £
c e}
0.02
0.02
0.00 A — 0.00 -
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
EleV] E [eV]

Figure 3.2: The determination of the work function for two different grains. Adopted
from Nouzék et al. [2016, Appendix C].

OlEC1Emax ECZ EC3 E

Figure 3.3: An example of electron emission yield profile as a function of the primary
beam energy and an determination of parameters. The full line represents small grains
and the dashed line stands for planar samples.

3.1.2 Secondary Electron Emission — Experiment

Primary electrons impacting the sample surface interact with a bulk material and they
lose their energy in many types of collisions that often result in excitations of mate-
rial electrons and some of them can then leave the surface. These electrons, so-called
true secondary electrons, have typically energies of a few electronvolts. In the case
of large planar samples, the energetic dependence of the secondary emission yield,
9, defined as the mean number of secondary electrons per one primary electron can
be described by the Sternglass universal curve [Sternglass, 1951, 1957] that was later
extended toward higher primary energies by Draine and Salpeter [1979]. This curve
exhibits a maximum at a few tenths of kiloelectronvolts and decreases to zero at very
high and low beam energies. Its parameters, the maximum yield, d;max and the corre-
sponding energy, En.x, depend only on a sample material at a certain incident angle.
In collisions inside the target, primary electrons change their directions and thus they
may be backscattered from the material before losing the whole energy. The backscat-
tered yield, n increases with the material density and the atomic number up to ~ 0.5
for a normal incident angle. It grows only slowly with the beam energy above a few
hundreds of electronvolts. Thus, the total secondary yield ¢ (¢ = 6§ + 1) and § vary in
a similar way with the beam energy [Bronstein and Fraiman, 1969]. Figure 3.3 depicts
the typical shape of the yield dependence on the primary electron energy. The 2-3
unity points (Ec1, Ec2, and sporadic Ec3) show the energy when a sign of the surface
potential switches, when an object is exposed to the electron beam.

In the case of grains, the energy dependence of a total secondary yield of dust
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Figure 3.4: The crossover energy as a function of the surface electric field for different
grain diameters. Adopted from Berdnek et al. [2009].

grains does not fully follow the universal curve that was suggested for large sam-
ples. It is enhanced due to a surface curvature that results in a variation of the inci-
dent angle along the grain surface because o (and both constituents) increases with
the incident angle [Hachenberg and Brauer, 1959]. The dependence of the secondary
emission yield on the incident angle was measured and fitted by different analytical
expressions or simulated [Lu et al., 2005]. Since the whole grain is illuminated by the
parallel electron beam in our experiment, the described angular dependence leads to
an enhancement of the yield measured on the spherical grain with respect to planar
samples by a factor of ~ 1.3.

Pavla et al. [2009, Appendix D] surveyed most of our both experimental and model
results dealing with the process the of secondary electron emission. Among all, we
just want to point out that we showed that the grain surface potential established by
the secondary emission depends neither on the work function nor on the secondary
emission yield but rises with the mean atomic number of the grain material [Pavli
et al.,, 2008, Appendix E]. That is non-trivial, since it is generally expected that the
high yield means also the high potential which is misguiding — the point is that the
important quantity is the secondary electron energy profile, not the yield. Berdnek
et al. [2009] observed the dependence of the secondary emission yield — a shift in the
second cross-over point, i.e., unity point Ecy of the secondary emission yield when
the yield decreases for higher electron energies — on the electric field (Figure 3.4).
It seems, this field is not only fully screened by the surface electrons but penetrates
deeper inside the conducting grains.

3.1.3 Secondary Electron Emission — Model

To explain the laboratory experiments, Richterova et al. [2004] developed a simple nu-
merical model of the secondary emission from small dust grains. Since the model as-
sumptions were very simplified, we have revisited it in order to include more complex
principles of the electron-solid interaction using a well-tested Monte Carlo technique
developed for scanning electron microscopy [Joy, 1995]. A new hybrid Monte Carlo
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Figure 3.5: Influence of a slowing-down correction and a total elastic cross-section
sampling on profiles of the modeled scattered yields, n for a normal angle of incidence
and for (a) glassy carbon, and (b) other planar materials. Experimental points: e Bron-
stein and Fraiman [1969], s Hunger and Kiichler [1979], ¢ Palluel [1947], A Sternglass
[1954], o Assad and El Gomati [1998]. Adopted from Richterova et al. [2010].

model [Richterové et al., 2006, Appendix F] shows that the increase of the grain po-
tential occurs for grain sizes comparable to a penetration depth of primary electrons
and that it is caused by a larger portion of primary electrons being scattered out of the
grain. The corresponding increase of the secondary yield is rather tiny and has a minor
effect on the resulting potential. This model was successfully verified by laboratory
experiments dealing with charging of gold [Richterova et al., 2006, Appendix F] and
glass [Richterova et al., 2007] dust grains. However, further investigations revealed
a few differences between model predictions and experiments for some light species
like carbon. The Richterova et al. [2010] paper analyzes sources of these differences
and suggests appropriate corrections (Figure 3.5). This corrected model is then used
for calculations of the scattered yield and energy spectra of scattered electrons.

Similarly to the secondary emission yield, the spectrum of secondary electrons is
composed of two parts — the spectrum of backscattered primary electrons Fz(E) and
the spectrum of true secondary electrons Fs(E). Many authors use the Maxwellian
distribution with a temperature of several eV [e.g., Bronstein and Fraiman, 1969] but
Draine and Salpeter [1979] and Grard et al. [1987] suggested a little different forms
of this distribution. Richterova et al. [2008] examined the validity of the model and
computed a contribution of the secondary electrons to the surface potential profile
measured on gold and glass grains. We concluded that the spectrum of electrons emit-
ted from gold grains exhibits a large portion of energetic electrons (above 10 eV), and
thus it resembles the Draine and Salpeter distribution, whereas the Maxwellian one is
more appropriate for glass grains. Rather small differences between energetic spectra
of secondary electrons result in large differences in the grain equilibrium potential.

Both the scattered and secondary electrons contribute to the charging of the dust
grains. For a description of charging by the secondary emission, an effective charging
yield, 6* = /(1 — ) is more appropriate because it is roughly proportional to the
surface potential that the dust grain would reach under bombardment by electrons of
the particular energy if all other charging currents can be neglected. This condition is
fulfilled in many laboratory experiments [Mann et al., 2011].

The paper of Richterovd et al. [2012, Appendix G] discusses our improvement of
the secondary emission model that was successfully complemented with the possibil-
ity of defining complex shapes and the roughness of the surface. It has revealed an
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Figure 3.6: Demonstration of the grain shape effect. The panels show: left—the sec-
ondary yield, §, middle—the scattered yield, 1, and right—the effective charging yield,
0* as a function of the primary energy for different shapes (spheres—dashed-dotted;
cubes—full; and tetrahedrons—dashed). Adopted from Richterova et al. [2012, Ap-

pendix GJ.

important role of the surface quality as well as of special shape features (like sharp
edges or steps) on the secondary electron emission. Both effects become mixed when
any of the grain dimensions goes down to micron-sizes but generally, for low electron
energies (below about 200 eV) the roughness is important, while for higher energies
the shape is playing a major role (see, e.g., Figure 3.6). It has been shown that with
increasing coarseness the maximum of the secondary emission yield decreases and
shifts towards higher primary energies. Also rough surfaces scatter out a smaller num-
ber of primary electrons than smooth grains. Such a behavior was already observed
and thus, it should be taken into account, when comparing observations of different
groups. Finally, we note that the grain shape and surface roughness are usually un-
known and thus a direct comparison with experiments is difficult. On the other hand,
the model provides limits on the uncertainty of the experimental data.

Richterova et al. [2016, Appendix H] present a systematic study of electron in-
teraction with well-defined systems — clusters consisting of different numbers of
small spherical micron-sized grains which can be considered as examples of real space
grains. The charges acquired by investigated objects as well as their secondary emis-
sion yields were calculated using the existing secondary emission model. We have
found that the charge and surface potential of clusters exposed to the electron beam
are influenced by a number of grains and by their geometry within a particular cluster
(compact configuration of clusters exhibited the lower yield, see Figure 3.7) and that
there is a large difference between charging of a cluster levitating in the free space
and that attached to a planar surface. The calculation provides a reduction of the sec-
ondary electron emission yield of the surface covered by dust clusters by a factor of
1.5 with respect to the yield of a smooth surface. However, this reduction still seems
to be too small to explain observed potentials of the lunar surface in the Earth’s mag-
netosphere [Halekas et al., 2009].

3.1.4 Ion Interactions

Pavlt et al. [2007, Appendix I] observed sputtering of gold dust grains caused by
the ion bombardment (Figure 3.8) and we described implications to the space-related
processes. In order to check a possible relevance of the measurements to the interplan-
etary space, we have calculated [Pavli et al., 2007, Appendix I] the sputtering times
of a gold grain in typical solar wind conditions. At 1 AU, we assume that the solar
wind has a velocity of 400 km/s and a number density of 10 cm 3. In our estimates,
we consider all solar wind ions as singly ionized atoms with keV energies. However,
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Figure 3.7: A comparison of measured (different points) and modeled (lines) surface
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line). The measured potentials were computed from the specific charge. Adopted
from Richterové et al. [2016, Appendix H].
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Figure 3.8: The time evolution of the Au grain mass during Ar" ion bombardment
and comparison of model (solid line) and experimental results (dots). Adopted from
Pavld et al. [2007, Appendix I].

Insepov et al. [2006] show that the sputtering yield of multiply ionized ions can be
much larger (by an order of magnitude). Indeed, all species (except protons) in the
solar wind are in high ionization states. A typical mass composition of the solar wind
was considered, however, the abundance of heavy ions can be significantly enhanced
during coronal mass ejections, and these species are very effective for dust sputtering.

Pavl et al. [2006] and Jefdb et al. [2007] performed laboratory experiments where
impacts of energetic ions led to a deposition of a huge positive charge onto a spherical
grain causing a subsequent discharging (ion field emission). The surprisingly variable
discharging behavior occurred — the increase of the discharge current with the time of
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bombardment by H". Adopted from Pavli et al. [2008, Appendix E].

treatment was unexpected because one would expect that grain charging is stopped at
the point when the number of incoming and outgoing atoms are in equilibrium. Our
experiments suggested that there is a mechanism that stores and gradually releases
a portion of incoming ions. Our tentative explanation [Pavlt et al., 2008, Appendix E]
was based on the implantation of beam ions into the grain material. Since the diffusion
of the implanted ions toward the surface is probably a very slow process, it opened
the question whether it could considerably contribute to the discharge current. In this
experiment, the grain was exposed to a 5 keV ion beam for a time that is called “time
of treatment” in Figure 3.9. After the beam was switched off, the discharge current
was recorded together with the grain surface potential for several hours.

Berdnek et al. [2010, Appendix J] analyzed heavily bombarded carbon grain and
observed subsequent mass decrease after turning off the ion beam (Figure 3.10). These
observations not only confirmed previous speculations but they are also important for
space-related processes because the implantation of solar wind ions and their subse-
quent release in the form of neutral atoms was suggested as a possible source of the
so-called pick-up ions in the solar system [e.g., Mann et al., 2004].

Vysinka et al. [2016] sputtered silica grains by impacts of energetic ions in free
space and on the surface. We found that the increase of the sputtering yield due to
the simultaneous electron impact is probably much larger than expected and it can
enhance the sputtering yield by a factor of 1.6 in a comparison with the sole ion bom-
bardment. On the other hand, the influence of the electric field is probably not as
strong as we anticipated. Sputtering of the grains fixed on a surface revealed that the
angular profile of the yield is flatter than that frequently used for a description of the
sputtering process.

19



6.292 T T T T T
° measured data
e 6.290 model (D =5-10"1%cm?/s) -
L 6.288
= %
£ 6.286 X
Q O
Lo
o 6.284
= >
S 6.282 %
S 6.280 s :.
6.278

0 5 10 15 20 25 30 35 40

Time after treatment (hour)

Figure 3.10: The change of the grain mass in time. The parameters of the model (D = 5-
10716 cm? /s, treatment 8 hours, incident current 32 400 particles per second). Adopted
from Berének et al. [2010, Appendix J].

3.2 Applications

In following pages, we will focus on applications of aforementioned knowledge ob-
tained from experiments as well as from simulations. Since the dust is often sur-
rounded by a plasma, the particular studies typically connect together our under-
standing of more processes and combine experimental and numerical simulations.
We concretized simulation conditions to correspond to Moon and Mars and Saturn
icy satellite environments (surfaces). Moreover, although space plasmas is a kind of
extreme, our conclusions can be successfully applied also to other plasmas — a nice
example is the last one where we use our results and our knowledge to study a real
dust from tokamak (COMPASS-D) and to speculate on its behavior inside the tokamak
plasma.

3.2.1 Lunar Surface

Némecek et al. [2011, Appendix K] discusses our first results of the measurements of
the secondary emission yield and surface potential carried out on dust samples from
LHT lunar regolith simulants with sizes between 0.3 and 3 ym using the electron beam
with the energy below 700 eV. The interpretation of experimental results was again
supported by the computer model of the secondary electron emission from spherical
samples that reflects the LHT mass composition. They found that the equilibrium sur-
face potential of this simulant does not depend on the grain size in discussed ranges
of grain dimensions and the beam energies [as it was reported by Abbas et al., 2004],
however, it is a function of the primary electron beam energy (see Figure 3.11). These
conclusions are different from those that Abbas et al. [2010] derived from their lab-
oratory experiment and we point out some of physical inconsistencies in their data
interpretation. Notable is also the difference between our experimental results and
that inferred from Lunar Prospector measurements above the lunar surface [Halekas
etal., 2009]. The authors attributed a low value of the yield to the lunar surface rough-
ness, thus we are preparing investigations of this effect in the laboratory experiment
as well as in simulations.

The paper of Vaverka et al. [2013, Appendix L] studied the interaction of space
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plasma particles with dust grains. We presented the results of calculations of the sur-
face potential of dust grains in high-temperature plasma such as that in the Earth’s
plasma sheet. The calculation reveals that the grain potential is a function of its size.
Large (> 100 ym) grains would be negatively charged by hot electrons, whereas the
positive potential of smaller grains is a descending function of their size. The negative
potentials can be observed only in the shadow because the photocurrent caused by the
solar UV radiation is large enough to compensate effects of the secondary emission.
Nevertheless, the size dependence of the secondary emission current would cause dif-
ferent positive potentials of grains of different sizes even under sunlight. It has been
suggested that the secondary emission can lead to multiple roots of the charging equa-
tions, but we did not find such behavior under the conditions studied in this paper.

Furthermore, Vaverka et al. [2016] combines numerical simulations of one Moon
pass through the magnetospheric tail with the real plasma parameters measured by
THEMIS (the data are used as an input of the model). The calculations are concen-
trated on different charges of the lunar surface itself and a dust grain lifted above this
surface. We showed that the secondary electron emission leads to a positive charging
of parts of the lunar surface even in the magnetosphere where a high negative poten-
tial is expected. It ensued the secondary electron emission is generally more important
for isolated dust grains than for the lunar surface covered by these grains. The time
constant of charging (depends on dust grains diameters) was estimated to be of the
order of hours for sub-micrometer grains unlike the lunar surface which charges up
within second. A polarity of the dust charge in a shadow depends on the temperature
of surrounding electrons; it is negative for 7. < 10 eV and positive for T, > 20 eV. We
finally discussed the conditions under and the areas where a levitation of the lifted
dust grains could be observed. Figure 3.12 shows the model result for plasma condi-
tions referred near the lunar surface.
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Figure 3.12: Upper panel — plasma temperature as measured by the THEMIS C
(ARTEMIS P2) spacecraft during a crossing of the Earth’s magnetosphere on 22-31
January, 2013. Lower panel — model of a temporal evolution of the lunar surface and
dust grain potentials. The micron-sized grain is “levitated” above the surface during
the lunar transit through the magnetosphere for the solar zenith angle of 90°. Adopted
from Vaverka et al. [2016, submitted].

3.2.2 Martian Atmosphere

The study of Pavli et al. [2014, Appendix M] deals with charging of the Martian soil
simulant. In the recent years, a wide attention was paid to Mars. One of the un-
revealed mysteries is the lack of presence of lightnings in the Martian atmosphere.
We have investigated a Martian soil simulant (prepared at the Johnson Space Center
under name JSC Mars-1) and its exposure to the electron beam revealed that the grain
surface potential is low and generally determined by a mean atomic number of the
grain material at a low-energy range (< 1 keV), whereas it can reach a limit of the field
ion emission being irradiated by more energetic electrons. A comparison of model and
experimental results reveals an influence of the grain shape and size predominantly in
the range of higher (> 2 keV) electron energies. Moreover, generally used Maxwellian
approximation of the energy spectrum of secondary electrons cannot be applied for
the dust grains from SiO, or similar (e.g., JSC Mars-1) materials. The Draine and
Salpeter [1979] distribution provides a better approximation in a broad range of ener-
gies (Figure 3.13), whereas the Sickafus [1977] distribution with p ~ 0.5 is appropriate
for the description of a contribution of backscattered electrons (above 50 eV). We con-
cluded that the models of electric circuits within the Martian dust clouds should in-
clude a description of the secondary electron emission that should reflect the effects of
finite dimensions of dust grains. Finally, we tried to enlighten the missing lightnings
issue by discussing possible implications of the secondary electron emission — our
results led us to the conclusion that it can cause the lack of lightnings in the Martian
tenuous atmosphere.
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3.2.3 Icy Satellites of Saturn

Richterové et al. [2011, Appendix N] calculated the secondary electron emission yield
of water ice grains and showed that the yield is greater than unity from ~ 30 eV to
several keV. Thus, these grains can achieve a negative equilibrium potential only if the
Saturn E-ring plasma is cold enough (i.e., the secondary emission does not contribute
significantly to the charging current) and the contribution of photoemission would be
negligible. Furthermore, the calculations revealed that any reasonable admixture of
NaCl does not change the secondary emission properties of small icy dust grains of a
given diameter. It seems that the same conclusions would hold for the photoemission
because the emission of electrons excited by energetic photons proceeds the same way
as the emission of true secondary emission.

3.2.4 Tokamak

Based on the previous simulation results, the paper of Vaverka et al. [2014, Appendix O]
discusses the role of dust in tokamaks. A dust production and its transport into the
core plasma is an important issue for magnetic confinement fusion. Dust grains are
charged by various processes — among these often underestimated processes, the sec-
ondary electron emission from the dust is investigated. Figure 3.15 shows COMPASS-
D samples in comparison with in-tokamak-expected materials. The numerical model
balances all currents including the backscattered electrons and takes into account the
effects of grain size, material, and it is also able to handle both spherical and non-
spherical grains. The role of the secondary electron emission under tokamak condi-
tions is widely discussed and it's shown that the secondary electron emission is an
important process for the grains crossing the scrape-off layer from the edge to core
plasma. We demonstrated that a realistic description of the secondary electron yield
from the dust grains is principal for a correct estimation of their floating potential in
hot plasmas. Since the Sternglass [1957] formula that underestimates the secondary
electron yield of dust grains is a part of widely used numerical codes (e.g., DTOKS,
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DUSTT), calculations of the dust dynamics within tokamaks using these codes should
be taken with a care. The results of our calculations are relevant for materials related
to fusion experiments in ITER.

24



—o— C (spherical)
—o— C (irregular)

—— Au f.

10°y ——Ssio, H
—SiO, Sternglass approach p
— ] ° ° ° ° .I
=, Il COMPASS-D samples ‘..‘
=

E [keV]
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theory. Adopted from Vaverka et al. [2014, Appendix O].
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4. Concluding Remarks

N THE PRESENT THESIS, we highlighted the scientific results in the dust-plasma in-
teraction in course of the last ten years with an emphasis on directions covered
by our department. The results are summarized according to different processes that
affect to dust grain charging, no as a simple list of papers. Moreover, the thesis also
shows a significant contribution to a development of new experimental methods and
techniques that are an in-separable part of our investigations. We present experimen-
tal results as well as numerical simulations that are supporting each another and, in
this way, they further enhance our knowledge and understanding of a wide range of
different processes. Our complex study of the secondary electron emission can act
as an example such reciprocal influence of the experiment and simulations (models)
that leads to including this process to theories and interpretations of observations at
various fields of the plasma research.

Finally, we would like to note that our results are only a first step to a full un-
derstanding all processes leading to dust charging. Nevertheless, due to both experi-
mental sets-up built in our group in the last years, we have an excellent background
for further investigations of the interaction of dust grains with electron, ion, and pho-
ton beams with an accent to contribute to a full description of the processes in dusty
plasma.
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Abstract—This paper deals with the influence of experimental
conditions on properties of melamine formaldehyde resin parti-
cles. Motivation for this study was the fact that many laboratories
and experimenters use these particles as samples for dust plasma
investigations. We have found that the mass of these grains de-
creases during long-time exposure in vacuum. This decrease pro-
ceeds much faster if the temperature of grains is increased.

Index Terms—Charging of dust grains, dusty plasma, melamine
formaldehyde (MF) resin.

1. INTRODUCTION

MMERSING of small particles into plasma leads to a new

and unusual plasma behavior [1]. Like small probes, these
grains become charged. This opens the possibility for modified
or entirely new collective modes of oscillation, instabilities, and
linear or nonlinear waves. Because the charge state of partic-
ulate varies with plasma conditions, and actually fluctuates in
time, and the dust grains have a distribution of sizes as well as
shapes, the plasma state of this system, so-called dusty plasma,
is much more complicated. Indeed, sometimes the term com-
plex plasmas has been used to give a somewhat more accurate
description of dusty plasma systems [2], [3].

In the last 20 years, the subject of dusty plasmas was studied
not only theoretically, but there were in situ measurements of
charged dust grains in space and laboratory experiments. Now,
there are observations from space, e.g., close-up views of plan-
etary rings, observations of dust streams in space, data from
rocket flights through noctilucent clouds in the upper atmos-
phere, as well as numerous measurements of particle contami-
nants in plasma processing systems. Moreover, a wide variety
of laboratory experiments exist, and others are planned for the
International Space Station [4], [5].

These experiments usually apply the melamine formaldehyde
(MF) resin particles as a dust simulant (e.g., [5]-[8]). Advan-
tages of this simulant are spherical shape with guaranteed diam-
eter and well-defined mass density. Note that the manufacturer
checks the mass density of the MF grains themselves. However,
we have found that some parameters of these particles change
during experiments. Since such changes would be of interest for
interpretation of results obtained in other laboratories, this paper
is devoted to their extensive study.
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Fig. 1. Experimental setup: SG is signal generator, QPS is quadrupole power
supply, SE is sampling electronics, FC are Faraday cups, EC is emissivity
control, IG is ion gun, EG is electron gun, LS is lens system, II is image
intensifier, PSD is position sensitive detector, SP is signal processing, F is
filter, C is counter, DA is damping amplifier, M is acoustooptical modulator,
and PD is photodiode.

II. EXPERIMENTAL FACILITY

Our experimental investigation is based on trapping a single
dust grain in an electrodynamic quadrupole and its influencing
by tunable mono-energetic ion and/or electron beams (Fig. 1).
The electrodynamic quadrupole together with the dust reservoir
are placed inside an ultrahigh vacuum chamber (pressure in the
chamber is less than 10~8 mbar) [9]. The quadrupole is supplied
symmetrically so that there is zero potential in the middle of
the trap. From the quadrupole theory, it follows that the vertical
electrodes should be supplied by the same voltage. However,
we are using two different amplifiers for them in order to apply
a dumping voltage and dc voltage for the compensation of the
gravity force.

A trapped grain is irradiated by an He—Ne laser beam modu-
lated by 10 kHz by an acoustooptical modulator. The laser light
scattered by the grain is collected by a simple lens system, and
the magnified grain image is projected onto the entrance fiber
optic of an image intensifier. The intensifier output is optically
coupled to a PIN diode serving as a position sensitive detector.
Signals from the PIN diode are amplified by narrow band, and
lock-in amplifiers prior to the coordinates of the light spot are
determined. These coordinates are used to control the motion of
the particle by a damping system. The current charge-to-mass
ratio Q/m is calculated from the measured particle secular
frequency f., and the currently used values of the quadrupole
supply voltage V,. and its frequency f,.. The information of
the particle @)/ ratio is used to influence the frequency f,. of
the quadrupole voltage V., in order to ensure the stability of
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the trapped particle. According to [9], the ) /m ratio is given
by

Q

— :7'['27'0
m

flleZ
Vac

e[z, fac) (D

where 7 stands for the inner radius of the middle quadrupole
electrode and c is a correction function closed to unity which
reflects the f./f,. ratio and actual field geometry inside the
trap.

In previous studies [9], [10], the beam was emitted con-
tinuously and thus the ac electric field inside the quadrupole
caused defocusing of the beam and deflection of electrons
toward the quadrupole electrodes (a quadrupole voltage ranges
usually from 400-900 V in a frequency range of 0.3-3 kHz). It
resulted in a presence of a significant density of the secondary
electrons with a broad energy spectrum. Moreover, the relative
density and the energy spectrum of these electrons (so-called
background electrons) were unknown functions of the beam
setting and energy. For this reason, the electron beam as well
as the quadrupole power supply have been provided with a
sampling electronics. The electron beam is switched on only
inside the time window when the quadrupole voltage is pulled
down to zero. According to the test, switching off the (primarily
sinusoidal) quadrupole voltage up to 1/10 of a period does not
measurably change the frequency of particle oscillations, and
thus the calculated () /m of the particle remains unchanged.

III. PARTICLES USED FOR A STUDY

Monodisperse melamine resin particles [12] are polymer
microspheres that are manufactured by hydrothermal acid-cat-
alyzed polycondensation of methylol melamines in the
temperature range 70-100 °C. According to cataloque values,
MF particles have following properties:

* high monodispersity and uniformity with a spherical

shape;

* hydrophilic surface;

+ mass density of 1510 kg/m3.
For our long-time study, we used particles (according to cata-
logue values) with diameters of 2.35+0.04 ym (m ~ 1.0 x
10~ kg) and 9.78+0.13 ym (m ~ 7.4 x 1073 kg). Their
electron microscope images are presented in Fig. 2.

IV. DETERMINATION OF PARTICLE PARAMETERS

The information about ) /m is important but insufficient for
the description of charging process. Even in the case when well-
defined samples are studied, the measurements of the grain mass
and size are important. Dust samples often tend to create clusters
or a fragment of a grain can be caught in the quadrupole. More-
over, parameters of some samples can evolve with the time as
we would like to demonstrate in this paper.

For determination of grain size, a discharging process of a
strongly positively charged grain was used. In this case, the
beam ions cannot reach the particle surface due to the elec-
trostatic repulsion. However, secondary electrons are produced
on the quadrupole electrodes and cause the discharging of the
particle. The particle’s surface potential decreases, and when it

705

Fig. 2. MF particle photos taken by electron microscope: (a) D = 2.35 pm
and (b) D = 9.78 um. Length bars are not calibrated.
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Fig. 3. Determination of specific capacitance C' of the grain.

reaches a value at which the beam ions just come to the particle
surface, the discharging current of secondary electrons compen-
sates the ion current and the discharging slows down suddenly.
The corresponding surface potential ¢ can be calculated from
the energy E; of the primary ions: ¢ = E;/eo where ¢g is the
elementary charge. The knowledge of these values allows us to
determine the particle radius from

3epp m
=y — = 2
r p ) (2)

where p means the particle mass density and ¢ is the dielectric
constant of vacuum.

This process is presented in Fig. 3; the curve was obtained in
several steps.

1) The grain was charged to the specific charge of Q/m of
~ 1 C/kg by the 5-keV ion beam.

2) The beam energy was stepwise decreased to 500 eV. Since
ions of this energy cannot reach the grain due to its high
potential, the grain is discharged by background elec-
tron current I, and the temporal change of the specific
charge was recorded until the specific charge reached its
equilibrium value corresponding to 500 eV of the beam
energy.

3) The beam energy was switched to ~ 200 eV and the grain
was discharged to ~ 0.2 C/kg.

4) The beam energy was again switched to 500 eV and the
temporal change of the grain charge was recorded.
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5) Firstderivatives of the records (2) and (4) representing the
current on the grain are plotted in Fig. 3 as a function of
the grain charge.

The curve in Fig. 3 thus consists of two parts denoted as 2 and
4, according to the above description. The first of them corre-
sponds to the background current and the second to the sum of
the background and the beam currents. Their intersection shows
a point where the grain potential is equal to the beam energy
(500 eV). This point allows us to determine the proportionality
constant between the grain specific charge and its surface po-
tential, the specific capacitance C.

The nondestructive mass determination of the particle is
based on the observation of stepwise changes in Q/m at-
tributed to particle charging in steps of integral numbers of the
elementary charge [13]. If the parameters V,. and f,. of the
quadrupole voltage are constant during the observation, the
relative change of particle frequency oscillations f. is equal
to the relative change of the @Q)/m ratio, according to (1).! In
the case of micron-sized particles charged to an equilibrium
surface potential about of 10 V, the relative frequency change
is of the order of 107, as can be seen in Fig. 4.

The key problem of this measurement is a suitable source of
units of charged particles. In our experiment, the ion gun with
switched off filament has been used. It was found that the natural
ionization in the gun ionization chamber causes the charging of
the investigated particle by several units of elementary charge
per day. Ion gun voltages have been switched on for a few sec-
onds in a period of ~30 min. This caused a stepwise change
of the particle charge. Corresponding averaged temporal depen-
dence of the particle oscillation frequency f, is presented in
Fig. 4(a). The heights of frequency steps have been estimated
and the elementary step of particle oscillation frequency Af,
has been determined [Fig. 4(b)] by a linear regression. The par-
ticle charge can be found from

€0 * fz
= 3
Q AT 3
and the mass of the particle is given as
€g - fz 1
= = 4
A7, @ @)

where f, and Q/m are known from the experiment.

V. VARIATIONS OF MF GRAIN PARAMETERS

The two methods described allow us apparently to determine
the mass and diameter for any spherical grain. However, the first
method cannot be applied in our setup to a small grain; whereas,
the method of elementary charge provides good results for small
grains only.

The experiments with emission properties of dust grains re-
quire well-defined parameters. For this reason, we have chosen
MF dust simulants which have a perfect sphericity and well-de-
fined diameter. However, in a course of three months of con-
tinuous measurements, we have observed a systematic change

IThat is true only for small changes because of the nonlinearity of the correc-
tion function ¢ in (1).
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Fig. 4. Determination of the grain mass by the elementary charge method: (a)
frequency jumps and (b) linear regression of these jumps.

of proportionality constant between the charge-to-mass ratio
and grain surface potential determined by the method described
above. This proportionality constant is hereafter denoted as C'
for briefness. The changes of C' are demonstrated in Fig. 5 for
10 pm MF grains. The figure shows the measurements carried
out on ~50 different grains. We would like to point out that the
precision of our measurements of C is better than +3x 1074,
This value was determined from 15 measurements of the same
grain in the course of three days using different ion gun ener-
gies.

From the analysis in Fig. 5, it follows that the initial spread
of C is about 4%, and it conserves for the whole time of mea-
surements. The manufacturer [12] declares a precision of the
diameter determination of +0.13 pm and the photo from the
electron microscope (Fig. 2) confirms this value.

Assuming that the mass density of all grains is the same, the
uncertainty of the diameter is able to explain the aforementioned
spread. The £4% limit is shown by two thin lines in Fig. 5. The
most significant change of a mean value of C' occurred at day 39
when the grains were baked out for 6 h at 240 °C. The average
value of C changed by ~8% during this baking. Before and after
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Fig. 5. Long-time statistics of proportionality constant C' (~10pm grain).
Arrow denotes the time of baking.

baking, C decreases very slowly. A slope of the decreasing will
be discussed later.

The interpretation of these results is not straightforward. We
can probably assume that grains conserve their spherical shape.
The decrease of the ratio C' can be simply attributed to a de-
crease of the grain mass (C' = ¢-m/Q), if grains do not change
diameters. On the other hand, C can be interpreted as a specific
capacitance and thus

C~R*p o)

where p stands for the mass density. This simple expression re-
veals that the ratio C' is more sensitive to a change of the grain
radius than to a change of the mass density.

Unfortunately, measurements of the grain mass cannot be
carried out on the same grain with sufficient accuracy, as we
pointed out in the previous section. Therefore, we measured the
change of the mass of a single 2.35-,/m grain from the same ma-
terial as it is presented in Fig. 6. The measurement started about
12 h after beginning of the pumping and lasted about five days.
We have recorded the measurements of () /m continuously but
the noise exhibits daily variations connected with surrounding
activities as can be seen in the figure. The linear increase of the
frequency can be attributed to a decrease of the grain mass be-
cause the whole rise is smaller than that corresponding to one
elementary charge (~0.04 Hz, see Fig. 4). Grain masses deter-
mined at the beginning and end of measurements show the mass
change ~0.015% per day.

The speed of the mass losses was recalculated into units used
in Fig. 5 and determines the slope of thin lines bounding ex-
perimental points. As can be seen from the plot, the determined
mass losses together with the uncertainty of the grain diameters
can fully explain the observed behavior of the ratio C.

VI. CONCLUSION

We have demonstrated that our experimental facility is able
to measure relative changes of the dust grain mass of the order
of ~10~*. These measurements were used for a description of
the time-evolution of MF grain parameters. We have found that
2.35 pm grains placed into a vacuum vessel gradually evaporate
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f [Hz]
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time [days]

Fig. 6. Demonstration of time evolution of the grain mass.

with a speed of ~1.2x 10718 kg/day. Such speed can explain
the behavior of the charge-to-mass ratio observed on ~10 pm
grains.

A baking of the grains in vacuum at ~240 °C causes a relative
decrease of the grain mass by ~10%. We think that the rate of
mass change speed of the nonheated dust simulant is probably
negligible for most laboratory experiments because the mass
decreasing cannot reach the limits given by the uncertainty of
the grain diameter in a reasonable time. However, this change
can be of considerable interest in experiments where grains can
be heated (or stored in vacuum for a very long time). The total
mass loss during the time interval in Fig. 6 was ~5x 10718 kg.
Since the grains were exposed to air, we can expect a monolayer
of water adsorbed on the surface. Such a monolayer weighs
about 2.4x 10720 kg, only. According to the manufacturer, this
difference can be attributed most probably to water originally
bounded in the bulk material. We expect that the adsorbed layer
desorbed prior our experiment starting, i.e., in the course of the
first 12 h of pumping.
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Investigations of charging processes on a single dust grain under controlled conditions in laboratory
experiments are the unique way to understand the behavior of dust grains in complex plasma (in space,
in laboratory, or in technological applications). An electrodynamic trap is often utilized for both hold-
ing a single grain and continuously measuring its charge-to-mass ratio. We propose a modified design
of the linear quadrupole trap with the electrodes split into two parts; each of them being supplied by
a designated source. The paper presents basic calculations and the results of the trap prototype tests.
These tests have confirmed our expectations and have shown that the suggested solution is fully ap-
plicable for the dust charging experiments. The uncertainty of determination of the dust grain charge
does not exceed 1073, The main advantages of the suggested design in comparison with other traps
used for dust investigations can be summarized as: The trap (i) is more opened, thus it is suitable for
a simultaneous application of the ion and electron beams and UV source; (ii) facilitates investigations
of dust grains in a broader range of parameters; and (iii) allows the grain to move along the axis in a

controlled way. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766955]

I. INTRODUCTION

After its invention in the 1950s, an electrodynamic
quadrupole trap (generally referred to as Paul trap') and/or
its different modifications quickly proved to be an extremely
powerful tool for the experimental investigation of a wide
range of phenomena. Various designs of traps are applied
in formation of ion Coulomb crystals, in quantum computa-
tions, for application in optical frequency metrology, ion mass
spectrometry, or high-resolution optical and microwave spec-
troscopy and many others.

Although originally developed for ion spectroscopy,” the
method of trapping charged particles with time-varying elec-
tric fields is not restricted to atomic or molecular ions but is
used equally to charged microparticles. It has been success-
fully employed to investigate single micron-sized grains.? Us-
ing this technique, photoemission experiments with the UV
radiation*> and rotation and alignment of dust grains by the
radiation pressure® have been performed. A similar set-up was
used in laboratory experiments where micron-sized grains
bombarded by keV electrons were stored and a size depen-
dence (observed by Svestka, Cermak, and Griin’ and qual-
itatively explained by Chow, Mendis, and Rosenberg®) was
investigated. An electrodynamic quadrupole inside an ultra-
high vacuum chamber was applied by Cermak, Griin, and
Svestka® to trap grains of micron and submicron sizes which
were charged by electron and ion beams of energies up to
5 keV.

In recent years, a 3D quadrupole trap operating un-
der ultrahigh vacuum conditions (10~7 Pa) was used for inves-
tigations of different charging processes on single grains from
various materials. The experiments focused on secondary and
ion or electron field emissions and on grain sputtering were
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reported.!*1° Also Grimm et al.?° studied the charging of
dust particles in a high vacuum quadrupole trap, however, the
grains were exposed to soft X rays in this case.

In the paper, we propose a linear quadrupole trap based
on the ion trap technique for investigations of dust grains in
wide ranges of their parameters. Our modified version of a
trap uses each rod divided into two parts and split into two
isolated cylinders. The paper discusses different requirements
on both ion and dust traps, presents basic equations governing
the motion of the grain within the trap and analyzes possible
errors. We also describe the trap realization, its properties, and
its experimental verification based on its first prototype.

Il. DIFFERENCES BETWEEN ION AND DUST TRAPS

Although the problems of trapping a single charged dust
grain or an ensemble of ions are similar in principle, there are
important differences that should be taken into account in the
trap design. Let us list the expected ranges of parameters of
the investigated grains:

® Grain dimensions: 0.1-100 um

e Grain mass: 107810~ kg

e Specific charge: +(1073-10%) C/kg

e Rate of specific charge changes: up to 10C/(kgs)

As it can be seen from this list, the trap for the dust
charging experiment should enable a stable grain trapping in
much broader ranges of parameters than the ion trap. An-
other important difference is that the ion trap is used for
trapping of a limited number of ion species that differ only
slightly in their specific charges and these specific charges are
known. Moreover, the fact that the ion outside a given range of

© 2012 American Institute of Physics
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specific charges will leave the trap can often help to purify the
trap content. By contrast, the dust trap should allow measur-
ing the grain specific charge and provide the stable trapping
even under fast changes of this charge by several orders of
magnitude.

The known specific charges of ions can be used for cali-
bration of a trap. However, the dust trap cannot be calibrated
in this way and the only possibility for absolute measurements
is to rely on calculations. Such calculations are difficult even
for a very simple geometry, thus it is important to keep the
trap design close to that used in calculations.

lll. PROBLEMS OF DUST PARTICLE TRAPS

The charge of the trapped micron and submicron grains
can be determined either by the additional dc field [as demon-
strated e.g., by Ref. 21] or by measuring the frequency of the
grain oscillations (so-called the secular frequency) [e.g., Refs.
9 and 11]. The latter technique is more precise and reliable if
the grain oscillatory motion does not depend on the oscilla-
tion amplitude and/or on the grain location within the trap. It
means that the force holding the grain inside the trap (con-
fining force) should be proportional to its displacement or, in
other words, the corresponding potential should be parabolic.
Thus, the only non-zero term of the expansion of the elec-
tric field inside the trap should be the quadrupole (harmonic)
term and higher multipole (anharmonic) terms should be sup-
pressed in a sufficiently large volume of the trap.

Since the gravitational forces acting on a weakly charged
grain significantly exceed the confining force that is propor-
tional to square of the grain charge in quadrupole traps, the
gravity should be compensated by an additional dc voltage.
However, the electric force is proportional to the grain charge
and fast variations of the grain charge lead to a corresponding
change of the location of the investigated grain with respect to
the trap center. As noted above, the confining force depends
on the grain charge and its variations lead to the changes of
the oscillation amplitude. Many dust charging experiments®
use an interaction of the trapped grains with the surrounding
gas for the damping of grain oscillations. However, a simu-
lation of the conditions in the interplanetary space requires
ultrahigh-vacuum conditions and another method of control
of the oscillation amplitude is required.

The damping force should be in anti-phase with the
grain motion, thus the grain position should be continuously
recorded and this signal used in the feedback loop. In order to
reach a sufficient accuracy of the damping system, the ampli-
tude of the grain motion would be approximately 1 mm. Since
the maximum size of the trap is limited by the applied RF
voltage (Rup to several kV), the amplitude of grain oscilla-
tions is approximately 1/10 of the trap inner radius. Cermak,
Griin, and Svestka® suggested using auxiliary electrodes for
this purpose but their application leads to increase of a con-
tent of higher multipole terms inside the trap, thus a solution
that uses the trap electrodes for the damping voltages would
be preferred.

To ensure a homogeneous illumination of the trapped
grain with particle beams, their cross-sections should be
larger than the expected amplitude of motion. Consequently,
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only a small portion of the beam particles will interact with
the investigated grain and the rest of particles should leave the
trap without any interaction with its electrodes because pho-
toelectrons and/or secondary electrons generated due to such
interaction would spoil the measurements. This is the major
problem of traps that use the rotationally symmetric design
[e.g., Refs. 6, 7, 9 and 21].

IV. SUGGESTED SOLUTION OF A LINEAR TRAP

From these limitations it follows that the trap based on
a linear quadrupole?” would be a possible solution because it
can be designed as open as possible and provides free path for
particle and photon beams along its major axis and two planes
among trap rods. However, a standard linear four-rod trap can
confine the grain along the trap axis rather than just in a single
point of the coordinate space.

Several modifications were proposed for the grain con-
finement along the quadrupole main axis. Some authors sug-
gested to split each quadrupole rod into two?? or three?*2
parts allowing a dc voltage to be applied to the eight end-
electrode pieces. Another possibility is to use auxiliary dc
electrodes? that produce the confining electric field. Such
trap variations are often used in quantum computations>’ and
in investigations of large ion Coulomb crystals.?%2

An analysis of these trap configurations®® has shown that
splitting of the electrodes into three parts and an application of
the dc confining voltage on the end parts of rods substantially
increases the anharmonic terms of the trap field. This prob-
lem can be partly compensated by a combination of RF and
dc voltages on these parts of electrodes [e.g., Ref. 26]. Since
the peculiarities of the dust charging experiment require an
addition of the dumping signals to the voltages supplying the
electrodes, this solution leads to 12 high-voltage broadband
RF amplifiers. On the other hand, the solution with additional
dc electrodes does not spoil the quadrupole field within a rea-
sonable volume around the trap center but it requires an appli-
cation of large voltages. Reaching typical values of confining
force achieved in our present quadrupole trap would require
~50 kV of the dc voltage and the damping signals would be
added to this voltage. Pedregosa et al.?® suggested a modifica-
tion of the shape of the dc electrodes that leads to decrease of
this voltage but such version enhances the anharmonic terms
of the quadrupole field.

Moreover, the confining dc electric field would affect the
trajectory of low-energy ion and electron beams used for the
grain charging. In the case of the ac electric fields, the beams
can be switched-on for a short period around the zero voltage
but the dc voltage would be switched-off when the particle
beams are in operation. A periodic switching of the high-
voltages would cause problems of sensitive detection elec-
tronics because relatively large electrodes would serve as ef-
fective antennas.

Last but not least, the dc confinement depends on the sign
of the trapped grain charge. This is not critical for ion traps,
however, the charge sign of the dust grain can change even in
course of the experiment and one of our aims is investigation
of this process.
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FIG. 1. The geometry and dimensions of the trap. The origin of coordinates
is situated in the center of the trap.

A. The electric field in the trap

We propose to use the classical (four-rod) linear
quadrupole and to split each electrode into two parts with a
small insulating gap in between. The main idea of the trap is
based on a superposition of three ac quadrupole fields. The de-
sign of such solution is shown in Fig. 1. The figure shows the
trap geometry and defines the coordinate system used in our
calculations. The parts of rods are labeled with a, b, ..., h.
Figure 2 schematically demonstrates the voltages providing
three quadrupole fields. If we neglect the insulating gap, the
voltages =V, shown in the left part of the figure will create
the quadrupole field in the plane z = 0 because this is a stan-
dard linear quadrupole. The middle and right panels show the
potentials creating the quadrupole fields in planes x = 0 and
y = 0, respectively. We would like to note that we expect the
same frequency and zero phase shift of both V; and V. The
voltage applied onto the particular electrode is a sum of par-
tial voltages shown in Fig. 2. It means that the half-rods will
be supplied by

Va= _Vz + ny - ny = _st
Vo = +VZ - ny - ny = +Vz - 2ny;

Ve=4V. 4+ Vo + Vi =4V, +2V,,,
Vd=—VZ—ny+ny=_Vz, (1)
Ve = _VZ — ny + ny = _st

V= +V. 4 Vi + Viy = +V. +2V,,,
Vg =4V, - ny - ny =+V, - zvxyy
V==V, +Vy =V, =-V..

The simplified view suggests that only three different HV sup-
plies (amplifiers) can be used. This is true for the grain con-
finement but additional requirements such as a compensation
of the gravity force or damping of the grain oscillation am-
plitude lead to a requirement of a dedicated supply for each
half-rod.

The voltage supplying the trap maintains the central sym-
metry (the voltage on the electrodes and the potential inside
the trap do not change if we invert the coordinates). The low-
est multipole term that such field can form is the quadrupole
term. The electric potential ¢ inside the trap is a result of su-
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perposition of three partial potentials referred hereafter as ¢,
@y, and @.. The potential ¢, is generated by an alternating
voltage of amplitude V, applied to the rods according to Fig.
2. The resulting electric field does not change the sign if we
invert direction of the z axis but changes the sign if the di-
rection of any of remaining two axes is inverted. Therefore,
the only possible quadrupole term is proportional to xy. In-
troducing the geometrical factor A, and neglecting the higher
multipole terms, we can write the equation,

Xy
=
o

@, =A V- cos wt, 2)
where ry is the radius of the inner void cylinder (see Fig. 1,
right) and w is the angular frequency of the applied voltage.
Note that the quadrupole term does not depend explicitly on
the rod radius R in this approximation. The exact solution
of the potential inside the trap®® shows that the parameter A,
weakly depends on the ratio R/ry that determines the content
of higher multipole terms. These terms lead to an anharmonic
motion of the trapped grain but, according to Douglas et al.?',
they are suppressed for the R/ry ratio around 1.1.

Analogously, we take advantage of the symmetry of other
components of the potential (see Fig. 2). The geometrical fac-
tor for both of them is the same and we define A,, = A, = A,.
The both fields are formed by the voltage of amplitude V.
The respective equations are

vz

@x = AxyVay - =5 - cOS I, 3)
o
Xz

Oy = AxyVyy - ) - cos wt. “)
0

The amplitude of the electric potential can be written as
@o(r) = (¢x, ¢y, ¢2)i=0 and the corresponding amplitude of
the electric field as Ey(r) = Vgo(r). Using the amplitude of
the electric field, we can define the effective mechanical po-
tential (i.e., the potential of the virtual field affecting the mo-
tion of the charged grain inside the electric field of sufficient
frequency) according to Gerlich:*

2

ese(r) = % B (r)2,

where Q and m are the charge and mass of the trapped grain,
respectively.

&)

B. Secular frequency

The superposition of the potentials given by Egs. (2)—(4)
forms the effective potential with a minimum in the center of
the trap. Free oscillations of the grain inside the trap can be

v N v RN B
\ +v+vz \\}3 Za = I ) 5 +v1:VW \\33 —VIVW I ) m:m \\}3 —VIVMJ T
Y v ) v ) ) ) e ) ) e ) )

FIG. 2. Sketch of the voltages on electrodes forming the electric potentials ¢, ¢y, and ¢,, respectively. The voltage applied on a particular segment of the rod

is a sum of partial voltages shown in the figure.
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thus described by eigenvectors and eigenvalues of the opera-
tor, —Vu.s (the operator of the force induced by the effective
potential acting on the trapped grain). The equation of this
operator can be simply obtained by the substitution of (2)—(4)
into (5).

X Q2
(~Vuan) | ¥ | = =12 - VIE®P
maw
Z
0’ 2
= — - VIV r
VIV
Q2
=~ 5" Vl()“xyvxyz + A V., )\-xnyyZ
dma?r]
+ 4. Vx, )‘xy ny(x + y))|2~ (6)

We define the ratio of components of the electric field:
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and apply this relation to the previous expression:
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We can rotate the coordinate system in such a way that
the matrix representation of the operator will be diagonal. We
get a new coordinate system (x', y', ') rotating by /4 around
the z axis and then rotating by 6 around the x’ axis. The exact
value of 6 depends on C as it is depicted in Fig. 3. The trans-
formation matrix from the coordinates in a system (x, y, z) to
the coordinates in the system (¥, y', ') is

1 0 0 IN2Z —12 0
0 cosf® —siné IN2 182 0. )
0 siné cos 6 0 0 1
where
cosf = 7_;_ (10)
2 2/8C7+1

Since the operator —Vu is purely diagonal in the new
coordinate system, its eigenvectors (thus the principal di-
rections of oscillations) are the base vectors of the new
coordinate system:

0 0
8C2+1 0 (11)
0 4C*+ 1+ /8C2+ 1

The eigenvalues, «;, of this operator determine the frequency of oscillations of the grain along the respective axis (secular

frequency), €2;:

\fZ fori =1,

Va2 £1 - J/8C2+1 fori =2,

12)

VAC? 114+ /8C2+ 1 fori =3.

The factor A, is easy to compute because it is a geomet-
rical factor of an ordinal quadrupole consisting of four cylin-
drical rods. We slightly modified our design from the optimal
ratio of a rod diameter and rod spacing and used 0.8 instead of
1.1 to get a more open trap. Berdnek et al.>* have shown that
such deviation does not significantly affect the trap character-
istics and the value of the geometrical factor of this particular
trap geometry is

A, =1.95. (13)

On the other hand, the determination of the second geo-
metrical factor, Ay, is difficult because it belongs to the com-
ponent of the field generated by the voltage between the two

parts of a single rod; solving such field is a three-dimensional
problem.

0 Cc5 1 15

C
()

[N}

FIG. 3. Transformation of the coordinate system.
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To make the calculations easier, we introduce symbols for
general electric potentials, ®, and ®,, induced by the voltages
according to Fig. 2 (center and right). We do not limit the cal-
culations to the quadrupole term only but we assume a basic
symmetry reflecting the symmetry of voltage supplies. It can
be expressed by following identities:

D, (x,y,2) = Ou(—x,y,2) = —Pr(x, =y, 2)

= _q)x(xa Y, _Z)7 (14)

q)y(x7 Y, Z) = _qDy(_-x! Y, Z) = q)y(-x7 -y, Z)
= _(Dy(x5 Y, _Z)s (15)
Qr(x,y,2) = Py(y, x, 2). (16)

Both @, (x, y, z) and ®,(x, y, z) are even functions of vari-
able z, therefore they are equal to zero in the whole plane
z = 0 together with partial derivatives, d/dx and 9/0y. A sum
of ®, and ®, is zero in the plane x = —y that follows di-
rectly from equations above and the same is true for the partial
derivative d/9z in this plane. In the intersection of both planes
(i.e., along the line x = —y, z = 0), there is the zero sum of po-
tentials ®, + ®, and the zero electric field generated by such
potential. Thus, the oscillations along this line (i.e., the axis
x') are independent of an actual amplitude and form of the
electric field induced by the voltage V.,. The only remain-
ing field is the standard electric field of the linear quadrupole
generated by the voltage of V.

While not important for measurements of a charge-to-
mass ratio, the shapes and magnitudes of ®, and ®, electric
fields are principal for the trap design. We have solved this
three-dimensional problem using the Laplace solver of the
SIMION® software® for dimensions of the trap used in our
prototype. The results of numerical calculations have been fit-
ted by spherical harmonics. The most significant terms of the
fit are as follows:

3 3 2
D (x,y,2) = (1.70 2126 e’ =3 A 3y7xz
To To

3 2
047 “r;y”> Vyycosor.  (17)
A formula for the potential ®, is same but with x and y in-
terchanged. The grain should move in the region where the
distance from the trap center is less than 0.1r, therefore the
original assumption of the quadrupole field can be considered
to be valid with a sufficient accuracy based on the numerical
results.

According to Eq. (17), we can express the coefficient C
as a function of the ratio of voltages:

Ay=170 = C=087-V,/V.. (18)

Nevertheless, we would like to note that the first eigenvalue
of operator Eq. (11) does not depend on C and thus the de-
termination of the grain charge from €2; would not depend
on V.
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FIG. 4. The photo of the mechanical set-up of the new trap with holders.

V. EXPERIMENTAL VALIDATION

This section describes briefly a prototype of the trap that
was built with motivation to check the theoretical consider-
ations given above and analyzes the results of the prototype
tests.

The trap is formed from four cylindrically shaped elec-
trodes, each of them being split into two isolated cylinders of
equal length on the common axis. The dimensions of the trap
are as follows: the radius of each of four rods, R, is 6 mm,
the rods are positioned around an inner empty cylinder of ra-
dius rop = 7.5 mm. The total length of the trap is 90 mm and
the gaps dividing the rods are 0.5 mm wide. A photo of the
assembled trap is shown in Fig. 4.

A. Experimental set-up

The trap was mounted inside a vacuum chamber that can
be pumped down to ultrahigh vacaum (<107 Pa). For vali-
dation, spherical SiO, grains 3-8 um in diameter were used
for several reasons: (1) the electron microscope revealed their
almost perfectly spherical shape; (2) we have already investi-
gated these grains and thus we know that they do not tend to
form clusters; and (3) according to preliminary calculations,
this diameter fits well to frequency and amplitude ranges of
HYV amplifiers used for the tests.

We dropped the grains into the powered trap from a dis-
penser and charged them during their fall by the electron beam
until one of them had been trapped. The charge-to-mass ratio
of the grain was of the order of 1072 C/kg. The oscillations of
the trapped grain were damped by a buffer gas (helium) and
then the chamber was pumped down again. A trapped grain
is irradiated by an red diode laser modulated by 10 kHz. The
laser light scattered by the grain is collected by a simple lens
system, and the magnified grain image is projected onto the
entrance fiber optics of an image intensifier. The intensifier
output is optically coupled to a PIN diode serving as a po-
sition sensitive detector. Signals from the PIN diode are am-
plified by narrow band and lock-in amplifiers prior to the co-
ordinates of the light spot are determined.'®!-3* The system
provides electrical signals that are proportional to the grain
current position in two axes. Processing of these signals al-
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lows us to estimate the grain oscillation frequency and ampli-
tude. The frequency of the vertical projection is then used for
a determination of the grain specific charge. Both vertical and
horizontal projections of the oscillations are used for produc-
tion of signals for the amplitude stabilization. The electronic
systems for detection of the motion and damping are similar
to those used in another dust charging experiments [for more
apparatus details, see Refs. 11 and 34].

All electrodes of the trap were powered by synchronous
signals generated by a single tunable RF generator. The sig-
nals for each rod consisted of this RF signal amplified by an
appropriate factor and summed with the signals for the gravity
compensation and for damping of grain oscillations. Finally,
these signals were amplified 500 times by eight independent
linear high voltage amplifiers. Consequently, we can arbitrary
change the V,/V; ratio during the measurement.

B. Verification of the trap operation

We measured all three secular frequencies of a single
grain at various settings of the trap supply (voltage and fre-
quency). We plotted the ratio of these frequencies (Fig. 5) and
fitted the theoretical curve given by Eq. (12). As it can be seen
from the figure, the measured frequency ratios (points) follow
their predictions, small disagreements are not systematic and
they can be attributed to the noise of the detection system.

We recorded the motion of the grain by a video camera
oriented roughly in the direction of the x axis (diverted 17°
toward the z axis). The trap supply was set in such a way that
C = 0.914 and three principal modes of oscillations observed
by the camera are shown in Fig. 6. The expected directions
of the grain oscillations in a particular mode according to the
theory presented above are indicated by the arrows. Due to a
symmetry of the trap, the oscillations along the x’ direction
are driven by the “ordinary” field of the linear quadrupole,
¢, and the frequency should not be affected by the remaining
components of the electric field. We can compute the charge-
to-mass ratio of the grain from the angular frequency, 2 of

25 ‘
---A--- o/ .
- Q3/0 'I
2 i
I R
1.5 '
g ’ _A
1 i .
Y
0.5 e
AT
n
)
0 0.2 0.4 0.6 0.8 1 1.2
ny/vz

FIG. 5. The ratio of measured frequencies of three modes of oscillations at
various settings of the trap. The curves are computed according to the theory
shown above, coefficient Ay, is determined by least squares fit.
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FIG. 6. The principal modes of oscillations inside the trap observed by the
video camera (from left to right: 1, 7, Q3). Note that the camera was
tilted with respect to quadrupole axes. The ratio of voltages was such that
C=00914.

the oscillations along this axis:
[ «/Erg Qo

m V.

19)

Equation (19) is based on an approximation of the effec-
tive potential which is not exact. There is a necessary assump-
tion that the supply voltage frequency is much larger than the
secular frequency. Therefore, the error decreases with a de-
creasing ratio of the secular frequency to the supply voltage
frequency.

The precise solution of the motion in an alternating
quadrupole field employs the Mathieu’s differential equation.
Solving this equation, we can obtain an additional factor cor-
recting the result of Eq. (19). This factor can be expressed by
an infinite sum but we can limit ourself to first two terms and
express the correction factor, K as®*

1

J1 +(1.8-%)2’

where €2, is the angular frequency of the oscillations of the
grain and w is the angular frequency of the voltage supplying
the trap.

We measured the secular frequency of the same grain
keeping a constant charge-to-mass ratio under various values
of the frequency of the supply voltage (therefore, varying the
Q) /w ratio). Figure 7 shows the relative change of the com-
puted charge-to-mass ratio of the grain without and with the
correction. We can conclude that the correction according to

K = (20)

3 T T T
without correction ---A---
2.5 S with correction - -®-- _|
2 \
E 1.5 -
~ AL
S :
d TUM -
0.5
A
0 . ol o | o 1 .
-0.5
6 8 10 12 14 16 18 20 22

w/Qy

FIG. 7. A change of the measured charge-to-mass ratio at various values of
the ratio of the supply voltage and secular frequencies. The correction term
(20) almost makes the effect of the low w/€2; ratio negligible.
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FIG. 8. A change of the measured charge-to-mass ratio, Q/m at various val-
ues of the ratio of Vyy and V. The determined Q/m is almost independent on
the ratio of the secular and supply frequencies and obeys a linear dependence.

Eq. (20) provides the charge-to-mass ratio almost independent
of the frequency applied on the quadrupole.

As a next step, we measured the change of the secular fre-
quency, 2 while varying the voltage V,,. As we mentioned
above, there should be no change of the grain oscillation fre-
quency because the electric field inside the trap is symmetric
(see Eq. (11)). However, the calculations neglect the gap be-
tween half-rods and the manufacturing of the prototype can
introduce some asymmetries.

The measured data show a linear dependence of the rela-
tive error of the Q/m ratio on the V,, / V. ratio (see Fig. 8). One
would intuitively expect that a correct value of Q/m is that for
Vyy = 0 but we are not able to measure the secular frequency
when the voltage V,, is too low because the grain would not
be safely trapped. As it can be seen in Fig. 8, the linear fit
is an appropriate description of the dependence of measured
Q/mon V,,/ V., thus it can be easily corrected. Nevertheless,
we did an additional modeling in order to find the most prob-
able source of this error.

We simulated few possible inaccuracies of the trap ge-
ometry and computed the electric field under such assump-
tions. We have found that the mechanical design of the trap is
sensitive to misalignment in the z direction. While a change
of the width of the insulation gap between two parts of each
half-rod has a negligible effect, the longitudinal shift of the
whole gap is important. The measured dependence of Q/m on
Vyy/ V. matches the assumed effect of the shift of a single rod
by approximately 0.15 mm. It is difficult to eliminate such er-
ror because the gaps should be open and no insulators can be
used to fix their positions and widths. Nevertheless, the rela-
tive errors analyzed in Figs. 7 and 8 are of the order of 1072
and suggested compensations would decrease these errors by
an order of magnitude.

The determination of the absolute values of the grain spe-
cific charge relies on the calculations that use the trap dimen-
sions, amplitude of the voltage on quadrupole electrodes and
its frequency as an input. Thus, the resulting error is a func-
tion of the errors of all these parameters. Among them, the de-
termination/stabilization of the amplitude of the high voltage
(often kV) in a broad range of frequencies would be prob-
ably the major contributor to the resulting error of the spe-
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cific charge determination. Moreover, the calculations assume
the harmonic potential inside a sufficiently large volume of
the trap. The anharmonic components of this potential would
cause the change of the oscillation frequency with its ampli-
tude and/or an increase of the oscillation amplitude with time.
We have changed the oscillation amplitude between 0.1 and 1
mm and did not observe measurable change of the grain fre-
quency. We did not find any recordable change of the oscilla-
tion amplitude in course of several minutes with an electrical
damping switched off. We believe that it means a contribution
of higher multipole terms is negligible.

Vi. SUMMARY

We propose a novel design of the electrodynamic trap ge-
ometry that allows us to catch and hold a charged grain inside
the trap and to measure its charge-to-mass ratio. It is possible
to control and damp oscillations of the grain by small aux-
iliary voltages applied on the rods of the trap. Including the
suggested corrections, a relative error of the order of 1073
over a broad range of operational settings can be reached.

Computed charge-to-mass ratio is inversely proportional
to the supply voltage, thus the relative error of the voltage con-
tributes to the total error. Taking into account that this voltage
is in the kV range, we suppose that the uncertainty of the volt-
age amplitude will be a major source of the errors, especially
when operating over a broad range of frequencies.

As we expected, the proposed geometry is much more
open than the trap with hyperbolic electrodes. Its configura-
tion allows the trapped grain to oscillate in the almost purely
quadratic effective potential even at a relatively large distance
from the trap center.

The trap can be used in a wide range of values of the
Vyy/ V; ratio. It is even possible to switch-off V,, completely
and to let the grain to leave the trap along the axis in a
controlled way. This feature could be utilized in the experi-
ments where another measurements on a particular grain prior
to or after its investigation in the quadrupole trap are needed.
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Investigations of Photoemission
From Lunar Dust Simulant

Libor Nouzak, Ivana Richterova, Jiti Pavli, Zdendk Németek, and Jana Safrankova

Abstract— The surface of the Moon is covered by a layer of
dust grains. On the sunlit side, the photoemission dominates other
charging processes and the work function of grains determines
the maximum energy of the originated photoelectrons and,
consequently, the grain surface potential. We present laboratory
measurements of the work function on a single micrometer-sized
lunar dust simulant captured in an electrodynamic trap and
irradiated by UV photons. The first results indicate that the
work function of lunar dust simulant Minnesota Lunar Simulant
grains exceeds 5 eV. We suggest that a slight difference between
the work functions determined for two grains is probably caused
by the shape effect. The photoelectron yield in the energy range
of about 20 eV (58 nm) estimated from the measurements is
around 0.05 and it is in good agreement with the previous results.

Index Terms—Dusty plasmas, electron emission, particle
charging, photoemission.

[. INTRODUCTION

HE SURFACE of the Moon is composed of rocks and

lunar regolith, formed during a long period of meteoroid
impacts [1]. The lunar regolith, a fragmental layer of broken,
melted, or otherwise altered debris from the original bedrock,
consists of grains less than 1 cm in size [1]. Regolith thickness
on the maria is typically a few meters [2], [3], but in older
highland regions, it can reach 10-15 m. The lunar soil is a
subcentimeter fraction of the lunar regolith. It is cohesive,
dark to light gray, very fine-grained, loose, and clastic material
primarily derived from mechanical disintegration of rocks. The
finest composite of the lunar soil material is often called lunar
dust [4], [S]. As a consequence of mechanical crashing, lunar
dust grains have sharp edges [6], [7].

The sharp gradient in a UV flux from the Sun across
the solar terminator (the boundary between day and night
sides of the Moon) may generate clouds of electrostatically
charged dust. This dust can be set into a motion across the
Moon as the terminator moves. The Surveyor and Apollo
missions discovered some phenomena (horizon glow [8] and
streamers [5]) above the lunar surface probably caused by
a light scattered off electrostatically charged dust clouds
at the terminator region [9]-[11]. Unexplained glows were
even noted by ground-based observations [12], [13]. However,

Manuscript received July 31, 2015; revised October 7, 2015; accepted
October 11, 2015. This work was supported in part by the Czech Science
Foundation under Grant GP13/25185P and Grant P209/11/1412 and in part
by the Grant Agency of Charles University under Grant 1410213.

The authors are with the Faculty of Mathematics and Physics,
Charles University in Prague, Prague 121 16, Czech Republic (e-mail:
libor.nouzak @mff.cuni.cz;  ivana.richterova@mff.cuni.cz; jiri.pavlu@mff.
cuni.cz; zdenek.nemecek @mff.cuni.cz; jana.safrankova@mff.cuni.cz).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPS.2015.2493885

Horényi et al. [14] recently reported in situ lunar dust obser-
vations along the orbit of the Lunar Atmosphere and Dust
Environment Explorer mission. They found no evidence of
the lunar dust at high altitudes that could account for the lunar
horizon glow or streamers.

The irradiated lunar surface is positively charged as a
consequence of the photoemission current [15], [16]. On the
dayside, an equilibrium charge is established when the electric
potential (+4 V, [15]) of the charged surface prevents further
photoelectrons to escape. All other charging currents are
small and they are balanced by a portion of photoelectrons
with energies above the surface potential. The number of
photoelectrons as well as their energy depends on the work
function of the dust grain material, but the direct measurements
of this parameter is difficult for insulators [17] and especially
for small irregular samples.

Sternovsky et al. [18] determined the work function of
a lunar (Johnson Space Center (simulant) (JSC-1)) regolith
simulant using contact charging of dust falling on substrates
from different materials. The contact charging with oxidized
metal surfaces was found to be independent on the work
function. The effective work functions of the lunar analog
determined by extrapolation were 5.8 and 5.6 eV for two
different samples. Abbas et al. [19] investigated the photoemis-
sion yield from lunar dust samples brought by the Apollo and
Luna missions. They found that this yield is a rising function
of the grain size with a tendency for a saturation at largest
investigated grains. However, the saturated value was an order
of magnitude larger than that reported for bulk materials with
a similar composition.

A determination of the work function from in situ mea-
surements would be desirable, but it is probably impossible
because we can observe only an equilibrium state that results
from the charging by different processes. Nevertheless, we can
investigate these charging processes separately on a single
dust grain in laboratory conditions [20] or using numerical
simulations [21].

In this paper, we introduce laboratory measurements of
the photoemission from lunar dust simulant Minnesota Lunar
Simulant (MLS-1) [22] samples of micrometer sizes. A single
grain is captured in a linear electrodynamic trap of a special
design [23] and irradiated by a UV source that can operate
with a variety of gases (He, Ne, Ar, etc.). In measurements,
we determine the grain size, its surface potential, and the
work function using a time evolution of charging/discharging
processes. The first results indicate that the work function of
the lunar dust simulant is above 5 eV, very similar to the
work function of glass grains [20]. The estimation of the

0093-3813 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1.

LDC PC

Experimental setup—electrodynamic trap (FC—Faraday cup, EG—electron gun, IG—ion gun, UV—UV source, DD—dust dropper, IA—image

amplifier, PSD—position sensitive detector, PC—personal computer, HVA—high voltage amplifier, OL—optical lenses, LLT—laser light trap, SP—signal
processor, F—filter, NBF—narrowband filter, NBA—narrowband amplifier, C1 and C2—counters, LD—Ilaser diode, LDC—LD control, SG—signal generator,

CCD—<charge-coupled device camera).

photoemission yield of one of the investigated grains provides
a value of 0.05 for the ~58-nm UV line.

II. EXPERIMENTAL SETUP

The experimental setup is based on a linear electrodynamic
trap (in the center of Fig. 1). The charged dust grain is caught
in an effective potential that is formed by three-independent
RF fields, all of them having dominant quadrupole terms [23].
The trap consists of four rods, each of them being divided
into two parts and the rod parts are supplied by eight high
voltage amplifiers. A harmonic signal with a time window
for shooting charged particles is provided by a programmable
signal generator. A grain is shaken out from a dust dropper,
and the falling grain is charged by one of particle sources
to be caught in the effective potential of the trap. Three
particle sources can be used: 1) an electron gun; 2) an ion
gun; and 3) a differentially pumped UV lamp (UV). The
currents from particular sources are stabilized by a feedback
loop and measured by the gridless Faraday cups (FCs). The
measurements of the UV effects rely on the stability of the
used UV source.

The measurements are based on a determination of the
frequency of the grain oscillation within the trap. We use
a synchronous optical detection of a light scattered by the
grain. The light beam from a laser diode modulated by a
controller (LDC) interacts with the levitating grain and a part
of the scattered light is concentrated by a lens system (OL)
onto an image amplifier and a position sensitive detector (PSD)
that converts an optical signal to the electrical signal for
a signal processor. The processor unit provides the position
signal of the grain image that is used for damping/stabilization

of dust grain oscillations. The signal from the PSD is amplified
by a narrowband filter and its frequency fy is measured by a
frequency counter (C2). The charge-to-mass ratio of the grain
is determined from its oscillation frequency, f
Q _ 4n>V2f: facro® 0
m AV,
where fac and V; are the frequency and amplitude of the trap
supply, and rp and A, are geometric parameters of the trap
(see [23] for details). The Q/m evolution is recorded during
the measurements.

III. MEASUREMENT TECHNIQUE

The charge-to-mass ratio of the grain (Q/m) is directly
proportional to its surface potential (¢) [24] through the grain
specific capacitance C,, (the ratio of the grain capacitance and
mass). This capacitance can be easily calculated for spherical
grains, but an electron microscope photo (not shown) of an
MLS-1 lunar simulant has shown that the grains are not
spherical; they exhibit sharp edges and thus their specific
capacitance is unknown.

In the case of photoemission charging by a monochromatic
light with an energy of Av, the maximum attainable surface
potential ¢max of the dust grain would meet the equation

1
¢max = z(hv - W) (2)

where W is the work function of the grain, and its determi-
nation would be straightforward when C,, is known. In lab-
oratory conditions, the situation is more complex for several
reasons.
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EMISSION LINES OF He, Ar, AND Ne GASES IDENTIFIED FROM Q/m VALUES OF TWO MLS-1 GRAINS OF DIFFERENT SIZES

TABLE I

Q/ma.7um (C/kg)

Q/m4.0 pm (C/kg)

0.02 + 0.0018
0.0228 4 0.0005
0.0256 £ 0.0007
0.0278 4+ 0.0064
0.0368 = 0.0011

0.04 +0.0014
0.0316 £ 0.0045
0.0361 4+ 0.0014
0.0703 4 0.0038

0.028 £ 0.0021
0.0332 4 0.0013
0.0339 £ 0.0007
0.0358 £ 0.0008
0.0387 £ 0.001
0.0559 £ 0.0054
0.0445 £ 0.0039
0.0507 £ 0.0052
0.0971 £ 0.0039

Emission line | Excitation energy (eV) | Wavelength (nm)
Ar 1 15.43 80.35
Ar II 17.13 72.38
Ar 11 17.26 71.83
Ar II 18.44 67.23
Ar II 23.87 51.94
Ar II 25.26 49.08
He I 21.22 58.43
Hel 23.08 53.72
He II 40.8 30.93
Ne I 16.67 74.38
Ne I 16.85 73.58
Nel 20.14 61.96
Ne II 26.82 46.26
Ne II 30.45 40.72
Ne II 34.21 36.25

0.0316 £ 0.0018
0.0329 £ 0.0023
0.0411 +0.0114
0.0606 £ 0.0198
0.069 =+ 0.0054
0.0801 4 0.0124

1) We use a differentially pumped capillary discharge UV
source [25] that can operate with a variety of gases
(He, Ne, Ar, etc.), but investigations can be compli-
cated by a presence of several emission lines in the
discharge of each working gas. When no discharging
background current is present, the maximum attainable
surface potential pmax Will be given by the emission line
with the highest excitation energy.

2) A part of a UV light from the source or a possible
reflected UV from surrounding surfaces can interact with
walls of the vacuum vessel or with rods of the trap and
produce background photoelectrons. Some of them can
reach the grain and decrease its surface potential, and
thus, the maximum surface potential of the grain will
be lower than that given by (2).

On the other hand, if an emission line with the higher energy
is present in the discharge and its intensity is sufficient,
the surface potential can exceed the value given by (2). In
such cases, the equilibrium grain potential is given by a
balance of the photocurrent and the discharging background
current.

The used UV source can operate in two modes differing
by a pressure of the working gas and discharge current. In the
mode denoted I (II), it predominantly emits lines with energies
just below the first (second) ionization potential, but all other
lines are emitted as well albeit with the depressed intensity.
Table I shows the energies and corresponding wave lengths
of lines that we were able to identify and that were used
for the determination of the grain work function. We should
note that these lines only partly correspond to a list of most
intensive lines provided by the UV source manufacturer. The
last two columns of Table I show the specific charges of two
investigated grains, and a method of their estimation will be
discussed later.

To overcome these difficulties, we have developed a method
of a work function determination that uses two or more
UV emission lines and employs the so-called current—
voltage (/-V) plot technique [26]. Since I-V plots are a
key technique for the determination of the work function, we
briefly describe this method.

Let us assume that the grain is charged to a surface
potential higher than that given by (2) when the UV source

61

is switched ON. UV produces background electrons that
discharge the grain and its potential starts to decrease. When
the grain potential reaches the value of ¢max corresponding
to (2), the photoelectrons become to leave the grain and to
reduce the discharging current.

The discharging current can be obtained as a derivative of
the measured Q/m(t) temporal profile

i(g)_i
di\m) m’

The plot I/m versus Q/m 1is called the /-V plot because
Q/m 1is proportional to the grain potential. In this simple
scenario, I /m consists of two components: 1) the background
current Ipack/m and 2) the photoemission current Iphoto/ .
One can expect that the dependence of both these components
on Q/m can be approximated by straight lines in a vicinity of
@max [27]. Since Iphoto/m is equal to zero above ¢pmax, the plot
of the total current would exhibit a knee at Q/m corresponding
to ¢max. The position of this knee can be determined from a
bilinear fit of the /-V plot. This one point would be sufficient
for a determination of the work function in an ideal case of a
monochromatic light, but two or more points are needed in a
real experiment.

3

IV. ESTIMATION OF THE WORK FUNCTION

The computation of the work function from measurements
on a grain illuminated by the nonmonochromatic light is based
on evaluation of records of charging/discharging characteris-
tics. The key point is a relation between the grain potential
and its specific charge. To simplify this task, we use the fact
that the secondary electron emission under the bombardment
by the 1-keV electron beam will charge the grain to ~7 V
of the surface potential [24], and the corresponding Q/m can
be used for a rough estimation of the grain capacitance. The
full measuring sequence for one dust grain is shown in Fig. 2
and a procedure is described in its captions. As it can be seen
in Fig. 2, we applied three gases in order to identify a sufficient
amount of lines and to decrease the error of the work function
determination. The whole measurements proceed a long time
because a rate of the Q/m determination is about 1 Hz, and
the charging/discharging curves should be well sampled for
computation of their derivatives.
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Fig. 2. Time evolution of the photoemission charging of the grain with a size of ~4.0 gm. Charging/discharging procedure from left to right: (a) charging by
1-keV electrons, (b) charging by 1-keV electrons and He I photons, (c) charging by He I photons, (d) charging by He II photons, (e) charging by 1-keV He ions,
(f) discharging by He II photoelectrons from the background, (g) discharging by He I photoelectrons from the background, (h) charging by 1-keV Ar ions,
(i) discharging by Ar II photoelectrons from the background, (j) charging by 1-keV Ar ions, (k) discharging by Ar I photoelectrons from the background,
(1) charging by Ar II photoelectrons, (m) charging by 1-keV Ar ions, (n) discharging by Ar II photoelectrons from the background, (o) discharging by 1-keV
electrons, (p) charging by Ne I photoelectrons, (q) charging by Ne II photoelectrons, (r) charging by 1-keV Ne ions, and (s) discharging by Ne II photoelectrons

from the background.
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Fig. 3.
discharging of the grain by emission lines of He II groups [Fig. 2(f)].

Another reason for slow changes of the grain charge is that
the precise determination of Q/m requires the grain oscillating
around the trap center, thus the DC potential compensating a
gravity should be simultaneously adjusted [24]. Fast changes
of Q/m usually lead to grain loss and the experiment should
start from the beginning. Nevertheless, we were able to mea-
sure the full sequence for one grain and the sequence limited
to He and Ar emission lines for the second one.

We applied the /-V plot technique on all parts of the profile
corresponding to the charging or discharging of the grain by
the UV source with a special attention to the Q/m regions
surrounding expected knees caused by the emission lines.
According to theory, we would be able to identify plenty of
lines (e.g., http://www.nist.gov/), but the Q/m data are noisy
and the derivative increases the noise further. For this reason,
we were able to find only the most intensive lines as it can be
seen in Table I.

Fig. 3 presents two examples of /-V plots. First of
them [Fig. 3(a)] was recorded during grain charging by

0085 009 0095 01 0105 011 0115 0.2
Q/m [C/kg]
(b)

Examples of I-V plots. (a) /-V characteristics recorded during the grain charging by He I lines [Fig. 2(c)]. (b) I-V characteristics that represent

He I lines [Fig. 2(c)], the second one [Fig. 3(b)] belongs
to discharging of the grain charged by energetic ions to a
surface potential exceeding the energies of He II groups of
emission lines [Fig. 2(f)]. The ratio of Q/m corresponding
to the intersection of two linear fits was recalculated to the
grain potential using the grain specific capacitance that was
determined in two steps. The first rough estimation was based
on an assumption that the grain bombarded by 1-keV electrons
is charged to 7 V. The value was later adjusted to achieve the
best agreement between the distribution of measured surface
potentials and possible energies of the UV lines.

The results of above described procedures applied on
two grains from the Lunar Highlands Type lunar regolith
simulant are shown in Fig. 4. The position of points on the
horizontal axis is given by the energy of a particular emission
line, and the vertical axis is marked in units of the grain
specific charge. The error bars show propagated uncertainties
of the linear fits to /-V plots; the thin line is a linear fit to
depicted points that reflect the mentioned uncertainties. Under
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Fig. 4. Estimated work functions of two grains of different sizes using /-V plots. The grains used with an effective diameter of (a) 4 and (b) 4.7 um.

assumptions that the potentials are given by (3) for each of
identified UV lines, the points would lie on a straight line that
intersects the horizontal axis at the energy equal to the grain
work function. The investigated grains slightly differ by their
dimensions and/or shapes. This fact can be described by their
effective diameters calculated from the specific capacitance
assuming a spherical shape. This effective diameter is 4 ym
for the grain in Fig. 4(a) and 4.7 um for that in Fig. 4(b).
We should point out that it does not necessarily mean that the
second grain is larger; as we mentioned, the difference can be
caused by the different shapes of a particular grain.

The calculated values (W47 ym = (5.9 £ 0.3) eV and
Wa0 um = (5.1 £0.7) eV, respectively) of the grain work
function are in a full accordance with the value of W ~ 5.8 eV
obtained in [18] for the JSC-1 lunar regolith simulant by
the contact charging method. We should note here that the
work function of the glass grain [20] was determined as
W = (4.7 £ 1.5) eV under the same conditions, also in
agreements with the values obtained in [28] and [29] for the
bulk material. According to the theories in [30] and [31], the
work function would depend on the curvature of the surface,
but this effect would be negligible for grains with a radius in
the micrometer range but it would be seen for nanometer-sized
grains. On the other hand, sharp edges that can be expected on
the grain surface can lead to decrease of the measured work
function. This means that the work function would be different
for different parts of the grain surface, and this effect could
be responsible for difficulties with a determination of breaks
in /-V plots like those in Fig. 3.

V. PHOTOEMISSION YIELD

Estimates of background and photoemission currents
belonging to particular emission lines of our UV source
demonstrated in Fig. 3 could be used for the determination
of the photoemission yield defined as a ratio of numbers
of incoming photons and emitted electrons. The number of
photons falling on the grain was determined from the total
photoemission current measured by the FC with stainless steel
collector under assumptions that the yield of this material for
the most intensive He I emission line (21.2 eV) is ~0.12 [32].
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The diameter of the UV beam was estimated from the
geometries of the source and experimental setup. The grain
was expected to levitate in the center of the beam with
the Gaussian intensity profile. The grain cross section was
considered to be circular with an effective diameter determined
from the grain specific capacitance. Under these assumptions,
the photoemission yield # of the first grain (with a effective
diameter of 4 um) is

Ndust(21.2 eV) = 0.05. (4)

This value is in good agreement with measurements on a
powdered sample of the lunar dust (48% of glass and 18% of
Al»03), 7(21.2 eV) = 0.02 [33], and a silica solar cell covered
by an indium oxide layer, #(21.2 eV) = 0.07 [32]. However,
Feuerbacher et al. [33] point out that the measurement of
the photoelectron yield on powdered sample might result in
yields that are too low; the yield of an isolated particle can be
significantly larger [34].

A value estimated by our procedure is similar to that found
in [19] for the dust grains of micrometer diameters. However,
we should note that the shape of grains investigated in our
and their experiments were irregular, and thus a value of the
yield would depend on the way used for a determination of
the grain surface. We are using the effective diameter, and we
believe that is a good approximation because it rises with an
elongation of the grain and the same does the grain surface.
Nevertheless, the grain shape is the most important source of
the uncertainty of the yield determination.

VI. CONCLUSION

The main goal of this paper is to describe a procedure that
allows a reliable determination of the work function of a single
dust grain and its dependence on the grain material and on the
energy of UV photons. The results of this preliminary study
can be summarized as follows.

1) We observed time evolutions of the photoemission
charging of two lunar dust simulant (MLS-1) grains
illuminated by a UV discharge lamp emitting He I, He I,
Ar I, Ar I, Ne I, and Ne II photons.
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2) We calculated -V plots and we identified several

3)

4)

5)

emission lines in He, Ar, and Ne discharges from the
changes of charging/discharging currents.

We associated these lines with grain surface potentials
(using corresponding Q/m ratio) and extrapolating them
to zero grain potentials, we estimated work functions of
the lunar simulant material.

The work functions of the lunar simulant grains were
found to be W47 ym = (5.9+0.3) eV and Wao ym =
(5.1 £0.7) eV. We suggest that the difference of work
functions can be connected with the effects of the grain
shape.

We have determined the photoemission yield of the lunar
dust MLS-1 material as ~0.05 for 21.2-eV photons.

The effects of the grain shape on a value of the determined
yield as well as on the determined work function will be
subjects of consecutive studies.
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A role of dust in the space environment is of increasing interest in the recent years. Also the fast development
of fusion devices with magnetic confinement brought new issues in the plasma-surface interaction. While
there is a number of dusty plasma reviews, the present paper surveys experimental results connected with
charging of dust grains under well-defined laboratory conditions for both space and industrial applications. The
main purpose of these experiments is to study particular charging/discharging processes preferably on space-
related (i.e., all sorts of glass and other oxides) as well as on elemental materials (carbon, nickel, gold). Single
micrometer-sized spherical grains or grain’s clusters stored in vacuum are exposed to electron and ion beams.
Among several charging processes, the secondary emission is discussed in broad details because this process
plays a prominent role everywhen a portion of energetic electrons is present in the medium surrounding a
particular grain.

(© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Different types of plasmas contaminated with fine (nanometer- to micrometer-sized) charged dust grains usually
referred to as dusty plasmas (and more recently as complex plasmas) occur in a wide variety of environments
both cosmic and terrestrial. Dust is an almost ubiquitous component of the cosmic plasma (e.g., planetary and
cometary magnetospheres, the heliosphere, the interstellar medium, supernova shells, etc); however, it also occurs
in laboratory plasmas (e.g., plasmas applied in industrial material and microelectronic processing, plasmas in
fusion devices, etc). While their spatial dimensions and temporal scales differ by tens of orders of magnitude, the
basic physical processes in these two diverse environments are common. In recent times, the recognition of this
fact has led to a connection of the space and laboratory plasma communities and the industrial plasma community
working in this field.

Since dust particles are one of the main elements of interest in the solar system (e.g., Earth, Jovian and
Saturnian systems) and in the interstellar medium, there is a number of missions (e.g., ROSETTA, Cassini) that
provide or will provide investigations of the properties and global dynamics of charged dust grains (e.g., [1-6]).
As an example, SEM studies of the craters on the Al foil during a passage of the Stardust satellite through the
comet Wild 2 coma have shown evidence of dust particle impacts of a wide range of sizes from a few tens of
nanometers to nearly 60 micrometers in diameter. Many of the large impact features were caused by dense silicate
grains, accompanied by smaller quantities of diverse silicate and sulfide compositions [7, 8]. Furthermore, it is
anticipated that future rocket campaigns in northern Scandinavia will provide more information regarding the
mesospheric dust (e.g., [9-11]), while experiments on the International Space Station determine the dusty plasma
behavior under microgravity conditions (e.g., [12, 13]).

On the other hand, dusty (complex) plasmas are fully or partially ionized low-temperature gases comprising
neutral gas molecules, electrons, ions, and massive charged sub-micron- and micron-sized dust grains [14]. The
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interaction of the dust with the ambient plasma (and UV radiation, if present) leads to dust charging with conse-
quences for both the dust and plasma (e.g., [15-19]). The grain charging depends on the physical and electrical
properties of the grains, on the nature of their interaction with the surrounding radiation and plasma fields, and
on the relative velocity. The most important contributions come from fluxes of electrons and ions, from the
UV-radiation induced photoemission and from secondary emission of electrons. The surface potential of a dust
grain is established by a balance between various charging currents and resulting surface potentials can range
from about ~ —10 kV in planetary magnetospheres [20] to some ~ 10 V in an interplanetary space (e.g., [21])
depending on size, material, and charging history of grains [21-23]. It appears that the dust grain charging is
a significant physical process in both space and laboratory experiments.

It is usually expected that dust grains act as a sink for plasma electrons or ions (e.g., [24]) but dust can also
act as a source of electrons, and occasionally of ions as well, in numerous ways [25,26]. The processes inside
grains addressed as a source of electrons include secondary electron emission through a primary electron impact,
secondary electron emission by an ion impact (there are two distinct processes—a high-energy ion can penetrate
the grain and excite material electrons that escape as secondaries, while a lower energy ion can recombine with an
electron near the surface emitting a photon which, in turn, can release a (photo) electron), photoelectric emission,
thermionic emission, electric field emission, radio activity, exo-electron emission (due to deformation and fracture
of crystals leading to rapture of chemical bonds), balloelectric effect (charging of droplets and electron emission
during mechanical disruption in liquid sprays) [27]. Besides these direct processes, there are further indirect ways
by which dust can lead to the production of electrons and ions. For example, charge separation due to contact or
triboelectric charge transfer between dust grains or droplets can lead to large ambipolar electric fields that cause
electrical breakdown (e.g., volcanic eruptions and thunderstorms).

With regard to other charging processes, a significant attention has been paid to grain charging by secondary
electron emission due to the impact of energetic electrons. The secondary electron yield (i.e., the number of
secondary electrons emitted by the grain per incident electron) increases with an energy to a maximum (that could
be greater than unity for certain materials) and then decreases, leading to the so-called “Sternglass” formula [28]
that is still widely applied. The shape of the yield curve can lead to multiple roots of the currentvoltage curve
(e.g., [29]), and thus grains in a plasma can acquire charges of opposite polarities during transient variations of
temperature. This effect has been subsequently discussed by several authors (e.g., [22,30]) and has been also
established in the laboratory (e.g., [31]).

Chow et al. [32] have shown that grains of various sizes can achieve opposite polarities through an electron
impact, with the smaller grains being positive and the larger ones being negative. This is due to the fact that
when the grain size is comparable to the penetration depth of the primary electrons, the secondary electron
emission yield increases sharply. Evidence for such a bipolar distribution of a grain charge, with positively
charged small grains and negatively charged larger grains, is presented in the experimental studies of the grain
growth (e.g., [33,34]). Chow et al. [35] explained the observations of the latter authors using a combination of
the aforementioned grain size effect of the secondary electron yield and electron depletion in the sheath above
the negatively biased electrode where the grain growth occurs. However, as we will discuss later in the paper, the
interpretation of these effects neglected the scattering of primary electrons inside grains that leads to increasing
importance of backscattered electrons for the charging process.

The theory and models of a single dust grain charging and dynamics are well developed for environments that
vary from hot plasma in fusion devices through planetary atmospheres to tenuous plasmas in the interstellar space.
However, calculations based on these theories rely on material properties derived from large planar samples. On
the other hand, laboratory investigations of individual grains in equilibrium state that can provide their electrical
parameters are less common, perhaps due to the difficulty of such experiments. Nevertheless, several laboratory
experiments have been focused on different aspects of grain charging. Suszcynsky et al. [36] measured secondary
electron yields from ammonia and methanol ices as a function of the electron beam energy in the energy range
of 2 — 30 keV and summarized that secondary electron yields are at the low end of the range for insulators.
Barkan et al. [16] studied charging of micron-sized dust grains dispersed into a fully ionized, magnetized plasma
and found that the charge on a dust grain in a dense dust cloud can be substantially reduced with respect to the
charge on an isolated grain. Walch et al. [17,37] measured the charge on small grains of different non-conducting
materials in a plasma containing both thermal and suprathermal electrons. Sickafoose et al. [38] studied the
photoemission and triboelectric charging of single dust grains levitating upon the metal surface. They have
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shown that triboelectric charging may be the dominant charging process for silicate planetary regolith analogs
and thus it will play an important role in the subsequent behavior of dust grains released from planetary surfaces.

A new technique developed in the 1950s for ion spectroscopy [39], generally referred to as a quadrupole trap,
has been successfully employed for the investigation of single micron-sized grains [40]. Using this technique,
photoemission experiments with the UV radiation [41,42], secondary electron emission experiments (e.g., [43]),
and rotation and alignment of dust grains by the radiation [44] have been performed. A similar technique was
used in laboratory experiments where micron-sized grains bombarded by keV electrons were stored and a size
dependence (observed by Svestka et al. [45] and qualitatively explained by Chow et al. [46]) was identified.

In Cermik et al. [47], an electrodynamic quadrupole inside an ultra-high vacuum chamber was applied to trap
grains of micron and submicron sizes which were charged by electron and ion beams of energies up to 5 keV.
The authors developed a new method for determination of the dust grain size, surface potential, and electric
field strength, and they measured the effects of electron and ion beam energies on the dust surface potential.
They obtained energy spectrum of emitted secondary electrons and estimated the yield of the secondary electron
emission. In the last ten years, their experimental set-up was further gradually extended and used to study
different kinds of charging processes in idealized laboratory conditions.

In this paper, we present a survey of experimental investigations of the grain charge and associated potential
carried out on both conductive and non-conductive materials. In our experimental apparatus, we can and did
study various charging process, nevertheless, we have chosen only the processes connected with the secondary
electron emission for this overview.

2 Short description of experimental facility

Details of the experimental setup are provided in a series of papers by Cermak [48], Zilavy et al. [49], Cermak
et al. [50], and Pavld et al. [51], thus we will only shortly repeat the basic principles here. As we already
noted, the apparatus is based on trapping of a single dust grain in the electrodynamic quadrupole and on its
influencing by mono-energetic ion and/or electron beams (both beams work in the range of 100 eV-10 keV).
The electrodynamic quadrupole (a 3D quadrupole trap with modified hyperbolic electrodes) together with the
dust reservoir are placed inside an ultra-high vacuum chamber (pressure in the chamber is about 10~% Pa). The
quadrupole is supplied symmetrically, thus there is zero potential in the middle of the trap. Note that a stability
of the supplied voltages is significant for our application [52] similarly to the linear quadrupole often used for ion
mass spectrometry. From the quadrupole theory it follows that the vertical electrodes should be supplied by the
same voltage. However, we are using two different amplifiers for them in order to apply a damping voltage and
dc voltage for the compensation of the gravity force.

A trapped grain is irradiated by a 635 nm diode laser and the laser light is modulated by 10 kHz for a reduction
of noise. The laser light scattered by the grain is collected by a simple lens system, and the magnified grain image
is projected onto the entrance fiber optic of an image intensifier. The output of the image intensifier is directly
coupled to a PIN diode serving as a 2D coordinate detector. Signals from the PIN diode are amplified by narrow
band, lock-in amplifier prior to the coordinates of the light spot are calculated. These coordinates are used to
control the motion of the grain by a damping system. The grain oscillation frequency can be determined by
a frequency counter or by Fourier analysis.

After several simplifications, theoretical considerations lead to the relation between the grain oscillation fre-
quency and its charge-to-mass ratio (specific charge, Q/m):

Q| o 27%rg fFu
m M| Ver

ey

where Vey = Vac/ V/2 is the RMS value of the AC voltage on the quadrupole electrodes, V¢ is its amplitude,
f = w/2x is the frequency of the applied AC voltage, F,, = 2, /27 is the secular frequency (frequency of the
grain motion) in the u direction, ry denotes the inner radius of the quadrupole ring electrode, and \,, is the weight
factor of the electric field in the u direction. This simplified expression can be used for computation of the grain
specific charge, Q/m if f > 10 F,.

The grain oscillation frequency is the only measurable quantity and we have developed several techniques to
determine the grain size, mass, charge, capacitance, and other parameters [50,51]. For estimation of the grain
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size, a discharging process of a strongly positively charged grain is used; the grain is charged by energetic ions to
an equilibrium surface potential and then the ion energy is decreased. In this case, the beam ions cannot reach the
grain surface due to the electrostatic repulsion, nevertheless, secondary electrons are produced on the quadrupole
electrodes and cause the discharging of the grain. The grain surface potential decreases, and when it reaches
a value at which the beam ions just come to the grain surface, the discharging current of secondary electrons is
partially compensated by the ion current and the discharging slows down suddenly. The corresponding surface
potential, ¢ can be calculated from the energy of the primary ions: ¢ = F;/eq where e is the elementary charge.
The knowledge of its value allows us to calculate the grain radius, R from

360¢ m
R=, 2.2 @
pQ
where p means the grain mass density and &g is the dielectric constant of vacuum.
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the elementary charge method—frequency jumps. jumps.

The process of the determination of R is schematically shown in Fig.1. A glassy carbon grain was chosen
for demonstration. The figure shows a temporal evolution of the specific charge, Q) /m during the discharging
of the grain charged by the Ar™ beam to a surface potential above 1000 V. Since the aforementioned change
of the discharging current can be hardly found in this plot, Fig. 2 shows the derivative of temporal changes of
the grain charge (a current-voltage characteristics). The slowly decreasing part of this characteristics represents
the background current and the steeper part belongs to a sum of both background and ion beam currents. Note
that both currents are a linear function of the grain charge. Intersection shows a point where the grain potential
is equal to the beam energy. This point allows us to determine the proportionality constant between the grain
specific charge, ) /m and its surface potential, ¢, i.e., the specific capacitance, C'/m. Our computation provides
the grain radius R = 1.96 pym for the grain shown in Figs. 1 and 2.

The nondestructive determination of the grain mass is based on the observation of stepwise changes in the
@ /m ratio that can be attributed to grain charging in steps of integral numbers of the elementary charge [53]. If
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the parameters V¢ and f of the quadrupole voltage are constant during the measurement, the relative change of
grain secular frequency F), is nearly equal to the relative change of the ) /m ratio. In the case of micron-sized
grains charged to an equilibrium surface potential of about 10 V, the relative frequency change is of the order of
10~%. The mass, m of the grain is then given as

- eoFu T
"TAF, Q 3)

where I, and @ /m are known from the experiment. Fig. 3 displays stepwise changes of the grain oscillation
frequency in time, and Fig. 4 shows a linear regression of corresponding frequency step changes of the grain
charge caused by one or several elementary charges. Note the excellent stability of the experiment that allows a
precise determination of the grain mass (m = 4.81 - 10~ kg in the case in Figs. 3 and 4).

3 Secondary electron emission

Primary electrons impacting the sample surface interact with a bulk material and lose an energy in many types of
collisions that often result in excitation of material electrons and some of them can leave the surface after then.
These electrons, so-called true secondary electrons, have typical energies of a few electronvolts. As we noted
in the case of large planar samples the energetic dependence of the secondary emission yield, §(F) defined as
the mean number of secondary electrons per one primary electron can be described by the Sternglass universal
curve [28, 54] that was later extended toward higher primary energies by [55]. This curve exhibits a maximum
at a few tenths of kiloelectronvolts and decreases to zero at very high and low beam energies. Its parameters,
the maximum yield, d,,4, and the corresponding energy, F,,q., depend only on a sample material at a certain
incident angle. In collisions inside the target, primary electrons change their directions and thus they may be
backscattered from the material before losing the whole energy. The backscattered yield, n increases with the
material density and the atomic number up to = 0.5 for the normal incident angle. It grows only slowly with the
beam energy above a few hundreds of electronvolts. Thus, the total secondary yield, o (¢ = § + n) and § vary
in a similar way with the beam energy [56]. In the case of grains, the energy dependence of a total secondary
yield of dust grains does not fully follow the universal curve that was suggested for large samples. The yield is
enhanced due to a surface curvature that results in a variation of the incident angle along the grain surface because
o (and both constituents) increases with the incident angle [57].

12 -09 0.6 -0.3 0.0 03 0.6 09 1.2

o
Fig. 5 A SEM image of the studied 12 pm carbon grain as Fig. 6 The relative secondary electron yield as a function
obtained by SAM650. Measuring points and an area repre- of an incident angle for different beam energies and em-
senting the substrate are sketched. (Adopted from [59].) pirical profiles: sec a (dotted), exp(const - (1 — cos a))

(dashed), and ao 4+ a2a? (solid). The quadratic fit parame-
ters are: ap = 0.49 and a2 = 0.824. (Adopted from [59].)

The dependence of the secondary emission yield on the incident angle was measured and fitted by different
analytical expressions or simulated [58]. Since this function is of a principal importance for investigations of
highly curved dust grains, Richterova et al. [59] used the SEM technique for its determination. Fig. 5 shows
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a SEM image of the investigated 12 pm carbon spherical sample. The secondary emission yield was measured
at several points in two perpendicular directions starting from the sample center. The distances between two
measuring points were adjusted to achieve equidistant points on the angular scale. Note that an incidence angle
of the beam is « = arcsin(X/R) where X is the distance of the spot from the grain center and R is the grain
diameter. The locations of measuring spots are shown in Fig. 5. The diameter of the electron beam was ~ 30 nm
and the energy was tuned in the range of 0.6 — 10 keV.

Measurements of a local secondary electron yield as a function of the incidence angle are summarized in
Fig. 6 for several electron beam energies. Since the yield was measured at 4 points with the same incident
angle, the averages are plotted in the figure. The outermost points (o« = 41.4) stand only 100 nm from the
grain edge and they are very sensitive to all drifts. The measured yields represent an arbitrary value between
those of grain and graphite substrate, thus we did not consider them for fitting. Despite the widely accepted
curves [56,57], a quadratic growth of the yield with the angle of incidence describes our data better. The same
parabola (o/(o)(a) = 0.49 + 0.82402) fits well all profiles for beam energies ranging from 1 keV. The profile
measured for 600 eV seems to be a little flatter but we assume that the difficulties with the focussing of the
primary beam lead to apparent flattening of the profile at this energy, thus we use the same parabola for all beam
energies in further estimations.

Since the whole grain surface is illuminated by the parallel electron beam in our further experiments, the
described angular dependence leads to an enhancement of the yield measured on the spherical grain with respect
to planar samples by a factor of ~ 1.3.

3.1 Secondary electron emission from dust grains
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energy for three glass grains with different sizes
in the micrometer range. (Reprinted from [49],
©(1998), with permission from Elsevier.)

Beam Energy [keV]

As an example, basic measurements of the dust grain charging are shown in Fig. 7. The figure presents the
equilibrium @) /m ratio for three grains of different diameters. All grains were measured at the same conditions
(quadrupole voltage, primary electron current, pressure). None of the grains had been modified by an ion bom-
bardment before the measurement. In Fig. 7, the measured curves are roughly self-similar, the scaling factor
being inversely proportional to the square of the grain diameter. As it was discussed, it can be easily shown that

Q_g_?)é‘o

m m’  pR>

0 “

where C' is the grain capacitance, ¢ is the surface potential of the grain, p is its mass density, £ is the dielectric
constant of vacuum, and R is the radius of the spherical grain. This indicates that it is the surface potential of
the grain that determines the particle charging. If we suppose the secondary emission as a principal mechanism
of the grain charging, we would expect the correspondence between the yield of the secondary emission and

(© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org

74



Contrib. Plasma Phys. 49, No. 3 (2009) / www.cpp-journal.org 175

the () /m ratio. This is true, however, only qualitatively. The decrease of the (Q/m ratio with the beam energy
for the energies above 1500 eV is in agreement with the decreasing yield of the secondary electron emission in
this energy range. On the other hand, a steep fall-off of the ()/m ratio occurs at 400 eV for all three grains.
We suppose that this effect is caused by the secondary electrons emitted from the quadrupole electrodes and
the chamber walls. Our suggestion is consistent with the fact that the energetic threshold is independent on the
grain size (Fig. 7). In order to depress this effect, we have introduced the electron beam and quadrupole voltage
sampling [49] into our setup and all results in this paper (except those in Fig. 7) use this technique. Nevertheless,
a portion of background electrons generated by the beam scattering at the entrance orifice or by ionization of the
residual gas in a vacuum chamber is still present and captured by the positively charged grain.

3.2 Secondary electron emission from clusters

o [V]

o

N S
E, /keV Ee [keV]

Fig. 8 Equilibrium surface potentials of clusters consisted Fig. 9 Equilibrium surface potentials of one cluster con-

of different numbers of grains (A: single grain, B: 3-grains sisted of 4 grains with different mutual configurations.

cluster, C: 5-grains cluster, D: cluster of about 34 grains, E: (Reprinted with permission from AIP Conference Proceed-

cluster of more then 110 grains, F: the glass grain of a di- ings [61]. ©2002, American Institute of Physics.)

ameter of about 3.6 um). (Adopted from [60] — Reproduced
by permission of The Royal Society of Chemistry.)

The finding that the equilibrium dust grain charge is determined by its surface potential was established by
measurements on spherical grains but it can be used for grains of arbitrary shapes as an useful tool for interpreta-
tion of the experimental data. We have applied this assumption on investigations of clusters composed of different
numbers of 1.2 um SiOs spheres. In Fig. 8, we plotted examples of the surface potential measurements as a func-
tion of the beam energy; the curves differ by the number of grains in the particular cluster. Let us start with the
uppermost curve (A) that belongs to a single grain. The grain surface potential rises with the beam energy up
to about 400 eV and then it falls down as can be expected taking into account the “Sternglass” formula [28] for
the secondary emission yield. However, when the beam energy exceeds 5 keV, the grain potential begins to rise
with the increasing beam energy. A similar effect was observed by Svestka et al. [45] and theoretically treated
by Chow et al. [32,46]. They attributed it to the emission of secondary electrons from the opposite side of the
dust grain that is not illuminated by the electron beam and, consequently, to the increase of the yield of the true
secondary electrons. This hypothesis seems to be confirmed by the behavior of larger clusters. One can clearly
see that, whereas initial parts of all curves in Fig. 8 are nearly the same, the slopes of high-energy tails decrease
with a number of spheres in the cluster by a systematic manner. The exception from this rule will be discussed
later.

The equilibrium potential of the grain or cluster is determined by a balance of incoming and outgoing electrons.
If the beam energy is sufficiently low, the electrons are emitted only from an illuminated part of the cluster and
the curves roughly follow the dependence found for planar surfaces. If the emission from the “back side” of
a particular grain becomes important, the surface potential is a decreasing function of the number of grains in the
cluster. We suggest that it is caused by a shielding of secondary electrons by other grains in the cluster because
secondary electrons escaping “inside” the cluster are captured by another surface. It is interesting to note that,
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even for a relatively high number of grains in the cluster, the charging characteristics differ from those measured
for compact grains of a similar equivalent diameter. The second lowest curve in Fig. 8 (E) was measured for one
cluster consisted of ~ 110 grains. Its mass corresponds to a =~ 5 pm sphere on which the effect of enhanced
emission would not be observed [62] (compare with curve (F) belonging to larger single grain). We assume
that the grains on the flank surfaces of a cluster which are not shielded are responsible for the enhanced cluster
potential at high beam energies.

A better view on the effect of a cluster geometry on charging characteristics provides Fig. 9 where equilibrium
surface potentials of clusters containing 4 grains are plotted as a function of the primary electron beam energy.
As Pavli et al. [61] noted, the different slopes of high-energy tails are caused by different spatial adjustment of
the grains in a particular cluster and, consequently, by a different degree of shielding.

The previous figures show that dust grain charging exhibits rather complicated features. Fortunately, this
system is rather simple and can be treated theoretically. The equilibrium grain potential is given by the balance
of two currents: The beam current, /5 depends only on the beam energy, I/’ and grain surface potential, ¢:

Ip = Iyp - (1 + 2—¢> (5)

B

and the secondary emission current, I depends on the actual beam current, secondary emission yield, o and
spectrum of secondary electrons, f(E):

Is =1Ig o(Ep) -/: f(E)dE (6)

The Sternglass approximation for o(Fp) can be used only for large grains because the assumptions of this
approximation are not valid for the grain sizes comparable with the penetration depth of primary beam electrons.
The second problem of this phenomenological approach it that the form of the energy spectrum of secondary
electrons is generally unknown and can depend on the primary beam energy, grain diameter and its material, and
on other factors. We will discuss these two constituents of the secondary emission current in the next section.

4 Model of secondary emission for spherical grains

Theoretical treatments of secondary electron emission have been based on many different approaches. The emis-
sion has been described by the elementary theories, e.g., by Salow [63], Baroody [64], Bruining [65]. A complex
approach to the problem of electron-induced secondary electron emission can be found in Sternglass [28]. Later,
Kanaya and Kawakatsu [66] and Kanaya et al. [67] have modified these results by using a Lindhard power po-
tential to describe secondary emission from both metals and insulators. On the other hand, simulation studies of
secondary emission have been based mainly on a Monte Carlo electron trajectory simulation and become impor-
tant along with progress in electron probe microanalysis, electron spectroscopy, and microscopy (e.g., [68-70])
where the target influenced by the electron beam is studied. A series of the papers by Ding et al. [71-73] pre-
cises a Monte Carlo simulation model of electron interaction with solid that includes cascade secondary electron
production. The model is based on Mott’s elastic scattering cross-sections [74] and Penn’s dielectric function
approach [75] to electron inelastic scattering. The dependence of the secondary electron yield on the primary
energy and the energy distribution of backscattered electrons have been obtained [71]. The authors noted a good
agreement with experimental data for 19 different metals. In [76], an examination of the secondary yield as a
function of primary energies and atomic numbers for the 44 elements is made. An analytical model of the depen-
dence of secondary electron emission on the primary electron energy for application to polymers was referred by
Cazaux [77].

Nevertheless, the majority of those and other models were prepared for the planar targets. For spherical dust
grains, the secondary electrons are not limited to the point of incidence of primary electrons but may exit from all
points of the grain surface, thus, as we already noted, the secondary emission yield is higher than that determined
by these models. To this topic, theoretical considerations of the secondary emission from submicrometer oil drops
of spherical shapes were done by Ziemann et al. [78]. They achieved a good matching with their experiment up to
250 eV of the primary energy. Chow et al. [32] developed a model of secondary emission from spherical bodies
where the authors assume that the primary electron current density is conserved inside the grain, primary electrons
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move straight inside the grain, the production rate of secondary electrons is proportional to the energy loss of
primary electrons, and the escaping probability of secondary electrons decreases exponentially with a distance to
the surface. They added the Whiddington law for energy losses along their path in the grain and computed the
yield of secondary emission (similarly as in [79]). Their computation assumes that the primary electrons move
along straight lines inside the grain but the secondary electrons can proceed toward the surface in any direction.
Since their model did not reproduce the Svestka et al. [45] experimental data, Chow et al. [46] published an
improved model. The new model provided the curve of the yield of secondary emission with several maxima
(connected more with numerical approach then with physical base). Varying the constants of the model, the
authors were able to fit the data but they should use different sets of constants for low- and high-energy regions.

A simple numerical model of secondary emission from small dust grains developed by Richterova et al. [80]
has revealed the importance of backscattered electrons to the setting of the equilibrium surface potential, espe-
cially in a high-energy range of primary energies. Since the model assumptions were very simplified, the authors
have revisited it in order to include more complex principles of the electron-solid interaction using a well-tested
Monte Carlo technique developed for scanning electron microscopy [81].

A detailed description of the model is given in Richterova et al. [82], here we outline only shortly its principles.
The hybrid Monte Carlo technique is used to monitor the path of primary electrons. In accord with Joy [81], the
authors expect that the primary electron is scattered inside the material mainly by elastic collisions that are
described by the Mott and Massey cross-sections [74] computed by Czyzewski et al. [83]. All possible energy
losses of the primary electron are averaged into a collision-independent continuous energy loss along its path; the
loss rate is taken in accordance with the modified Bethe stopping power equation [84]. If a primary electron is
scattered towards the surface before being completely slowed down, it leaves the grain.

The whole energy lost by a primary electron is converted into the excitations of material electrons. The number
of excited electrons is given by the mean excitation energy. Excited electrons reach the grain surface in a distance
X with a probability P(X) ~ exp(—X/A), where A is the mean diffusion path. The secondary emission yield
is calculated by integration of this probability around 47 of the spatial angle. A random energy, in accord with
the chosen energy distribution, is given to each true secondary electron at the surface. If this energy is sufficient
to overcome the grain surface potential (calculated from the actual grain charge and capacitance) the electron
escapes and the grain charge increases.
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Fig. 10 Modeled backscattered yields of glass spherical
grains of different diameters and their comparison with
a planar surface. A model input value is: p = 2.2 gem™>.
(Adopted from [85]. (©2007 IEEE.)

E,/ keV

Fig. 11 Modeled yields of secondary electron emission
for glass spherical grains of different diameters as a func-
tion of the primary energy. Model input values are: p =
2.2 gcm_B, Omaz = 2.4, Emaz = 300 eV. The plot com-
pares profiles for different grain sizes with profiles obtained
by the model for a planar geometry and with a Sternglass
universal curve. (Adapted from [85]. Modified with per-
mission - (©) 2007 IEEE.)

The model contains only three free parameters: the mean excitation energy, € (i.e., the mean energy that
is necessary for excitation of an electron), the mean diffusion path, A and the energy distribution of the true
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secondary electrons. These quantities strongly depend on the inner grain state, i.e., micro-porosity, admixtures,
structure faults, etc., thus they should be determined by a fit to the experimental data. The model assumptions are
not limited by the shape of studied objects, nevertheless, a spherical symmetry simplifies computation.

4.1 Electron emission yield

As an example, the modeled backscattered and secondary emission yields, respectively, and the equilibrium grain
surface potential for several glass spheres of different diameters as a function of the electron beam energy are
plotted in Figs. 10-12. In Fig. 10, where backscattered emission yields are plotted, one can note that the effect of
the surface curvature is apparent even for a very large grain but in the range of micrometers, nearly all primary
electrons leave the grain if the primary beam energy is large enough. This suggests that a low portion of the
negative charge of primary electrons is deposited in small grains. The effects connected to a finite grain size
on the yield of true secondary electrons may be observable for diameters below micrometer (see Fig. 11). The
decrease of the grain diameter leads to the increase of the secondary emission yield for primary energies above
3 keV. The bump on its profile calculated for the 0.4-ym grain (at a primary beam energy in the range of 4-6 keV)
is connected to the fact that the penetration depth of the primary electrons is comparable with a grain size; thus,
the amount of energy deposited near the surface increases. Nevertheless, even if this effect is taken into account,
the secondary emission yield increase due to the finite grain size does not exceed ~ 20% in the investigated

ranges of sizes and primary energies.
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Fig. 12 Computed equilibrium surface potentials

of glass spherical grains of different diameters.

1'5 Model input values are the same as in the previ-
ous figure. In the model, the Maxwell distribution

E. / kev is used. (Adopted from [85]. ©2007 IEEE.)

The profiles in Figs. 10 and 11 result from the model but they cannot be compared directly with measurements,
thus we have calculated the charge accumulated in the grain. Since this charge is relatively small, the resulting
surface potentials do not exceed 20-30 V. Thus, we can expect that primary electrons scattered inside the grain
reaching the surface have sufficient energy and they can escape from the grain. On the other hand, the energies
of true secondary electrons are generally low and their energy distribution should be taken into account. We
attribute to each electron at the surface random energy in accord with the chosen energy distribution. When
this energy is sufficient to overcome the grain surface potential (calculated from the accumulated charge and
grain capacitance), the electron escapes, and the grain charge is increased. According to Velyhan et al. [86], we
are using the Maxwellian energy distribution for our calculations. The resulting profiles of equilibrium surface
potentials as a function of the beam energy are shown in Fig. 12 for several diameters of glass grains. The
low-energy parts of all curves are identical because neither 7 nor § depend on the grain diameter at low primary-
beam energies. The shape of this part of the curves is determined by the energetic dependence of the secondary
emission yield and can be used for estimation of parameters ¢ and A. On the other hand, high-energy parts

strongly depend on the grain size. This effect is connected with an increasing number of backscattered primary
electrons from smaller grains (compare Figs. 10-12). When 7 approaches unity, the grain is charged positively
by outgoing secondary electrons because primary electrons do not compensate this charge and the potential of
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the grain rises. Note that the curve calculated for the 1.2um grain very well, even quantitatively, reproduces the
surface potential profile of a single grain from Fig. 8.

4.2 Spectrum of secondary electrons

Similarly to the secondary emission yield, the spectrum of secondary electrons is composed of two parts—
spectrum of backscattered primary electrons Fp(FE), and spectrum of true secondary electrons, Fs(FE). The
model discussed in the previous section [82] provides a realistic spectrum of backscattered electrons but there is
no theory describing the spectrum of true secondary electrons until present. Many authors use the Maxwellian
distribution with temperature of several eV (e.g., [56]) but Draine and Salpeter [55] and Grard et al. [87] suggested
a little different forms of this distribution.

[e]
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0Zn
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< 1mg ©SO,
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+] o€
Fig. 13 The surface potential at the maximum of the sec-
29 ondary emission yield plotted as a function of the mean
0 ———— atomic number of the grain material. (Adapted from [60] —
0 10 20 30 40 50 60 70 80 Reproduced by permission of The Royal Society of Chem-
Z (mean atomic number) istry.)

Since the shape of the distribution is connected with the equilibrium potential of the grain bombarded by the
electron beam, we can use measured potential as a function of the beam energy and equations (3) and (4) and
determine an appropriate spectrum by the fit. This approach was applied in [86] and later in [88]. In order to
decrease the number of free model parameters, a possible change of the spectrum with the beam energy could
not be considered. They found that the shape of spectrum depends on the material, being a more Maxwellian-
like for insulators and resembling the Draine and Salpeter distribution for metals. This result was confirmed by
a comparison of the measured equilibrium surface potential with that provided by the model [82]. Richterova
et al. [88] examined the validity of the model and computed the contribution of the secondary electrons to the
surface potential profile measured on gold and glass grains. Although the matching was not perfect, the authors
concluded that the spectrum of electrons emitted from gold grains exhibits a large portion of energetic electrons
(above 10 eV), and thus it resembles the Draine and Salpeter distribution, whereas the Maxwellian one is more
appropriate for glass grains.

Rather small differences between energetic spectra of secondary electrons result in large differences in the
grain equilibrium potential as can be seen in Fig. 13 where the surface potential at the maximum of the secondary
emission yield is plotted as a function of the mean atomic number of the grain material (MF stands for melamine-
formaldehyde resin [51]). One can note that this parameter orders the potentials rather well. Pavli et al. [60]
suggested that it is probably connected with an influence of the scattering of primary electrons on the formation
of the spectrum of secondary electrons.

Richterova et al. [59,89,90] used scanning electron microscope (SEM) technique for direct measurements of
secondary electron spectra from gold and carbon samples (note here that direct measurements of the spectra from
insulated samples are impossible due to their charging). They found for gold that the shape of the spectra depends
on the energy of primary electrons (Fig. 14) and that this dependence disappears after sputtering of several atomic
layers with the Ar™ beam. This suggests that the spectrum can be influenced by impurities that are always present
on the grain surface.
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5 Influence of surface layers

Itis well known that surface properties differ from those of the bulk material and this fact is even more pronounced
in the case of small dust grains. When investigating surface properties, the samples are often cleaned by an ion
bombardment and, on the other hand, the grain immersed into a plasma is bombarded by ions [91]. For this
reason, we have carried out several experiments with motivation to find how the surface layers influence the

secondary emission process.
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E [eV] from [89].)

Fig. 14 shows that a surface layer can influence the spectrum of secondary electrons and, consequently, the
grain potential [89]. However, the layer of surface impurities was not defined in this case. Thus, we have used MF
(melamine-formaldehyde resin) 2.35 pm spheres covered with ~ 20 nm of the Ni layer and adapted the model
of the secondary emission [82] (see section 4) and analyzed the effects of the layer thickness [92]. It was found
that the secondary emission yield increases with the thickness of the layer until a saturation is reached. This fact
suggested that secondary electrons excited below the layer have only a very low probability to escape through it
and their portion decreases with increasing layer thickness. The calculations of the surface potential matched the
experimental data as can be seen in Fig. 16. The figure compares data and model calculations for a pure MF grain
and for the grain covered with 20 nm of Ni. We should note that the layer changes charging properties not only
quantitatively but also qualitatively. For beam energies between 4 and 8 keV, the pure MF grain will be charged
negatively, whereas the covered grain is positive in the whole energy range.

A systematic investigation of the influence of ion bombardment on surface layers was carried out by Zilavy
et al. [93]. They trapped the Ni covered MF grain and repeated measurements of equilibrium surface potentials as
a function of the energy of the primary electron beam. Particular measurements were separated by several hours
of the grain bombardment with energetic Ar ions (Fig. 17). The results are summarized in Fig. 18 that shows
the maximum of the surface potential as a function of the dose of Ar ions applied onto the grain surface. After
application of a very low dose, the surface potential exhibits a small enhancement (point 3 in the figure). This can
be explained by the removal of impurities from the Ni surface, in agreement with Fig. 13. We would like to point
out that this effect is always observed for metallic grains because the layer of oxides and/or impurities exhibits
generally lower surface potentials (Fig. 13).

After further ion bombardment, the surface potential fell down to the value earlier found for a pure MF grain
(see Fig. 16) that is shown by a horizontal line in Fig. 18. According to the sputtering model of Pavlu et al. [94],
the applied dose is about one tenth of that needed for the removal of the equivalent layer from the Ni grain. On
the other hand, Ni and MF are very different materials and there is no information on adhesion of the Ni layer and
one can expect that the layer was removed and that the potential drop will stop at this value. However, a new dose
of Ar™ further decreased the surface potential to a value that is on a lower limit of our detection possibilities. Our
explanation of this effect is based on implantation of the Ar' into the grain surface that results in change of both
elemental composition and structure of the surface. Further investigations of Zilavy et al. [93] have shown that
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this implantation changes the profile of the secondary emission yield as well as the energy spectrum of emitted

electrons.
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Fig. 15 The surface potential, ¢ as a function of the pri-
mary electron energy. The curves are parametrized by the
layer thickness. The heavy line represents the pure MF
grain. (Reprinted from [92], (©(2006), with permission
from Elsevier.)
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Fig. 17 The evolution of the equilibrium characteristics for
the MF/Ni grain influenced by 5 keV Ar". The curves 1-5
correspond to an increasing dose of Ar": I—without bom-
bardment; 2—after one hour of 1 keV Ar"™ bombardment
with the current density of ~ 1 X 107° A/m?; 3—after
one hour of 5 keV Ar™ (the same current density); 4—after
one hour of 5 keV Art with 5 times larger current density;
5—after 6 hours of 5 keV Ar™ with 10 times larger current
density. (Adopted from [93]. With kind permission from
Springer Science+Business Media: [93], Figure 2.)
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Fig. 16 A comparison of the model result and experimen-
tal data for pure MF and Ni covered MF grains. The lines
represent model results, the dots show experimental data.
(Reprinted from [92], (©)(2006), with permission from El-
sevier.)
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Fig. 18 The dependence of the equilibrium surface poten-
tial maximum on the dose of Ar ions. The numbered points
correspond to the curves in Fig. 17. The horizontal line
shows the surface potential of a pure MF and the dotted line
presents a trend of all points. (With kind permission from
Springer Science+Business Media: [93], Figure 3.)

A series of measurements of ion beam effects on the grains of different materials (e.g., [23,95-97]) has shown
that the changes of surface properties due to the ion bombardment are common and should be taken into account

even for such materials as gold or carbon.
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6 Influence of the electric field

Until present, we have discussed the secondary emission from grains that were charged only slightly and the
electric field at their surface was weak. We will show that a strong electric field can modify the emission pro-
cess substantially. A large positive potential of the grain prevents escaping of electrons and thus the current of
secondary electrons falls to zero. On the other hand, a large negative electric field at the grain surface modifies
electronic structure of the surface states and can led to change of the secondary emission yield through increase
of the escape probability of excited electrons.

Charging of grains to negative potentials is possible for many materials in a limited range of diameters (Fig. 16
is an example of it) for which the secondary emission yield in a range of primary energies falls below unity.
Applying a beam of such energy, the grain charges negatively because number of primary electrons stored inside
the grain exceeds that of outgoing secondary electrons. The negative potential of the grain decelerates primary
electrons and it leads to setting of a state when the secondary emission yield is equal to unity. This point on the
profile of the secondary emission yield is often called the cross-over point and its position on the energy scale can
serve as a measure of the secondary emission yield [99]. Berdnek et al. [98] made systematic investigation on
carbon grains and found that the crossover energy, F¢2 increases linearly with the electric field at the grain surface
(Fig. 19). This suggests an increase of the secondary emission yield by a factor of 1.5. A further investigation
revealed that this factor is a function of the beam energy in the charged dust frame. The other effect of a prolonged
bombardment of the grain with energetic electrons for several hours was the significant decrease of the crossover

potential (compare in Fig. 19).
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Fig. 19 The crossover energy, Ec2 as a function of the Fig. 20 The normalized total yield (with respect to omaz)
surface electric field prior to and after the electron treatment as a function of the incident energy for three electron beam
of the grain. (Adopted from [98] with kind permission of energies. (Adopted from [98] with kind permission of The
The European Physical Journal (EPJ).) European Physical Journal (EPJ).)

The effect of the electron treatment is probably connected with an overall decrease of the secondary emission
yield due to the electron-stimulated desorption [100]. As noted above, such effect was reported for example
by Dennison et al. [101] for technical Al samples. Similar observations are referred in [102] where the authors
presented discrepancies of the secondary electron yield between technical materials and pure metals (cleaned by
300° bake-out and an argon glow discharge). The authors observed a decrease of secondary electron yield after
surface treatment. They explained it by a presence of insulating layers (e.g., oxides and adsorbed water) that
significantly enhance the emissivity of metal surfaces and thus, various treatments involving a modification of
the surface by ion bombardment can reduce the secondary electron yield of such materials.

We believe that we observed a similar effect because we noted a slow relaxation of the crossover potential
towards the values prior to the treatment with a characteristic time of several tens of hours. This slow recovery
suggests that not only absorption of a surface layer but some chemical reactions [103] are required to return o to
the values prior to the intensive electron irradiation.

The observed changes of the crossover energy can be caused either by an overall increase of o or by a broad-
ening of the peak on the o(F) profile. To resolve between these two possibilities, we measured this profile for
several electron beam energies. The profiles in Fig. 20 are normalized with respect to 0y,q,. These preliminary
results suggest that a broadening of the o,,,, peak with the increase of the surface electric field takes place.
We should note that this conclusion does not follow directly from Fig. 20 because the surface field continuously
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changes along the measured profile and the profiles measured with the electron beam with higher energies were
observed with a large charge (and a larger surface field) on the grain. Nevertheless, a possible change of the shape
of the 0,4, profile with the electric field is surprising because it implies a declination of this profile from the
universal curve [28]. It should be noted that carbon exhibits a very low secondary emission yield (0,4, ~ 0.6),
thus the cleaning of its surface leads to the decrease of the electric field. A similar effect (i.e., decrease of the
crossover potential) was found after the ion bombardment, as we mentioned. Since the applied dose of Ar ions
was very small, this decrease would be probably attributed to the cleaning of the surface rather than to changes
of the structure of surface layers that we have discussed in section 5.

7 Concluding remarks

From a broad spectrum of processes that lead to the dust charging due to dust interaction with a surrounding
plasma, the present paper deals only with electron emission induced by impacts of energetic electrons. Never-
theless, even such limited survey has brought much more questions than answers, many of them being connected
with fundamental problems of the present physics of condensed matter. Main problems that this survey identified
and that need further experimental and/or theoretical investigations can be briefly summarized as follows:

e Mechanism that leads to formation of a particular shape of the energy distribution of true secondary elec-
trons, a possible role of the elastic scattering in this process.

e The cause(s) of changes of emission properties of the dust grain affected by energetic ions (surface rough-
ness, changes of the surface elemental composition, reformation of crystalline structure at the grain surface).

e The connection of the secondary emission yield with the work function and electronic structure of a partic-
ular material.

e Sources of the enhancement of the secondary emission yield due to large electric field—backscattered pri-
mary or true secondary electrons.

On the other hand, a number of problems was successfully solved or elucidated in course of the last decade.
The behavior of primary electrons inside the dust grain is well described by the model [82, 88] and their spectra
(when leaving the grain) can be computed for different materials [85,92]. We know that the grain surface potential
established by secondary emission depends neither on the work function nor on the secondary emission yield but
rises with the mean atomic number of the grain material [60]. The dependence of the secondary emission yield on
the electric field suggests that this field is not only fully screened by the surface electrons and penetrates deeper
inside the conducting grains [98]. Nevertheless, we are still only on a half way to understanding of the interaction
of dust grains with electron beams and even closer to the beginning of a full description of the dust interaction
with plasmas.
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The present paper reviews our latest, and brings several new, results on
charging of dust grains of various materials and sizes. Charging processes
of dust in space and their influence on the dust dynamics are analyzed in
laboratory simulations of secondary emission, field ion and electron
emissions, and dust sputtering. Single micrometre-sized grains and grain
clusters are stored in a hyperbolic quadrupole field under ultra-high vacuum
conditions for long time periods. The charge state of the grain and its
evolution are recorded while the grain is exposed to ion or electron beams
of various energies and fluxes. The influence of the secondary electron
emission on the charge state is measured and compared with a computer
model. Limitations on the grain charge by the field electron and ion
emission are considered next. The measurements allow analyzing field
emission from conductive and dielectric grains. The existence of long-lived
surface states on insulating materials, which are probably responsible for
the anomalous behavior of field electron emission and the low threshold of
the field ion emission, is indicated. The observation of sputtering by
energetic ions showing a surprising anisotropic erosion of a conductive
grain is analyzed. The sputtering and the field ion emission are discussed as
possible sources of the so-called pick-up ions.

1. Introduction

The manifestations of dust in different parts of the solar system have been known
and intensively studied for a long time, namely, cometary comae and their dusty
tails, planetary rings, circumsolar dust rings, the interplanetary medium, interstellar
molecular clouds, efc. In the context of interplanetary space, “‘dust” refers to
particulate matter that does not manifest itself as isolated bodies but from some
distance can be recognized as an ensemble of indistinguishable particles. The
interplay between plasmas and charged dust grains has opened up a new research
area: that of a dusty (or complex) plasma. Dusty plasmas are fully or partially
ionized gases comprising neutral gas molecules, electrons, ions, and highly charged
sub-micron- and micron-sized dust grains. There is a variety of mechanisms by
which cosmic dust grains can be electrically charged: the capture of ambient
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electrons and ions, Secondary Electron Emission (SEE) by energetic electron and ion
impacts, photoemission due to short-wavelength electromagnetic radiation, field
emission of electrons, triboelectric effects, and field evaporation of ions. Inter-
planetary and interstellar dust grains acquire a positive charge in the solar wind and
can be strongly influenced by the Lorentz force as they pass through planetary
magnetospheres. There, the charge on the grains changes rapidly when they pass
through different plasma environments.'

In the case of interplanetary dust grains, the relevant charging processes are
interactions with solar wind electrons and ions and photoemission by solar UV
radiation. The flux of photoelectrons from a metal surface at 1 AU was estimated by
Wyatt? to be equal to 2.5 x 10' cm ™2 s™'. The photoelectron flux from silicate and
graphite surfaces can be up to one order of magnitude lower; the same is expected for
the flux from icy surfaces. On the other hand, mean ion and electron fluxes are of the
order of 10 cm ™% s™'. From these numbers it follows that charging of interplanetary
dust grains is dominated by photoemission, which leads generally to positively
charged particles with surface potentials of several volts. The value of the potential
depends on the photoemission yield of the grain material, e.g., silicate grains attain
potentials of 2.5-5 V, which are practically constant in the grain size interval 0.1—
10 um.? Potentials of grains from conducting materials might be somewhat higher.
In the case of very small grains with dimensions comparable to the wavelength of
light, the photoemission yield can be enhanced by a factor of 2-3, which results in
higher surface potentials.*

In dense plasma regions where the electron flux is dominant, the sign and value of
the dust grain surface potential will be determined by the energy of the impinging
electrons. Electron attachment dominates in the eV range but, at electron energies
above about 10 eV, SEE becomes important and results in a reduction of the
negative potential. At energies above a few hundred eV, the SEE yield becomes
larger than unity which causes a sign change of the potential from negative to
positive. Generally, the SEE yield reaches a maximum value o,,,, at energies E ..
between 300 and 2000 eV. At higher energies, the SEE yield becomes again lower
than unity, resulting in negative surface potential.

However, as the size of the grains becomes comparable with the mean free path of
the primary electrons and with the diffusion length of excited electrons, the SEE
yield may be substantially enhanced. Thus, the charge of micrometer-sized grains
can be either positive or negative and the charge sign depends on their shape,
dimensions, and material.’

Ion impacts may also induce the emission of secondary electrons, however, with a
much lower yield and thus this effect is negligible in most environments.

The total electric charge of dust grains might be limited by field evaporation, or by
field emission. These processes become dominant at field strengths >3 x 10" V. m™"
(positive charge) and >10° V. m~' (negative charge), respectively. However, even at
much lower field strength, electrostatic repulsive forces can destroy the grains
(electrostatic fragmentation) when they become higher than the tensile strength of
the material. The latter process is particularly important in case of fluffy grains that
may have tensile strengths as low as about 10° Pa. For such a fluffy grain with a
radius of 1 um, electrostatic fragmentation can occur already at surface potentials as
low as 10 V. The other process leading to material losses from dust grains is
sputtering due to impact of energetic ions.

These processes are very important in space plasma environments. However, their
investigation in conditions resembling those of outer space is rather difficult. Usually
several processes act in accord. Also, ambient conditions change rapidly. We can
only study charging processes in a highly idealized laboratory setting. In our
experiment, we store a single (charged) dust grain in an electrodynamic trap. The
grain can be exposed to electron and/or ion beams of a variable energy. We can
measure grain diameter, mass, and charge as well as the currents flowing from and to
the grain. Each charging process can thus be studied separately.
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Fig. 1 Experimental setup. For details see text.

In this paper, we focus on electron-induced SEE, electron and ion field emissions,
and sputtering of dust grains by energetic ions. By comparing these results with
in situ observations, we provide a new view of the fundamental physical processes of
dust in space.

2. [Experimental

Details of the experimental setup are provided elsewhere,® thus, here we will only
repeat the basic principles. The apparatus uses an electrodynamic quadrupole (a 3D
quadrupole trap'® with modified hyperbolic electrodes). As can be seen in Fig. 1, a
grain trapped in the 3D quadrupole is irradiated by a 635 nm diode laser. The light
scattered off the grain passes a small window in the ring electrode (electrically
screened by a grid) and is magnified by a simple lens system. Since the intensity of the
scattered light is rather low, an image intensifier is used to increase the detection
sensitivity. The output of the image intensifier is directly coupled to a PIN diode
serving as a 2D coordinate detector. The laser light is modulated at 10 kHz for a
reduction of noise. The electrically amplified signal from the PIN diode is demodu-
lated by the lock-in technique and the coordinates of the light spot are calculated.
The grain oscillation frequency can be determined by a frequency counter or by
Fourier analysis.

After several simplifications, theoretical considerations lead to the following
relation between the grain oscillation frequency and its charge-to-mass ratio (specific
charge, Q/m):

0] 27°rg fF
m || Ver’

I

(1)

where

Vet = Vac/ V2 is the RMS value of the AC voltage on the quadrupole electrodes,
Vac is its amplitude, /' = w/2w the frequency of the applied AC voltage, F,, = Q,/2n
the frequency of the particle motion in the u direction, ry denotes the inner radius of
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the quadrupole ring electrode, and 4,, is the weight factor of the electric field in the u
direction.

This relation is based on the assumption of an adiabatic motion of the particle in
the quadrupole field. This is valid for a sufficiently high-frequency ratio between the
applied AC voltage and the particle oscillations. Further, the expression assumes an
ideal quadrupole field. Any deviation from the ideal hyperbolic geometry manifests
itself in a contribution of higher multipoles to the total field. The higher multipoles
lead to an anharmonic potential, thus, the particle oscillation frequency becomes
amplitude dependent. Since the deviation due to the anharmonicity increases with
the oscillation amplitude, the amplitude must not exceed a certain value for a desired
accuracy of the frequency determination. On the other hand, a reliable measurement
of the oscillation frequency requires a sufficiently high oscillation amplitude. There-
fore, to provide reproducible measurement conditions, the amplitude of the grain
motion has to be stabilized.

The experiment was designed for operation under ultra-high vacuum conditions
(~ 1077 Pa or better). This is essential in order to reduce the interaction of the grain
surface with molecules of the residual atmosphere. Interaction of the investigated
grain with photons, electrons, or ions may lead to a substantial increase of its
vibrational temperature, and thus, to an increase of the oscillation amplitude. Under
ultra-high vacuum conditions, the collisional cooling of the grain by the residual gas
is negligible and the grain can maintain this vibrational temperature for a very long
time, or it can be even further heated by anharmonic effects. To control the
vibrational temperature of a stored particle under any experimental conditions, we
have developed an active control system. This system uses several auxiliary electro-
des as well as the quadrupole electrodes themselves to produce an additional electric
field along each coordinate. The electrodes are supplied by voltages derived from the
coordinate signals. The coordinates of oscillating dust are monitored and the electric
signal is used in an active feedback loop to control the amplitude of the dust motion.
The damping signals are amplified and used to create auxiliary electric fields in the
quadrupole that controls the grain oscillations.

The grain oscillation frequency is the only measurable quantity, and we have
developed several techniques to determine the grain mass, charge, capacitance, and
other parameters. The detailed description of these techniques can be found in
Cermak et al.® and Pavla er al’

SEM images of the dust samples are shown in Fig. 2. Metallic grains are generally
used as testing samples because their material properties are well known from
previous studies, whereas SiO, and carbon are materials that can be frequently
found in space. The ensemble of the used samples is complemented with grains from
a Melamine Formaldehyde resin (hereafter MF) and with MF grains covered by a
thin (=20 nm) layer of nickel (hereafter MF/Ni). The dimensions of the SiO,, MF,
and MF/Ni samples are well defined, whereas the mass and the dimension of other
grains have to be determined in the course of the experiment.

3. Secondary electron emission

Many papers on SEE from various materials have been published. Interest
continues because of the important role that SEE plays in many fields of modern
technology—insulator breakdown (damaging electronic devices), electron litho-
graphy, charging of spacecrafts and space dust grains exposed to cosmic radiation,
and many others. As we noted above, secondary emission plays a prominent role
when a portion of energetic (> 10 eV) electrons is present in the medium surrounding
the grain.

One of the first theories published by Sternglass'' describes experimental SEE
from planar metal surfaces in the range of hundreds of eV to several keV. Primary
electrons impacting the sample surface interact with the bulk material and lose their
energy in many types of collisions. The energy losses often result in excitations of
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Fig. 2 Examples of grains—SEM photos: (a) gold grains, (b) monodispersed SiO, grains of
1.2 um diameter, (c) precise-size MF grains of 2.35 um diameter, (d) MF grains of 4.97 um
diameter.

material electrons and some of the excited electrons can leave the surface. These
electrons, the so-called true Secondary Electrons (SE), have typical energies of a few
eV. For large planar samples, the energy dependence of the SEE yield, d(E), (defined
as the mean number of SE per one primary electron) can be described by the
Sternglass universal curve:'!

0 :EE exp<2—2 £ >, (2)

5max max Emax

where 0,.x 1S the maximum SEE vyield, and E, . is the corresponding primary
electron energy. For real materials, the curve exhibits a maximum at energies in the
range from several hundred eV to a few keV and decreases to zero at very high and
low beam energies. Its parameters, the maximum yield, ., and the corresponding
energy, E.x, depend only on the sample material at the incident angle. However, the
validity of the universal curve is limited to 4E,,.c. In a later work, Draine and
Salpeter'? found a new approximation by fitting to experimental data; this approx-
imation is valid to higher energies.

The primary electrons undergo scattering and may be re-emitted from the solid
without a significant loss of their initial energy. The yield of backscattered electrons,
n, increases with the material density and the atomic number up to ~0.5 for a
normal incident angle. It grows only slowly with the beam energy above a few
hundreds of eV. Thus, the total SEE yield, ¢ = 6 + #, and the yield of true SE ¢
varies in a similar way with the beam energy."”

Srama ef al.* noted that the process of SEE is very sensitive to the grain size and to
the physical properties of the dust grains. At electron energies of >1 keV, the mean
free path of electrons in a compact dust grain is >0.1 um, therefore, electrons can
penetrate through small grains and can also cause SEE from the exit side. However,
using laboratory simulations and the SEE model, Richterova er al.'* has shown that
this effect has only negligible consequences for the grain charge.

The SEE yield increases with increasing angle of incidence of primary electrons by
up to one order of magnitude over that seen from plane surfaces.'? Our preliminary
estimate of this for spherical grains and a parallel electron beam suggests an increase
of the SEE yield by a factor of 1.2-2.
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Theoretical studies of SEE are based mainly on Monte Carlo simulations of
electron trajectories.'> ' However, the majority of models was applied to planar
metal or insulating targets and much less attention was paid to spherical samples.
The finite grain size plays an important role when primary electrons are
energetic enough to penetrate through the grain. Theoretical considerations of
SEE from spherical sub-micrometre oil drops were carried by Ziemann et al.?° He
achieved a good match with experiment up to a primary energy of 250 eV.
Chow et al.*' developed a model of SEE from spherical bodies. Since that model
did not reproduce experimental data,”® Chow e al.*® published an improved model.
The new model provided the SEE yield with several maxima. By varying the
parameters of the model, the authors were able to fit the data but they had to use
different sets of constants for low- and high-energy regions. Richterova er al**
developed a simple Monte Carlo model of SEE from spherical dust grains. Although
the model does provide a typical SEE yield curve and can roughly describe the
observed energetic dependencies of the dust grain equilibrium charge, it has
numerous non-measurable parameters. For this reason, Richterova et al.'* prepared
a new model based on more realistic assumptions. The results of the improved model
can be briefly summarized as follows: (1) the scattering of primary electrons inside
the grain is critical to understanding the SEE, (2) the grain charge is determined not
only by the SEE yield—the energy distribution of SEs is equally important, (3) the
increase of the surface potential with decreasing grain size is predominantly caused
by the increasing number of backscattered primary electrons, not by true SEs. All
these statements were demonstrated experimentally on spherical gold and glass
grains.

SEs charge the dust grain positively; negative potentials can be reached only if the
total SEE yield, o is lower than unity. It is generally true for low beam energies (tens
of eV) and, as we will show later, in the keV range for grain materials with a specific
combination of true and backscattered SEE yields. These considerations are based
on the assumption of compact spherical dust grains. In space, however, irregularly
shaped grains can significantly change their properties. In order to demonstrate the
effects of the grain surface structure and shape, we have carried out measurements of
surface potentials of grain clusters composed of different numbers of ~ 1.2 um SiO,
spheres. The clusters were exposed to an 0.1-10 keV electron beam, thus SEE was
the dominant process for grain charging. The mass of each investigated cluster was
determined by the method of elementary-charge steps’ and the number of individual
grains in the cluster was estimated from the total mass. These numbers are shown as
parameters of surface potential profiles in Fig. 3. The shape of this profile for a single
grain was discussed by Richterova et al.,> thus, we will concentrate on differences
caused by the clustering.

Fig. 3 shows that, whereas the initial parts of all profiles are nearly identical, the
slopes of the high-energy tails decrease with the number of spheres in the cluster in a
systematic manner. The equilibrium potential of the grain or cluster is determined by
a balance of incoming and outgoing electrons. If the beam energy is sufficiently low,
the electrons are emitted only from the exposed part of the cluster and the curves
roughly follow the dependence found for planar surfaces. If the emission from the
“opposite side” of a particular grain becomes important, the surface potential is a
decreasing function of the number of grains in the cluster. We suggest that it is
caused by the shielding of the SEs as well as backscattered electrons by other grains
in the cluster, because the SEs leaving the material “inside” the cluster are captured
by another surface. It is interesting to note that, even for a relatively high number of
grains in the cluster, the charging characteristics differ from those measured for
compact grains of a similar equivalent diameter. The curve was measured for one
cluster consisting of about 110 grains, thus, its mass corresponded to a 5 um sphere,
on which no comparable effect of enhanced emission at high energies could be
observed. The lowest curve in Fig. 3 shows the surface potential profile measured on
a 3.6 um compact glass grain. The curve resembles the features measured on clusters
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Fig. 3 Profiles of surface potential as a function of the primary electron beam energy
measured for SiO, grains of 1.2 um diameter and their clusters in comparison with a large
glass grain. (A) Single grain, (B) cluster of three grains, (C) cluster of five grains, (D) cluster of
about 34 grains, (E) cluster of more than 110 grains, (F) the glass grain of a diameter of about
3.6 pm.

in the low-energy range but the potentials follow the decreasing trend also at high
energies. We assume that the grains on the edge of the cluster surface, which are not
shielded, are responsible for the enhancement of the cluster potential at high beam
energies.

This result can be applied to compact grains of an irregular shape. The surface
potential of such grains will be determined by the part with the smallest character-
istic dimension, thus, it would be significantly higher than that derived by a spherical
approximation. As the cluster geometry in our experiment is unknown, we cannot
reliably determine the tensile stress. However, the spherical approximation provides
an upper limit of the order of 10 Nm ™2, i.e., even below the value required for the
destruction of fluffy aggregates. However, the tensile stress increases with decreasing
diameter as the surface potential rises, and it could be sufficient to destroy clusters of
nanoparticles.

It is generally expected that the surface potential of grains exposed to an electron
beam would be a simple function of the SEE yield of a given material. In order to
check this expectation, we have summarized the measurements of the equilibrium
grain potential as a function of the electron beam energy carried out on grains of
different diameters and materials in Fig. 4. The abscissa is divided into two regions:
the high and the low energies. In the low-energy range, the profiles of the potential
qualitatively follow the well known energy dependence of the SEE yield for planar
samples because they rise with the beam energy until a maximum is reached.
The beam energy corresponding to this maximum is several hundred eV. However,
the SEE yield measured on planar samples would fall in the high-energy range since
it is approximately equal to the yield of the backscattered electrons for highest
energies. However, we could find even a rise of the grain potential in this energy
range. These effects are connected to the finite size of the dust grain. They were
broadly discussed in Richterova et al.>® The computer simulation of Richterova
et al.'* showed without a doubt that for small dust grains, the size effects are
predominantly caused by the increase of the yield of backscattered electrons. We
would like to point out that the 3.7 um carbon and the 2.35 um MF grains, in the
primary energy range from 3 to 7 keV, exhibit potentials lower than the detection
limit of our setup. The use of a beam of energy between 4 and 6 keV would lead to
negative grain potentials. Grains from all other investigated materials are charged
positively in our energy range (0.1-10 keV).
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Fig. 4 Surface potential profiles as a function of the primary electron beam energy—
comparison of various materials.

The quantitative interpretation of the low-energy part of the potential profiles is
more difficult. One would expect that a larger SEE yield would result in a larger
surface potential, but this is true only partially, as can be seen from Fig. 5. The
surface potential at the SEE maximum, ¢, increases with o, (values from
Bronstein'? are used) for all depicted materials except SiO». SiO5 has the largest SEE
yield, but a rather small maximum potential ¢,,,,. Taking into account that the
equilibrium potential is reached when the current of primary electrons is balanced
with the current of all true secondary and backscattered electrons with energy
sufficient to overcome the grain potential, we can conclude that the principal
difference between SiO, and other analyzed grains is in the energy spectrum of the
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Fig.5 Surface potential at the maximum of SEE as a function of the tabulated maximum total
yield of SEE, o.
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Fig. 6 Surface potential at the maximum of SEE as a function of atomic number, Z.

SEs. However, the reason for this difference is not clear. All materials in the first
group are conductive elements, whereas SiO, is an insulator and a chemical
compound. This problem can be eclucidated with the data in Fig. 6, where the
surface potentials are plotted as a function of the atomic number, 4 (the mean
atomic number was used for compounds). This plot allows us to implement the
measurements on MF that were not used in Fig. 5 because the SEE yield of MF is
unknown. One can note that the atomic number sorts the data rather well. Since the
atomic number influences predominantly the scattering of the electrons inside the
grain, we can tentatively conclude that this scattering plays an important role in the
formation of the energy spectrum of SEs. However, confirmation of this hypothesis
requires precise measurements of the energy spectra of SEs in the eV range. This
task, for single isolated microparticles, is a rather difficult experiment.

4. Field electron emission

Field emission of electrons from negatively charged dust grains occurs at high
electric field strengths. This process was described in the 1950s for metals.?” An
explanation of this phenomenon is based on the inflection of the electron bands in
the material, which enlarges the probability of electron tunneling from the surface to
the vacuum level.

The field emission current is described by the Fowler—Nordheim equation:*’-*
3
F? @2
[~ —————— —(F 3
i~ oty ). ()

where F stands for the electric field strength, ¢ for the work function, and the
variables 7 and v are weak functions of F and . If we plot the dependence of log i/ F*
vs. 1/F, the work function can be easily derived from the slope of this nearly linear
plot:

3
slope = —2.96 x 107 p2s(F, ), (4)

where the function s weakly depends on F and ¢ and varies in most cases within the
range of 0.83—1, i.e., its change is usually smaller than the scatter of the experimental
points. All three functions s, 7, and v are described by Good and Miiller,?” their
values are tabulated.

Since measuring the work function of insulators is difficult, the Fowler—Nordheim
plot could be used for this task. Eqn (3) was derived for metals but one can expect
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Fig. 7 Fowler—Nordheim plot of grain discharging due to a field electron emission for various
materials. (A) Gold grain, ¢ ~ 5.2 eV, (B) MF grain (of a diameter of 4.97 pm), ¢ ~ 4.6 ¢V,
(C) amorphous carbon grain, ¢ ~ 2.5 ¢V, (D) MF grain covered by a thin layer on nickel,
¢ ~ 2.5¢eV, (E) SiO, grain, ¢ ~ 2 eV.

that a highly charged dust grain from any material has enough free electrons, thus,
this method can be applied.

In order to observe the field emission current, the grain has to be charged to a
sufficiently negative potential. As can be seen in Fig. 5, SEE tends to charge the
grains positively. Negative surface potentials can be reached if the SEE yield is lower
than unity. This is true at very low primary energies when electron attachment
dominates (up to several tens of eV for insulators) and in the keV range for grains
with a specific combination of the grain material and size (see below). Examples of
such grains are carbon and MF particles in Fig. 5. We would like to point out that
the application of high beam energies is further complicated by the enhancement of
the SEE yield due to the large electric field at the grain surface.?

We have recorded field emission currents from several grains of different materi-
als. The corresponding Fowler—Nordheim plots are shown in Fig. 7. These plots
reveal several surprising facts: (1) The field emission current is able to fully
compensate the primary beam current at field strengths as low as 1.5 x 10> V. m™!
(the scale at the top edge of the figure), (2) the work functions that are given as
parameters beside the curves vary in a broad range. Values for gold (¢ = 5.2 eV) and
MF (¢ = 4.6 eV) roughly correspond to the expectations but those for MF/Ni,
carbon, and SiO, are too low. However, values obtained on MF grains are
questionable for several reasons described further below.

This effect was found by Pavli ez al.*® for SiO, and attributed to the emission of
electrons from surface states of SiO,. However, such an explanation can be hardly
applied to MF/Ni grains because the electrons are emitted from a metallic surface of
the grain. If one would assume that the Ni layer on the grain surface is oxidized and
insulating, the presence of surface states can be expected. The last sample exhibiting
a small work function is amorphous carbon. Since the internal structure of carbon
can vary from insulating diamond to conducting graphite and the exact structure of
the samples is unknown, we can probably safely assume that the emission occurs
from surface states with a low work function. Moreover, carbon is a highly reactive
species that tends to saturate the dangling bonds at the material surface. In most
cases, the bonds are saturated by hydrogen, however, other, more complicated
chemical compounds can be chemisorbed, which can act as a source of the tentative
surface states.

In contrast to the low work functions measured for the aforementioned samples,
Fig. 7 shows measurements on an MF grain that exhibit a work function equal to 4.6
eV. This is in good agreement with the work functions of insulators found by
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Fig. 8 Fowler—Nordheim plots of one MF grain. Characteristics were measured consecutively
in the order from (A) to (E) using a 5 keV electron beam. Estimated work functions thus vary
over 1.4-7.5 eV.

Sternovsky et al.>' using triboelectric charging. The measurements on MF and SiO,
were compared in Pavli er al.*® The authors suggest that the way of charging
(i.e., use either low- or high-energy electrons) is the reason for the substantial
differences in the work functions of these materials.

As noted above, a negative grain charge can be achieved by applying either low- or
high-energy electron beams. Whereas the eV electrons cannot modify the grain
structure and can be captured in the surface states, the high-energy electrons
penetrate deeper and their energy can destroy the electronic structure of the original
insulating material with a clear band gap. In the experiments of Pavlu ez al.,”® SiO,
samples were charged by a low-energy beam, whereas a 5 keV beam was used for MF
grains. However, our new measurements on carbon samples charged by the 5 keV
beam seem to contradict the above hypothesis. For this reason, we have repeated the
measurements on MF grains and the results are plotted in Fig. 8. Different curves in
this figure were measured on the same sample and they differ in the duration of
bombarding (charging) the grain with 5 keV electrons. One can note a gradual
evolution of the sample structure leading to a decrease of the work function from
¢ = 7.5eV to ¢ = 1.4¢V. This suggests that the electron bombardment strongly
affects the internal structure and that long-lived surface states are populated by the
exposure to energetic electrons. Moreover, the measurements in a broader range of
discharging currents clearly show that the Fowler—Nordheim theory cannot be
applied to the MF samples, since the plots are strongly non-linear. This is probably
caused by several effects: first, the surface states are discrete, thus, the description by
the Fowler—Nordheim theory based on a band structure cannot be correct, and
second, the finite lifetime of the surface states leads to their depopulation, thus, to a
redistribution of the density of states.

Since such materials are relevant for investigations of interplanetary space, an
explanation of the observed effects is desirable. Moreover, MF spheres are
frequently used as calibration objects for their well defined diameters in electron
microscopy and other experimental techniques. However, some of our measure-
ments suggest a significant change in their dimensions during electron bombardment
might be occurring.*

5. Field ion emission

Current understanding of field emission of ions from dust grains is based on
experiments and theoretical considerations connected to field ion microscopy
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(see, e.g., review of Forbes*® and references therein). The studies are based on the
assumption of a sharp conductive tip biased by an external voltage source. The
mechanism of field ion emission from an isolated particle, however, may be different
since the strong electric field at the surface is a consequence of charge accumulated in
the grain due to ion bombardment.

The emission of positive ions may be caused by three main processes:
field desorption, field evaporation, and field ionization.?”** All these processes are
based on tunneling of electrons from atoms situated above the sample surface
into or toward the sample. The tunneling probability has a sharp maximum at a
critical distance that is a function of the electric field strength. Consequently, the
tunneling can occur only in a very thin layer above the dust grain. The three
processes differ in the source of the atoms entering this layer. Atoms and
molecules of the surrounding gas represent the source for the field ionization,
whereas an ‘‘internal” source—atoms of the adsorbed gas or atoms of the
grain material—acts in the field desorption and in the field evaporation, respectively.
Since the adsorbed atoms are weakly bound in comparison with the bulk
atoms, the field desorption should be the dominant process that releases the
charge from positively charged dust grains in space or under experimental UHV
conditions.

Field desorption proceeds in two phases. Adsorbed gas atoms leave the surface
and are ionized at (or slightly beyond) a critical distance and are then pushed away
by the repulsive electric force. The positive charge from the adsorbed atom leaves in
the form of the ion; the released electron is attracted by the grain, and thus does not
change the net charge. Pavll er al.*> and Jefab et al.*® performed laboratory
experiments where impacts of energetic ions led to a deposition of a positive charge
onto a spherical grain. In these experiments, the accumulated charge is sponta-
neously released and the discharge is measurable when a certain value of the electric
field at the grain surface is reached. This value was experimentally found to be on the
order of 10° V m™", which is rather low, however, the field strength was determined
under the assumption of spherical samples, thus, a local deformation of the sample
surface could enhance the field by a factor of 3-5. By analyzing the plots of the
discharge currents vs. the electric field strength, they found the field desorption to be
the main discharging process. The authors suggested that the beam ions recombine
at the grain surface and create a layer of atoms that then desorb during the
discharging process.

In order to check this suggestion, we have carried out a series of measurements on
one gold grain. The results are plotted in Fig. 9. In this experiment, the grain was
exposed to a 5 keV ion beam for a time that is called “time of treatment™ in the
figure. After the beam was switched off, the discharge current was recorded together
with the grain surface potential for several hours. The value of the discharge current
at 1 kV surface potential is plotted on the ordinate. Although the spread of the
experimental points is rather large, the plot shows a clear increase of the discharge
current with the time of treatment. We would like to note that the uncertainty of the
discharge current is principally due to the charge quantization—the measured
current is rather small (number of elementary charges per second is used as the
current unit in the figure) and the measurement time is limited by the rapid
discharging at the origin.

The increase of the discharge current with the time of treatment is surprising
because one would expect that grain charging is stopped at the point when the
number of incoming and outgoing atoms are in equilibrium. Our experiments
suggest that there is a mechanism that stores and gradually releases a portion of
incoming ions.

Our tentative explanation is based on the implantation of beam ions into the grain
material. However, this hypothesis must be checked further. Since the diffusion of
the implanted ions toward the surface is probably a very slow process, it opens the
question whether it can considerably contribute to the discharge current.
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Fig. 9 Field ion emission currents from one gold grain after different treatment times, and for
two ion species. Currents were measured at 1 kV of the grain surface potential. The full squares
denote the Ar" bombardment, while the open circles show bombardment by H" .

The implantation of solar wind ions and their subsequent release in the form of
neutral atoms was suggested as a possible source of the so-called pick-up ions in the
solar system (e.g., Mann et al.’”). Thus, the laboratory investigation of the rates of
these processes is of great interest and will be followed up on in our future
experiments.

6. Dust grain sputtering

Investigations of the sputtering rate require continuous monitoring of the grain mass
evolution. By a precise measurement of the grain’s oscillation frequency, we can
determine the change in the specific charge Q/m induced by one elementary charge
and, consequently, we can obtain the total charge and mass of the grain. Although
the precision of the mass determination is better than 107, the noise in the secular
frequency restricts this measurement to weakly charged grains only, typically not
larger than 10° elementary charges.

An alternative method is the determination of the grain’s specific capacitance C/m
that acts as a scaling constant between the specific charge and the surface potential:

20_¢
m_m

(5)

The specific capacitance C/m can be determined from the specific charge at a known
surface potential, ¢.° Assuming a spherical grain, C = 4ngyR, the specific capaci-
tance depends on the grain radius R and the mass density of its material only. From
the known mass density, the grain radius, and consequently its mass, can be
obtained.

In the experiment on grain sputtering, a spherical gold grain of an initial radius
Ry = 0.57 ym and a corresponding initial mass m, = 1.48 x 10~'* kg was used. The
sputtering was initiated by an Ar" beam with an energy E, = 5 keV and a current
density i, = 4 x 10°* Am 2,

The primary experimental task is the investigation of the grain sputtering, but the
beam ions charge the grain and the grain charge influences the energy and the flux of
the beam ions impinging the grain. Without any other processes, the grain will
charge up to the surface potential numerically equal to the energy of the beam ions
(their effective energy, respectively) and the ion flux will drop to zero. However, as
we have shown in the previous section, the grain charge is limited by the field ion
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Fig. 10 Reduction of the grain mass in the course of ion bombardment. The full circles show
the mass estimated by the elementary charge method; open circles stand for the mass estimated
from the grain capacitance.

emission. Since the emission current increases rapidly with the electric field strength
at the grain surface,*® the grain’s surface potential can be considered as constant for
our experiment. We have obtained the value of the corresponding electric field: F =
1.95 x 10° V. m~". The constant surface field strength implies changes of the surface
potential during the grain sputtering due to the changes of the grain diameter.
Indeed, this potential was ¢ ~ 1.05 kV at the beginning of the experiment and ¢ ~
0.75 kV at the end. The energy of the beam ions with respect to the grain surface thus
changed from 3.95 to 4.25 keV. According to Behrisch,*® the sputtering yield, Y, is
roughly constant in this energy range with the following value: Y ~ 5. This value
was determined for Ar " ions impacting perpendicular to a planar surface. The yield
increases with decreasing incidence angle,*® and we have estimated®® that a factor of
1.2-2 should be considered for sputtering of spherical samples.

The temporal evolution of the mass of the treated Au grain with an initial radius
of 0.568 pum is shown in Fig. 10. For direct mass measurements, we applied the two
techniques mentioned above—the method of elementary charge steps and the
calculation of the specific capacitance. Both methods lead to a sputtering yield of
Y ~ 20, i.e., four times larger than that for a planar uncharged surface. We suggest
that this enhancement can be divided into two multiplicative parts. One part is
attributed to the shape of the sample, the other part is probably caused by the
presence of a strong electric field at the grain surface. This field is achieved by ion
bombardment in the specific conditions of our experiment, however, very small
grains in space (~20 nm), when sufficiently charged by photoemission, can reach
similar field strengths. Moreover, we used a gold grain to be able to make
comparison with known data, but the dust materials in space are insulators and
the yield enhancement can be much larger due to the penetration of the electric field
into the grain. These processes will be the subject of our further studies.

As can be seen in Fig. 10, the two methods of grain mass determination provide
results that systematically differ. Since the method of the elementary charge steps
does not require any additional assumption, we assume that it provides reliable mass
estimates. The determination of the grain capacitance, however, is based on the
known grain shape. Comparing the results of the two methods, the changes in the
grain shape can be followed. The increasing difference between the measurements
lets us conclude that the originally spherical grain shape is changed during the
sputtering. The resulting shape is unknown, but the difference can be explained if an
increase of the grain capacitance by a factor of 1.2 is assumed.*® Such an increase
corresponds to a change of the grain shape from a sphere to a rotational ellipsoid
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Table 1 Rough approximation of sputtering times computed for micron-sized
gold grain in different space locations for laboratory and space conditions (Earth

orbit)

Conditions Ton 1/2 mass 1/2 radius

Laboratory Ar* 190 hr 450 hr
H' 8 x 10% yr 2 x 10° yr

Space (1 AU) He? " 2 x 103 yr 5% 10% yr
Heavy ions 8 x 107 yr 2 x 10° yr

with an axis ratio of ~1 : 2. This result is surprising because one would expect that
the sputtering, together with random rotation of the grains (in our experiment as
well as in space), would result in well spherical grains. We suggest that the space
charge of the ion beam interacts with the quadrupole term of the electric field of the
grain, which can be described as a charged conductive rotational ellipsoid. Since the
minimum potential energy of such a charged ellipsoid is reached if its axis is identical
with the beam direction, the interaction leads to cancellation of any rotational
motion and to orientation of the ellipsoid along the ion beam. As the surfaces
parallel to the beam undergo a more rapid erosion, the sputtering causes a positive
feedback. This leads to enlarging the axis ratio of the grain, thus to increasing the
quadrupole term and, consequently, to a stronger orientation of the grains with
respect to the ion beam.

In order to check the possible relevance of the measurements to interplanetary
space, we have calculated® the sputtering times (Table 1) of a gold grain in typical
solar wind conditions. At 1 AU, we assume that the solar wind has a velocity of
400 km s~ ' and a number density of 10 cm™>. In our estimates, we consider all solar
wind ions as singly ionized atoms with an energy of 5 keV. However, Insepov er al.*!
show that the sputtering yield of multiply ionized ions can be much larger (by an
order of magnitude). Indeed, all species (except protons) in the solar wind are in high
ionization states. A typical mass composition of the solar wind was considered,
however, the abundance of heavy ions can be significantly enhanced during coronal
mass ejections, and these species are very effective for dust sputtering.

We would like to point out that the values in Table 1 are based on the tabulated
values of the sputtering yield for gold corrected to the assumed spherical grain shape.
The real times of the dust grain sputtering can therefore easily vary within an order
of magnitude. Taking into account the observed orientation of conductive grains
with respect to the direction of the bombarding ions and the consequently enhanced
sputtering yield, we expect that our estimates represent the upper limit of the
expected sputtering times.

Since the sputtering rate decreases with the square distance from the Sun, the
lifetime of dust particles is expected to be rather short in the inner solar system and
the sputtering can be, beside the ion field emission, the next important source of the
pick-up ions.

7. Concluding remarks

The paper analyzes new results of dust grain charging under laboratory conditions
and discusses the contribution of these simulations to processes in interplanetary
space. A single spherical grain, trapped in ultra-high vacuum conditions for long
time intervals, is exposed to ion and/or electron beams, and their mutual interactions
are investigated. Several charging processes—secondary emission, field ion and
electron emissions, and dust sputtering—are described in detail. For these simula-
tions, micrometer-sized grains of various materials and different energies and fluxes
of ion and electron beams were used. As a result, we can conclude:
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1. The charge and corresponding potential of dust grains affected by the electron
beam are determined by secondary emission. We have shown that the energy
spectrum of secondary electrons plays an important role in this process and that
scattering of electrons inside the grain influences the resulting spectrum of secondary
electrons. However, confirmation of this hypothesis requires precise measurements
of the SE electron spectra in the eV range.

2. Our study of field electron emission brings a few surprising facts to light—the
field emission current is able to fully compensate the primary beam current at field
strengths as low as 1.5 x 108 V. m™!, and the work functions of some materials
(MF/Ni, amorphous C, and SiO,) are too low. A tentative explanation based on the
emission from surface states needs further detailed investigations.

3. We assume that the field desorption is the dominant process that releases the
charge from positively charged dust grains in our simulations, thus, we have
prepared long-term experiments where impacts of energetic ions led to a deposition
of a positive charge onto a grain. An increase of the discharge current with the time
of the grain exposure to a 5 keV ion beam was noted. Our tentative explanation of
this observation is based on the implantation of beam ions into the grain material.
However, this hypothesis should be further checked and the experimental results
should be compared with a theoretical simulation.

4. Dust grain sputtering is an important process in space. Our simulations use Au
spheres. We found that the sputtering yield can be significantly enhanced by the
presence of a high electric field at the grain surface. Moreover, the shape of grains
exposed to a collimated ion beam evolves from sphere to ellipsoid, and this change
further enhances the sputtering yield. The consideration based on the mean
abundance of heavy ions in the solar wind leads to a conclusion that these minor
species can considerably contribute to the sputtering rate. However, a typical
interplanetary dust is composed of insulators. The sputtering of such materials
should be the subject of further studies, because the field-induced sputtering
enhancement can be significantly larger due to penetration of the electric field into
the grain.
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Model of secondary emission and its application on the charging of gold dust grains

L. Richterovd,* J. Pavlt,’ Z. Néme&ek,! and J. Safrankova®
Charles University, Faculty of Mathematics and Physics, V Holesovickdch 2, 18000 Prague, Czech Republic
(Received 21 August 2006; published 19 December 2006)

We present a combined experimental and simulation study of the charging of the spherical gold samples by
an electron beam in a 0.15-10 keV range of beam energies. Experiments on grains with diameters of the order
of 107® m show that the charge (or surface potential) of grains levitating in a guadrupole trap is a function of
both grain diameter and beam energy. Monte Carlo simulations reveal that an increase of the grain potential
with the beam energy for a fixed diameter or a surface potential decrease with the grain diameter for a given
beam energy are connected with changes of the relative number of backscattered primary electrons. The results
of simulations are in a good quantitative agreement with previously published as well as our fresh experimental

data.

DOI: 10.1103/PhysRevB.74.235430

I. INTRODUCTION

Comets, planetary rings, exposed dusty surfaces, and the
zodiacal dust cloud are all examples of environments where
dusty plasma effects establish the size and spatial distribu-
tions of small grains. Simultaneously, dust often influences
the composition, density, and temperature of the surrounding
plasma. The dynamics of charged dust grains can be surpris-
ingly complex and fundamentally different from the well-
understood limits of gravitationally dominated motions of
neutral particles or the adiabatic motion of electrons and ions
in electromagnetic fields that dominate gravity.

While the study of dust—plasma interactions is not new,
early progress in the field was slow and uneven. However, it
received a major boost in the 1980s with the Voyager space-
craft observations of peculiar features in the Saturnian ring
system (“radial spokes™) which could not be explained by
gravitation alone and led to the development of the gravito-
electrodynamic theory of dust dynamics. This theory scored
another major success more recently in providing the only
possible explanation of collimated high-speed beams of fine
dust grains from Jupiter observed by the Ulysses and Galileo
spacecraft.! At present, several space missions (e.g., Cassini,
Rosetta, Helios) provide (or will provide) direct observations
of dust grains in the interplanetary space and in the Jovian
and Saturnian systems to investigate their physical, chemical,
and dynamical properties.>~

Immersed in a plasma, the grain is charged due to its
interaction with radiative and plasma environment. The grain
charging depends on the physical and electrical properties of
the grains, on the nature of their interaction with the sur-
rounding radiation and plasma fields, and on the relative ve-
locity. The most important contributions come from a flux of
electrons and ions, from the UV-radiation induced photo-
emission, and from secondary emission of electrons. The sur-
face potential of a dust grain is established by a balance
between various charging currents and resulting potentials
can range from about —10 kV in planetary magnetospheres’
to some 10 V in an interplanetary space® depending on size,
shape, material, and charging history of grains.

The calculation of the acquired net charge is generally a
difficult task mainly due to the complicated processes in-
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volved and because the knowledge of the adequate dusts
properties (such as photoemission efficiency, secondary elec-
tron emission yield, etc.) is required. These properties are
usually deduced from experimental measurements made on
bulk materials or planar surfaces. However, the highly
curved surface of small dust grains may considerably change
the corresponding physical properties, thus these properties
may be a function of the grain size and its shape.

The theory and models are well developed for environ-
ments that vary from dense planetary atmospheres to diffuse
environments such as interplanetary space. However, experi-
mental investigations of individual dust grains in equilibrium
are less common, perhaps due to the difficulty of these ex-
periments. Laboratory simulations were started at the begin-
ning of the 1990s. For example, Suszcynsky et al.’ measured
secondary electron yields from ammonia and methanol ices
as a function of the electron beam energy in the 2- to
30-keV energy range and summarized that secondary elec-
tron yields are on the low end of the range for insulators
(=1-25). Spann et al.'® dealt with secondary electron emis-
sion of dust grains levitating in the Paul trap in a very narrow
range of attainable charges. Svestka et al.'' measured the
secondary electron emission profile of dust grains using an
electron beam up to 20 keV. They achieved a positive charge
even at high electron energies and they attributed this effect
to an emission from the opposite side of the grain. Similar
experiments were prepared on submicron oil and micron
nonspherical metal grains by Ziemann et al.'> and Velyhan
et al.,"3 respectively. However, they used lower beam ener-
gies and thus they did not observe the surface potential
growth at high beam energies.

II. SECONDARY ELECTRON EMISSION

Primary electrons (PEs) impacting the sample surface in-
teract with a bulk material and they lose their energy in many
types of collisions and it often results in excitations of ma-
terial electrons. Some of the excited electrons can then leave
the surface. These electrons, so-called true secondary elec-
trons (SEs), have typically energies of a few electronvolts.
For large planar samples, the energetic dependence of the
secondary emission yield, & (defined as the mean number of

©2006 The American Physical Society
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FIG. 1. Schematics of the total secondary emission yield as a
function of the beam energy: (1) planar surface, (2) dust grain from
the same material, and (3) dust grain from a material with a larger
secondary emission yield.

SEs per one PE) can be described by the Sternglass universal
curve.'* This curve exhibits a maximum at a few tenths of
kiloelectronvolts and decreases to zero at very high and low
beam energies. Its parameters, the maximum yield J,,,, and
the corresponding energy E,,,. depend only on a sample ma-
terial at a certain incident angle.

In collisions inside the target, PEs change their directions
and thus they may be backscattered from the material before
losing the whole energy. The backscattered yield # increases
with the material density and the atomic number up to =0.5
for a normal incident angle. It grows only slowly with the
beam energy above a few hundreds of electronvolts. Thus,
the total secondary yield o=46+ n and J vary in a similar way
with the beam energy.'’

The energy dependence of a total secondary yield of dust
grains does not fully follow the universal curve for large
samples. It is enhanced due to a surface curvature that results
in a variation of the incident angle along the grain surface
because o (and both constituents, & as well as %) increases
with an incident angle.!> The secondary emission yield is
enhanced by a factor of =1.3 for spherical grains. This en-
hancement does not change the profile of ¢ as a function of
the primary energy in low- and mid-energy ranges. An en-
ergy dependence of o and its variation with a sample shape
is sketched in Fig. 1. The figure shows o as a function of the
primary energy for a planar surface (1) and for two dust
grains (2) and (3). In a very low energy range, below an
energy E|, o rises with the primary energy. Since o<1, all
samples are charged negatively. This is a typical regime of
the electron attachment. The rise of ¢ is terminated at E,,,.

At higher energies (E>E,,,), the PEs deposit their en-
ergy farther from the surface and o decreases until it ap-
proaches unity (at E,) for large samples. The sample is
charged positively between E; and E,, whereas a negative
charge can be expected above E,. On the other hand, depend-
ing on the grain size and material, the secondary emission
yield can behave as it is shown by curves 2 or 3. The energy
corresponding to o=1 can be shifted to higher energies (E3)
or even to infinity (curve 3) because the penetration depth of
PEs increases with their energy and SEs leave the grain with
a higher probability when the penetration depth of PEs be-
comes comparable with the grain size. This effect increases
the value of o and the decreasing trend of the profile re-
Verses.

We would like to note that the rise of the total secondary
emission yield at higher energies for small samples (curves 2
and 3) can be in principle caused by two factors: (1) by
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increase of the number of SEs due to emission from the
“backside,” this effect is well known as second-surface sec-
ondary electron emission from thin films, and/or (2) by in-
creasing number of backscattered PEs. One of the aims of
the present paper is to show that the second process is domi-
nant for spherical samples.

At very high energies, the majority of PEs penetrate the
grain without any energy loss and, thus, o asymptotically
approaches unity (6—0; p— 1). Note that the grain behav-
ing according to profile 2 will be charged negatively below
E, and between E) and E;, whereas grains following the
profile 3 will be charged positively for all energies above E|.
The profiles like 3 were experimentally observed for glass
samples''!¢ and profiles corresponding to curve 2 were re-
ported by Richterovd et al.!’” for grains from melamine-
formaldehyde resin; all in micrometer range of sizes.

Theoretical treatments of secondary electron emission
have been based on many different approaches. This emis-
sion has been described by the elementary theories of
Salow,'®  Baroody,!” and Bruining.?® Kanaya and
Kawakatsu?! have modified these results by using a Lindhard
power potential to describe SE emission from metals due to
both primary and backscattered electrons (BEs), and Kanaya
et al.?* extended this approach to include insulators. A com-
plex approach to the problem of electron-induced secondary
electron emission can be found in Sternglass.'* He found that
the scattering of PEs inside the grain is principal for an ex-
planation of the secondary emission. However, the validity
of his already mentioned “universal curve” was limited to 4
E,.x. Later, Draine and Salpeter?® found a new approxima-
tion by fitting to experimental data and this approximation is
valid to higher energies. A well-known and particularly use-
ful theory for the emission of SEs from metals induced by
energetic ions (= a few megaelectronvolts) was proposed by
Sternglass.?* Suszcynsky et al.® modified this theory to pre-
dict the secondary electron yield from metals impacted by
energetic (several kiloelectronvolts to about 200 keV) elec-
trons. This modification accounts for the contribution of the
BE:s to the production of SEs based on knowledge of the BE
energy distribution and the authors concluded that the modi-
fication is in reasonable agreement with the experimental
data from gold targets in the 6-30-keV electron energy
range.?

Simulation studies of secondary emission have been
based mainly on a Monte Carlo electron trajectory simula-
tion method which is a powerful tool for electron probe mi-
croanalysis, electron spectroscopy, and microscopy?0—28
where the target influenced by the electron beam is studied.
These papers focus on various aspects of these phenomena
(e.g., insulating target and internal fields,?®3? insulating tar-
get and high and well-focused electron beams,
respectively,3'=33 or electron-induced electron emission from
inorganic insulators®#).

A series of the papers by Ding et al.>" precises a Monte
Carlo simulation model of electron interactions with solids
that includes cascade SE production. The model is based on
the use of Mott’s elastic scattering cross sections®® and
Penn’s dielectric function approach® to electron inelastic
scattering. The absolute primary energy dependence of the
secondary yield and the energy distribution of SEs have been
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obtained®” and the authors noted a good agreement between
the model and experimental data measured for clean Cu
samples*’ in ultrahigh vacuum. Systematic investigations of
SE generation and emission for 19 metals were published in
Ding et al.® The calculated secondary yield curve for a pri-
mary beam energy ranging from 100 eV to 2 keV was found
to correspond with experimental universal curve. The calcu-
lations indicated that the characteristic energy loss of PEs
may result in a corresponding feature in the energy distribu-
tion of SEs.

Ding et al.’® have used the model approach to calculate
the full energy distribution of BEs from the elastic peak
down to the true-secondary-electron peak. They compare cal-
culated spectra and experimental data measured with a cylin-
drical mirror analyzer for primary beam energies ranging
from 0.5 to 10 keV at normal incidence for the pure Au, Ag,
and Cu polycrystalline samples. A reasonable agreement was
reached for the backscattering background at primary ener-
gies in the kiloelectronvolt region.

As we noted above, the majority of models were applied
on the planar metal or insulating targets but less papers deal
with spherical samples. Theoretical considerations of the sec-
ondary emission from submicrometer oil drops of spherical
shapes were done by Ziemann et al.'> They achieved a good
matching with their experiment up to 250 eV of the primary
energy. Chow et al.*! developed a model of secondary emis-
sion from spherical bodies. The authors assume that the pri-
mary electron current density is conserved inside the grain,
PEs move straight inside the grain, the production rate of
SEs is proportional to the energy loss of PEs, and the escap-
ing probability of SEs decreases exponentially with a dis-
tance to the surface. They added the Whiddington law for
energy losses along their path in the grain and computed the
yield of secondary emission (similarly as in Dionne*?). Their
computation, in fact, assumes that the PEs move along
straight lines inside the grain but the SEs can proceed toward
the surface in any direction. Since their model did not repro-
duce the Svestka et al.!' experimental data, Chow et al.*?
published an improved model. The new model provided the
curve of the yield of secondary emission with several
maxima. Varying the constants of the model, the authors
were able to fit the data but they should use different sets of
constants for low- and high-energy regions.

Richterova et al.** developed a simple Monte Carlo model
of secondary emission from spherical dust grains. Although
the model provides a typical secondary yield curve and can
roughly describe observed energetic dependences of a dust
grain equilibrium charge, it has numerous nonmeasurable pa-
rameters. Moreover, neither backscatter yield nor depen-
dence on a sample material match the experimental data very
well. Thus, we have prepared a new model based on more
realistic assumptions and discuss the results in view of
present knowledge of the electron—solid interaction as well
as our fresh experimental data.

III. PREVIOUS MODEL FOR THE SPHERICAL GRAIN
CHARGING

In Richterovd et al,** we have used the original

Sternglass'* approach and performed a computer Monte
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Carlo model of secondary emission from small bodies. The
model follows individual trajectories of PEs inside the grain
and, based on simple assumptions consistent with the Stern-
glass theory, calculates a probability of escaping of the ex-
cited electrons. The basic assumptions of the model were the
following:

(1) The grain is spherical and consists of a continuous
and homogeneous matter characterized by a few material
constants and no detailed real atomic or electronic structures
are included. This assumption means that grains are large
enough. The model cannot be valid for small atomical/
molecular clusters often present in the space. On the other
hand, using the grain radius approaching infinity, the model
can be used as a rough approximation of planar samples.

(2) PEs penetrate into a grain and undergo collisions with
grain atoms and move along a straight line between colli-
sions. The PE direction is altered after each collision accord-
ing to a simple distribution like a cosine law (independently
on the PE energy). The length of the primary electron path
between two consecutive collisions, \, is proportional to its
current energy, E:N=\y-(E/AE), where Ny and AE are the
material-dependent parameters of the model.

(3) One material electron is excited during each collision
and then it behaves independently on the PE.

(4) A probability, P=A-exp(—x/A), that the excited SE
reaches a grain surface decreases exponentially with a dis-
tance from the surface x. Constant A normalizes the integral
probability to be equal to 1/2 when the electron is on the
surface of a grain with the infinite diameter. The mean free
diffusion path of SEs, A, is expected to be of the order of a
lattice constant for metals and much longer for insulators.'#
The resulting probability of the escape of excited electron is
then calculated by integration of the probability around the
whole grain surface.

(5) For an equilibrium grain potential modeling, the SE
energy spectrum must be employed. In accord with the third
assumption, we suppose that this spectrum does not vary
with the beam energy. A random energy in accordance with a
chosen distribution is generated for each SE and it escapes
from the grain when this energy is larger than the actual
grain potential.

Although the model provides relevant 6 curve, a number
of BEs remains independent on material and exceeded sig-
nificantly experimental values as a consequence of the sec-
ond assumption. Moreover, the model includes several free
parameters (AE,\y,A) which can be determined by a fit of
model results to the experimental data only. Nevertheless, the
grain potential growth at the high-energy beam range was
predicted. It was shown that this growth is caused by the 7
enhancement and not by the & increase as suggested by
Chow er al.¥® and Svestka et al."!

IV. NEW VERSION OF THE MODEL

The above discussion has shown that the scattering of PEs
inside the grain is a principal factor for the grain charging
due to secondary emission because it determines the number
of BEs and coefficient 7. For this reason, we have applied
energy- and material-dependent cross sections often used in
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FIG. 2. A 2D demonstration of model assumptions.

modeling of the beam-solid interaction for an electron
microscopy* into our new model. This application requires
modification of aforementioned assumptions in the following
way:

(1) Assumptions of (1), (4), and (5)—without modifica-
tions.

(2) For description of PE trajectories inside the matter, a
single scattering model according to Hovington et al.® is
used:

* A PE moves along straight lines between collisions.
Since almost all non-negligible deflections are caused by
elastic electron-atom collisions above several hundreds
electronvolts,* Mott radial elastic cross sections,*® namely
values computed by Czyzewski et al.,*’ are employed. Since
their computations were made for several energies between
20 eV and 30 keV only, we have used a cubic spline inter-
polation for intermediate values. Advantages of this ap-
proach (instead of any approximative function usually
used*?) are a better accuracy as well as a shorter computation
time.

e All possible energy losses are averaged and thus each
PE loses the energy continuously along its path according to
the modified Bethe stopping power equation. This modified
equation can be written as

dE Z (1.166E>

as Pae™

where p is the sample mass density, Z and A are the atomic
and neutron numbers, respectively, J is close to the mean
ionization potential, ds is the path element, and E is the
actual electron energy.*’

(3) Whole deposited energy is converted to electron ex-
citations. The number of excited electrons is related to the
energy spent by the mean excitation energy €. Excited mate-
rial electrons behave independently on the collision type
and/or on the PE energy or direction.

The principles of the model are illustrated in Fig. 2. Note
that this is only a two-dimensional (2D) sketch but the model
is 3D. PEs are scattered in elastic collisions (marked by
squares) according to Mott’s elastic scattering cross sections
and their actual energy. Some of them are stopped in the
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A (nm)

FIG. 3. €6, product as a function of the mean free diffusion
path (see text for the full description)

grain (trajectory 1), while the others leave it (trajectory 2).
Continuous energy losing given by the Bethe stopping power
formula is realized by small discrete energy losses, Ae, along
the path (marked by circles) until the whole energy of the PE
is spent. Material electrons are excited at these coordinates
with a probability Ag/e and the probability that they reach
the surface decreases exponentially with the distance (dem-
onstrated only for the last energy loss).

Only three free parameters—e, A, and a SE spectrum—
remain in our model and their influence on the model results
will be examined in several following figures. However, we
should note prior to the analysis that the mean ionization
potential & and the relative number of true secondary elec-
trons ¢ are strongly coupled quantities. An increase of &
leads to a smaller number of ionizations along the PE path
and thus to a decrease of &. For this reason, their product
(86,4 1s plotted in the following figures. Taking into ac-
count that the experimental value of &, is close to unity for
Au planar samples,*® Fig. 3 shows that & and A cannot be
chosen independently in fitting to experimental data. On the
other hand, one can see that the spherical grain exhibits sev-
eral times larger &, than planar samples in any reasonable
range of A. In order to further decrease the ranges of ¢ and A
for a future fitting of model results to experiments, Fig. 4
shows how the product &4d,,,, changes with a position of the
maximum of secondary emission yield E,,.. The depen-
dences were obtained varying A as those in Fig. 3 and a
linear relation was found.

V. EVALUATION OF THE MODEL

The model is developed for a study of the charging of dust
grains. Since there is a lack of such data, we are comparing
the model results with experiments on planar surfaces in this
chapter. As we have shown above, the energy spectrum of
BEs is of principal importance. Figure 5 shows such spectra
for a planar Au sample bombarded by the electron beam of
several energies. One can note that the spectra match experi-
ments and/or previous models (compare with Fig. 1 in Ding
et al.%%).
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FIG. 4. €6, product as a function of the energy corresponding
to the maximum of secondary emission yield.

BEs do not deposit their charge inside the target and thus,
they do not contribute to the charging of the dust grains if
their energy is high enough to overcome the grain potential.
Figure 6 shows that the mean energy of BEs rises approxi-
mately linearly with the beam energy and the slope of a fit is
~().76. In other words, since 7 is roughly constant above
1 keV as we will show later, BEs carry out of the grain a
constant fraction of the initial beam energy.

Summing all energy losses of PEs along the coordinate
parallel with the beam axis, the distribution of beam energy
losses in the sample can be obtained. Such data for several
energies are plotted in Fig. 7 as a function of the depth be-
neath the sample surface x. A logarithmic scale has been
chosen in order to show all curves in one figure. The position
of the maximum of the energy losses increases with the beam
energy E,. The plot of this depth (x,,,,) as a function of E, in
Fig. 8 reveals that this function can be approximated as
Xmax=k-E" where n=3/2 and k=1 in plot units. This func-
tion is not interesting for bulk targets influenced with pri-
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FIG. 5. Calculated spectra of backscattered electrons for several
beam energies.
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FIG. 6. Mean energy of backscattered electrons as a function of
the beam energy.

mary energies above 1 keV because x,,,, is so large that the
escaping probability of SEs from this depth is nearly zero.
On the other hand, it can be important for dust grains (or thin
films) when the grain size becomes comparable with x,,,.
Different assumptions and simplifications lead to different
values of the exponent in the above equation. Its value
ranges from 1 to 2 (if the scattering is neglected).*
Sternglass'* made a precise study of a secondary emission
process that led to profiles of energy losses very similar to
those in Fig. 7. On the contrary to many other authors, he
supposed that the beam scattering is fundamental for the
beam-solid interaction. He assumed that a non-negligible
part of the PEs undergoes collisions which lead to a serious
energy losses due to production of UV photons or Auger
electrons. The re-absorbtion of these particles arises in a nar-
row peak of the distribution of beam energy losses close to
the surface, and a peak position varies as a square root of an
initial beam energy. Although the value of this exponent

1-100eV
125+ 2-500eV
1 3-1keV
100 4 -2.5keV
— ] 5-5keV
E 754 _WM‘/ 6 - 10keV
3 7 — 15keV
:: _4."’
S 50 .
[1H)
-U PR
25
1 21 \3 \4 6\ 7
0 ™ T T L B | LRALL 1
10° 10” 10" 10° 10 10° 10°
x (nm)

FIG. 7. Energy deposited per unit depth as a function of the
distance from the planar sample surface for several beam energies.
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FIG. 8. Location of the maximum of energy deposition as a
function of the beam energy.

would be very important for a decision among different mod-
els of the scattering inside the material, it cannot be mea-
sured and thus, we are leaving this point without comments.

VI. COMPARISON OF THE MODEL WITH
EXPERIMENTAL DATA AND DISCUSSION

We have shown that our model describes details of sec-
ondary emission with a reasonable accuracy and thus, we can
discuss effects connected with a finite size of dust grains.
Figure 9 shows the secondary emission yield & as a function
of the beam energy for several diameters of spherical Au
targets. The computed yield for a planar sample and “univer-
sal” curve® are given for the sake of reference. Taken into
account the spread of the data used for a determination of
this universal curve, we can consider the model results as

6 I~ — planar ==-D=0.1pm
] "}.‘\ —— theoretical ---- D=0.2pum
—-=-D=04um

D= 2um

1.2

0.4 1

0.0

E, (keV)

FIG. 9. Calculated energetic profiles of true secondary emission
yield for the planar gold sample and several diameters of spherical
samples. The universal curve of Draine and Salpeter® is given for
reference.
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FIG. 10. Calculated energetic profiles of backscattered yield for
planar gold sample and several diameters of spherical samples. Ex-
perimental data measured on a planar surface from Bronstein and
Fraiman'® are shown for comparison.

satisfactory. Moreover, the yield of true secondary electrons
has only a small effect on resulting grain charge, as we will
show later. On the other hand, our model neglects the pro-
duction of x rays. A part of the produced photons leaves the
grain and, thus, one can expect that J provided by the model
can be larger than experimental values especially at higher
beam energies.

The principal rise of the yield & is connected with the
curvature of the grain surface but we did not find any differ-
ence in yields computed for 10 cm and 2 um grains. A no-
table increase of the yield can be found for grain diameters
below =1 um. This increase is more pronounced at higher
energies and can be probably attributed to the fact that a
larger fraction of the primary energy is deposited near the
surface as it follows from Fig. 7. Such effect would lead to a
distinct maximum on secondary emission yield profile for
thin films but, for spherical grains, it results only in a rela-
tively small enhancement of & for particular diameter in a
certain range of energies (e.g., around 7 keV for the 0.1 um
grain).

The changes of the amount of true secondary electrons
due to a finite size of the grain are of the order of several
percent. On the other hand, the increase of the number of
BEs is more distinct as it can be seen in Fig. 10. The calcu-
lated yield 7 for a planar sample matches exactly the experi-
mental values taken from Bronstein and Fraiman.'> The
spherical surface of the grain leads to an increase of 7 from
~(.45 to 0.55 in the high-energy range. The effects of finite
grain dimensions start from a diameter of about 2 um and 7
increases to nearly unity for smaller grains and high energies
of PEs. Since the total secondary electron yield is a sum of &
and 7, we can conclude that the rise of # represents a prin-
cipal contribution to the increasing amount of electrons leav-
ing small dust grains.

A comparison of analyzed effects with experimental data
obtained on small grains is difficult because such observa-
tions are generally missing. The measurements on glass
samples made by Svestka er al.'' cannot be used for a quan-
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FIG. 11. Surface potential as a function of the beam energy as

measured on several gold grains of different diameters.

titative analysis because the composition of glass used for
measurements is unknown. For this reason, we have carried
out a series of measurements of charging characteristics on
gold spherical grains. Details of the experiment are described
elsewhere.*-! The experiment provides the grain potential
as a function of the electron beam energy. Our experimental
setup allows us to measure surface potentials of gold grains
larger than =0.5 um under primary energies in a range of
0.15-10 keV. Model calculations presented in Figs. 9 and 10
show that effects of the grain dimension would be small but
observable. The measurements for five grains of different
diameters are shown in Fig. 11. The profile roughly re-
sembles an energetic dependence of the secondary emission
yield (compare with Fig. 9) but the differences among grain
potentials at larger energies (above =5 keV) cannot be ex-
plained this way. Nevertheless, Fig. 10 suggests that changes
of the backscattered yield are responsible for a rise of the
potential with a decreasing grain diameter.

A quantitative analysis of experimental data requires an
assumption on the energy distribution of true secondary elec-
trons (note that the spectrum of BEs is provided by the
model). Although an energy spectrum of SEs is generally
expected to be Maxwellian-like, Velyhan et al.'> showed that
the Draine-Salpeter distribution?} seems to be more suitable
for metallic grains.

Other two-model parameters (mean free diffusion path of
SEs, A, and characteristic energy loss, &) can be determined
directly by a comparison of measured profiles with the re-
sults of computation in several steps:

e Since the maximum of ¢(E,) should correspond to the
maximum of §"(E,), the profiles of 5"(E,) were computed for
different A. Among them, that peaking for the same E, as
measured profile ¢(E,) has been chosen (A=1.25 nm).

» Knowledge of A allows us to find a value of the product
€8x 10 Fig. 4 (£8,,,,=40.3 eV).

e Since &,,,,=1.3 for a planar Au sample,*® =31 eV.

As a last step, the model was running with both aforemen-
tioned energy distributions of SEs and those potential pro-
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FIG. 12. Comparison of measured and calculated grain poten-
tials. Grey (upper) curve uses Maxwell distribution, black (lower)
curve uses Draine and Salpeter?? distribution, and the experimental
points are connected with the dashed line.

files exhibiting the same values of maxima as measured data
are plotted in Fig. 12.

The computations confirm the conclusion of Velyhan et
al." that the Draine-Salpeter distribution is more appropriate
for metals because the Maxwellian distribution provides a
much broader peak of the ¢ profile. On the other hand, there
is no physical reason preferring a particular shape of distri-
bution of SEs and thus, we cannot speculate if the difference
between model and experimental results is connected with
this distribution or with other simplifications used in the
model. The distribution of SEs from dust grains can be mea-
sured in our experimental setup®> and thus we plan to study it
in detail.

VII. CONCLUSION

Our numerical and experimental investigations of the
charging of dust grains illuminated by the electron beam
have shown that a present version of the developed model
describes very well basic features of measured profiles of the
secondary electron yields for planar targets as well as the
surface potential of small spherical grains. Consequently, we
can conclude that the model includes principal processes
leading to the emission of secondary electrons.

A further development of the model would include the
x-ray production inside grains and excitation of secondary
electrons this way. We think that these processes are respon-
sible for an excess of the secondary emission yield in our
calculations. A detailed experimental investigation of the en-
ergy distribution of true secondary electrons is necessary for
a precise prediction of the grain potential.
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ABSTRACT

Electrons impinging on a target can release secondary electrons and/or they can be scattered out of the target. It
is well established that the number of escaping electrons per primary electron depends on the target composition
and dimensions, the energy, and incidence angle of the primary electrons, but there are suggestions that the target’s
shape and surface roughness also influence the secondary emission. We present a further modification of the model
of secondary electron emission from dust grains which is applied to non-spherical grains and grains with defined
surface roughness. It is shown that the non-spherical grains give rise to a larger secondary electron yield, whereas
the surface roughness leads to a decrease in the yield. Moreover, these effects can be distinguished: the shape
effect is prominent for high primary energies, whereas the surface roughness predominantly affects the yield at the
low-energy range. The calculations use the Lunar Highlands Type NU-LHT-2M simulant as a grain material and
the results are compared with previously published laboratory and in situ measurements.

Key words: dust, extinction — methods: numerical — Moon

1. INTRODUCTION

Many papers on secondary electron emission from various
materials have been published to date because this emission is
an important factor in different fields of modern technology,
e.g., electron lithography and imaging, powering of spacecraft,
the study of space dust grains exposed to cosmic radiation, and
many others. Secondary emission becomes prominent when an
amount of energetic (>10eV) electrons is present in the medium
surrounding an object.

Theoretical studies and models of secondary electron emis-
sion are often based on Monte Carlo simulations of electron tra-
jectories (Joy 1987; Shimizu & Ding 1992; Dubus et al. 1993;
Renoud et al. 2004). Nevertheless, the majority of models have
been applied to planar metal or insulating targets and less atten-
tion has been paid to dust grains. However, the finite grain size
plays an important role when primary electrons are energetic
enough to penetrate such objects. A description of secondary
emission from finite spherical samples from different materials
can be found for example in Richterova et al. (2010), but inves-
tigations of real samples show that they are often far from ideal
because they can be rough and/or non-spherical in shape.

Experimental values of secondary emission yields determined
from large planar samples of various materials can differ by a
factor of two probably due to differing experimental conditions
and sample qualities. An excellent laboratory data set under
10~7-107° Torr was compiled by Bronstein & Fraiman (1969),
and it was recently revised by El Gomati et al. (2008) and
Walker et al. (2008) for both scattered and secondary yields,
respectively. These papers also deal with the influence of
surface adsorbates and oxide layers on the secondary yield but,
unfortunately, the surface coarseness was not reported.

On the other hand, several papers have been devoted to
secondary emission from rough surfaces, mainly motivated to
reduce the secondary emission from surfaces bombarded by
energetic particles in particle colliders (Pivi et al. 2008) or in
high-power microwave devices (Watts et al. 2011). Although
the surface roughness is not quantified in the latter paper, the
former deals with surface deformations with dimensions of the
order of millimeters and the walls of these deformations are
treated as being ideally smooth. Nevertheless, the authors of
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both papers noted a decrease in the secondary emission yield
for rough surfaces.

Halekas et al. (2009) reported the first in situ measurements
of secondary electron emission efficiency of a lunar regolith.
They found that the secondary emission yield from this material
is a factor of &3 lower than that measured under laboratory
conditions (Willis et al. 1973; Horanyi et al. 1998; Némecek
et al. 2011). The authors discussed the discrepancy between
their observations and laboratory measurements and concluded
that it might result from the roughness and irregular shape of
the lunar regolith, which likely affect the escape of secondary
electrons from the surface.

Following models designed for scanning electron microscopy
(e.g., Li et al. 2008; Hovington et al. 1997a, 1997b), we have
developed a numerical model of secondary emission from spher-
ical objects suitable for various materials including metals
(Richterova et al. 2006a), insulators (Richterova et al. 2007,
Némecek et al. 2011), and complex compounds (Richterova
et al. 2006b; Mann et al. 2011). These papers give many ex-
amples of excellent agreement of model results with labora-
tory measurements on spherical samples; the deviations are
of the order of single units percent. However, the agreement
between model calculations and laboratory measurements was
much worse when the sample shape could not be approximated
by a sphere with sufficient accuracy, and the deviations were
attributed to the effect of unspecified shape. A very preliminary
calculation in Richterova et al. (2011a) compared secondary
emission yields of a sphere and a cube from the Lunar Highlands
Type NU-LHT-2M (LHT) simulant. The comparison revealed
a larger secondary emission yield for a cube but the effect was
notable only in the keV range of primary energies. In order to
elucidate these effects of surface form and quality, we adjust our
model to non-spherical grains with different surface roughness
and discuss the influence of these parameters on the secondary
emission characteristics of the grains.

2. MODEL OUTLINE

The model of Richterova et al. (2006a) provides the charge
accumulated in the grain as a function of the primary beam
energy (which is directly measurable) as well as the energetic
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dependence of the secondary and backscattered yields. The
model was successfully verified in laboratory experiments
by charging of gold and glass dust grains. However, further
investigations revealed a small disagreement between model
predictions and experiments for light materials like carbon; thus,
Richterovéetal. (2010) suggested several model corrections. We
briefly review the model approach that is applied to calculations
presented in this paper.

The model follows trajectories of primary electrons inside
the spherical grain of a given composition. The primary elec-
trons are scattered by collisions with the grain atoms and the
deflection angle is generated according to energy-dependent
Mott differential cross-sections (Mott & Massey 1965). Note
that these cross-sections are calculated in two dimensions and
provide only the total deflection angle. Since the model is three
dimensional, we use this angle as a polar angle and generate the
azimuthal angle in a random way.

In the case of compounds (e.g., LHT), we do not compute
a new weighted differential cross-section; instead, a random
number is generated to decide which particular species causes
the electron deflection at each collision. Integrating the radial
cross-section over a whole space angle, we can obtain the total
cross-section, or(E), where or decreases monotonically with
energy and can be easily interpolated via cubic splines.

A path length between two subsequent collisions, A(E), is
generated according to or(E). The energy of the primary elec-
trons decreases continuously along their path. Since a corre-
sponding change of or(E) between two subsequent collisions
can often be neglected, the mean-free forceless path, L(E), was
used in Richterova et al. (2006a, 2007). When a ot increase
along the electron path is not omitted, electrons travel a shorter
distance than that given by the mean-free path, A(E). This effect
is potentially important for samples containing light species and,
thus, Richterova et al. (2011b) suggested a model correction that
was applied to ice grains. The present calculations follow this
approach.

To determine the traveling path of primary electrons, we use
the modified Bethe stopping power formula (Joy & Luo 1989).
The effective number of atomic electrons and the effective mean
ionization potential are calculated using the Hovington et al.
(1997a) procedure.

In contrast to primary electrons, the diffusion of secondary
electrons inside the target is treated statistically using an
exponential decay of the escape probability with distance
from the surface. All elemental processes incorporated in the
model, cross-section data sources, and a calibration of material
constants to the experimental data can be found in Joy & Luo
(1989) and references therein.

Continuous monitoring of each primary electron allows us
to investigate size and shape effects connected with micron
and submicron dust grains. Since we neglect possible quantum
effects, grains should have at least 10,000 particles, i.e., be larger
than about 10 nm.

Approximations used in the model limit the validity of both
the secondary (§) and scattered () yields down to about 50 eV
of the primary energy. Nevertheless, their sum (the sign of the
grain net current) can be determined reliably up to 15 eV. At
lower energies, the secondary emission process is dominated by
a surface plasmon decay that is omitted in our model.

3. NON-SPHERICAL GRAINS

The model yields can serve as the input for computations
of the dust grain charge for arbitrary surrounding plasma

RICHTEROVA ET AL.

parameters. However, the model has been applied for large
planes and spherical grains until now because the model routines
use a spherical symmetry which simplifies the calculations.
As noted above, different disagreements between observations
and model calculations are often attributed to effects of shape
and/or surface roughness of the investigated samples; thus,
we have modified the model routines; trajectories of primary
electrons inside the grain are monitored in a 3D Cartesian
coordinate system. The calculations become time-consuming;
nevertheless, this procedure allows us to calculate the secondary
emission yields from objects of arbitrary shape.

The dependence of the yield of the secondary emission §(E)
on the primary energy, E, is often described by the so-called
Sternglass universal formula (Sternglass 1957):

8 E o | E 0
= €xX —
8max E max P E max

for E < 4E .. This formula uses §,,,x (maximum of the sec-
ondary emission yield) and Ep,x (primary energy corresponding
to this maximum). These parameters are expected to be a func-
tion of the target material only. Note that several different de-
scriptions of §(E) have been suggested (e.g., Draine & Salpeter
1979) but almost all of them use the same or similar parameters.
For this reason, we will demonstrate the model results using
these parameters.

Equation (1) assumes the monoenergetic electron beam
directed along the normal to a planar target. The secondary
emission yield depends on the incidence angle of the primary
beam being larger for larger angles; thus, an application of
Equation (1) to a large spherical sample affected by a parallel
beam requires a correction factor. The same factor can be applied
for the case of bombardment of a planar target with isotropic
electrons of a given energy. Draine & Salpeter (1979) have
shown that this factor is equal to 2 if an angular dependence
described by cos~ !0 is assumed. The value of 8 (ie.,

max
6§f£x = 208max) 18 used for estimations of dust grain charging (e.g.,
Horényi et al. 1998; Halekas et al. 2009). On the other hand,
Bronstein & Fraiman (1969) argued that the value of this factor
depends on the target material. Model results of Richterova et al.
(2007) revealed a value of ~1.3 for glass spheres and one can
expect that this value would be close to that for lunar dust. On
the other hand, our calculations directly provide the value of
the yield for the dust grain bombarded by isotropic electrons
of a given energy and thus we do not distinguish between 8¢
and Spax.

The other parameter important for the charging of dust grains
is the average fraction of primary electrons scattered out of the
target. For planar surfaces and a primary beam parallel to the
surface normal, the scattered yield rises with the primary energy
up to several hundred eV and exhibits a saturation for higher
energies. The saturated level rises from ~0.1 to 0.5 with the
mean atomic number of the target (Bronstein & Fraiman 1969).

Both the scattered and secondary electrons contribute to the
charging of the dust grains. For a description of charging by
secondary emission, an effective charging yield, §* = §/(1 —n)
is more appropriate because it is roughly proportional to
the surface potential that the dust grain would reach under
bombardment by electrons of a particular energy if all other
charging currents could be neglected. This condition is fulfilled
in many laboratory experiments (Mann et al. 2011).

As already noted, our previous calculations (Richterovi et al.
2007, 2010) were performed for spherical objects that can
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Figure 1. Demonstration of the grain shape effect. The left panel shows the secondary yield, §; the middle panel the scattered yield, n; and the right panel shows the
effective charging yield, §*, as a function of the primary energy for different shapes (spheres: dash—dotted; cubes: full; tetrahedrons: dashed).

be described by one parameter (diameter) for a given mass
composition. However, the problem of arbitrarily-shaped grains
with a rough surface is multidimensional. For this reason, we
limit demonstrations of the present model results to cubes and
tetrahedrons of different dimensions with smooth surfaces and,
conversely, to cubes of a given mass with different surface
roughnesses. As the dust grain material, we have chosen the
LHT simulant.

4. SHAPE EFFECTS

Figure 1 demonstrates the effects of different grain shapes
on a particular yield. The left panel shows §, the middle
panel presents 7, and the right panel demonstrates the effective
charging yield, 8%, all as a function of the primary energy
for LHT spheres (dot—dashed lines), cubes (full lines), and
tetrahedrons (dashed lines). The dimensions of these objects
retain their volume (mass), and they correspond to LHT spheres
with 80 nm (red) and 320 nm (blue) diameters. The large
cube (10 cm) is shown by the yellow line for comparison. The
calculations assume an isotropic illumination of the grain with
primary electrons of a given energy.

From Figure 1 it follows that the replacement of a sphere with
a cube (or pyramid) of the same mass does not change the profile
of § (left panel) substantially. On the other hand, the profiles of
n (middle panel) are sensitive to the target shape preferentially
at the high-energy range. The rise of 5 starts at lower energies
but it is not so steep for cubes or pyramids. We can conclude
that neither § nor 7 is affected by grain shape or dimension in
the low-energy (up to 200-300eV) range. An examination of
cuboids with different edge ratios (not shown) revealed that this
is true until the shortest edge of a cuboid becomes comparable
with the penetration depth of the primary electrons, but such
an effect is known from earlier investigations of secondary
emission from thin films (e.g., Bronstein & Fraiman 1969).
This means that grains would be charged to the same potential
if the energy of impinging electrons were sufficiently low, as
experimentally proved by Némecek et al. (2011). However, the
charging strongly depends on the dimensions at higher energies,
as can be seen from profiles of the charging yield in the right
panel of the figure. Such energies dominate in some regions of
planetary magnetospheres or in fusion devices and the grains of
different shapes would be charged to different surface potentials
there. On the other hand, shape effects would be negligible in a
great majority of applications where dust grains are immersed
in a low-temperature plasma.

5. INFLUENCE OF SURFACE ROUGHNESS

We have prepared a simple description of the surface rough-
ness which follows an approach used in critical dimension

121

Figure 2. Example of the modeled coarse surface: a is the step of the mesh and
h is the height/depth of surface coarseness measured from the original smooth
surface.

metrology (Li et al. 2008). An example of the modeled coarse
surface is shown in Figure 2. The grain basic shape is cubic
and its surface is triangulated by a regular mesh with step a.
The height/depth, &, of the surface features at each point of the
mesh is generated as a random number with normal distribution
and standard deviation o. When |h| > 30 is generated, we put
|h| = 30 . The mesh points closest to the edges of the basic cube
are not affected. Since the distribution of 4 is symmetric around
the original cube surface, this procedure roughly conserves the
volume of the modified cube.

Figure 3 presents the model results for an 8 ym cube in the
same format as used in Figure 1. The left panel demonstrates
that the surface roughness strongly influences the secondary
electron yield at low energies (below 2keV) of the primary
electrons. Note that the curves are parameterized by quantities
characterizing the surface roughness and that their values range
from 1 to 20 nm. This means that such differences in the surface
roughness can be recognized only by scanning tunneling or
atomic force microscopy; they would look mirror-bright for
white light.

The increased surface roughness generally leads to a decrease
in the yield of secondary electrons and to a shift of its maximum
toward higher energies. The yield decrease is caused by the
capture of some electrons that had already left the surface by
the neighboring “hillock.” The same should be true for scattered
electrons, and we can see a decrease in their yield in the middle
panel. The increase in 7 for primary energies exceeding 2keV
does not depend on the surface parameters and is caused by the
shape effect discussed in the previous section. Note that we have
used an 8 um cube for the demonstration because this dimension
allows us to show both shape and surface roughness effects in
one figure. These effects would be mixed for smaller grains,
whereas the increase in 7 would occur at energies exceeding the
investigated range for large grains.

For the sake of simplicity, Figure 3 presents examples of the
rough surface with a = o. Since the shapes of the § profiles
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Figure 3. Demonstration of the surface roughness effect on the cube (in the same format as in Figure 1) for different ¢ and o values.
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Figure 4. Dependence of dmax (open symbols) and Ep,x (full symbols) as a
function of the o /a ratio.

are roughly self-similar, we can describe them by Equation (1)
with the parameters dp,x and E\,,x depending on the o/a ratio.
These dependences are shown in Figure 4 where filled points
stand for Ey,x and open symbols for &y, for three values of
the parameter a; they are distinguished by different colors. As
can be seen in the figure, if the “height” of the hillocks on the
surface does not exceed 10% of their base, secondary emission
is not affected. Larger surface deformations lead to decreasing
secondary emission yield, which can reach a factor of 2 and
which is accompanied by a shift of E\,,x toward higher energies.

6. DISCUSSION AND CONCLUSION

We present model calculations that are primarily focused on
applications in astrophysics. The first part of the paper deals with
the influence of dust grain shape, and the results are relevant
if these grains are immersed in a medium with a sufficiently
high amount of energetic electrons. Such environments can be
formed in many regions of space or in fusion devices. However,
large temperatures in fusion devices would lead to intensive
thermoemission (or even to grain evaporation) that would mask
the effects of secondary emission.

By contrast, changes in secondary emission yield caused by
surface roughness are relevant for all applications because they
can be observed mainly in the low-energy range. Calculations
were performed for a small cube but the method can be applied
to objects with arbitrary shape and dimension, including large
planar samples. The decrease in the secondary emission yield is

remarkable even for surface roughness in the nanometer range.
It can explain the deviations between values of the secondary
emission yield published by different authors.

Calculations are demonstrated for a roughness with typical
dimensions up to 20 nm because this is the range of the
penetration depth of 1 keV electrons in different materials. If
the roughness significantly exceeds the penetration depth, such
a surface would instead be treated as a conglomerate of different
bodies. This is the case for the Moon’s surface in Halekas et al.
(2009) and we will return to this topic below.

Probably the most appropriate experiment for a comparison
with our model calculations is that of Horanyi et al. (1998) when
the authors compare two lunar dust simulants and samples of lu-
nar soil collected by the Apollo 17 mission. The measurement of
the secondary emission yield used large monodisperse samples
(=30 um) that were received by grinding larger pieces; thus,
their shapes were irregular. Assuming that Ey,,x = 400¢eV, they
found 8T _in the range 3.1-3.4 for three investigated materials.
Although the composition of LHT differs slightly from that of
the materials investigated by Hordnyi et al. (1998), this narrow
range allows us to compare their results with our calculations.

We have found (Figure 4) E,x varying between ~370 and
720 eV and Spax (= 8T in the notation of Hordnyi et al. 1998)
between 1.8 and 3.2. Since they used large grains, the shape
effects would be negligible in their range of primary energies
(i.e., 10-100 eV) and the value of 8, suggests relatively
smooth surfaces that can be assumed if the used material
exhibited a crystalline microstructure.

A comparison of our calculations with in situ observations of
Halekas et al. (2009) is more difficult because their estimations
of the secondary emission yield are based on distant observa-
tions of the secondary electrons escaping from a relatively large
area of the highly charged lunar surface. A simple scaling of our
results would provide a mean 8, of about 1.5 or even lower but
our calculations assume no electric field above the emitting sur-
face. The vertical (perpendicular to the surface) component of
the electric field would lead to a further §,,,x increase, whereas
the horizontal component resulting from the differential surface
charging can turn already released electrons toward the surface,
and thus it can further lower the electron current observed by
spacecraft at large distances.

Summarizing the calculations of secondary emission yields
of LHT grains with complex geometry and rough surface, we
can conclude the following.

1. Not only the total grain mass and composition but also its
shape can significantly affect the secondary emission yield.
2. Primary electrons start to penetrate micron and submicron
non-spherical grains at lower energies than in the case of
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equivalent spheres, but the rise of the scattered yield with
the primary energy exhibits a more gradual slope.

3. The low-energy (i.e., below 200 eV) yields are the same for
all grain geometries with smooth surfaces.

4. Rough surfaces scatter out a smaller number of primary
electrons than smooth grains.

5. Both the height and width of the surface features are
important for the determination of the resulting yields.

6. When the height-to-width ratio is higher than 0.1, the
electrons become captured inside valleys and the resulting
yield decreases.

Finally, we note that the grain shape and surface roughness are
usually unknown and thus a direct comparison with experiments
is difficult. On the other hand, the model provides limits on the
uncertainty of the experimental data.

This work was supported partly by the research plan MSM
0021620860 financed by the Ministry of Education of the Czech
Republic, and partly supported by the Czech Grant Agency
under contracts 202/08/0063 and 209/11/1412.

REFERENCES

Bronstein, I. M., & Fraiman, B. S. 1969, Secondary Electron Emission (in
Russian; Moskva: Nauka)

Draine, B., & Salpeter, E. 1979, ApJ, 231,77

Dubus, A., Dehaes, J.-C., Ganachaud, J.-P., Hafni, A., & Cailler, M. 1993, Phys.
Rev. B, 47, 11056

El Gomati, M. M., Walker, C. G. H., Assa’d, A. M. D., & Zadrazil, M.
2008, Scanning, 30, 2

Halekas, J. S., Delory, G. T., Lin, R. P., Stubbs, T. J., & Farrell, W. M.
2009, Planet. Space Sci., 57, 78

Horanyi, M., Walch, B., Robertson, S., & Alexander, D. 1998, J. Geophys. Res.,
103, 8575

123

RICHTEROVA ET AL.

Hovington, P., Drouin, D., & Gauvin, R. 1997a, Scanning, 19, 1

Hovington, P., Drouin, D., Gauvin, R., Joy, D. C., & Evans, N. 1997b, Scanning,
19,29

Joy, D. C. 1987, J. Microsc., 147, 51

Joy, D. C., & Luo, S. 1989, Scanning, 11, 176

Li, Y. G., Mao, S. F, Li, H. M., Xiao, S. M., & Ding, Z. J. 2008, J. Appl. Phys.,
104, 064901

Mann, I, Pellinen-Wannberg, A., Murad, E., et al. 2011, Space Sci. Rev.,
161, 1

Mott, N., & Massey, H. 1965, Theory of Atomic Collisions (New York: Oxford
Univ. Press)

Németek, Z., Pavld, J., Safrankovd, J., et al. 2011, ApJ, 738, 14

Pivi, M., King, F. K., Kirby, R. E., et al. 2008, J. Appl. Phys., 104,
104904

Renoud, R., Mady, F.,, Attard, C., Bigarré, J., & Ganachaud, J.-P. 2004, Phys.
Status Solidi A, 201, 2119

Richterov4, 1., Berdnek, M., Pavld, J., Néme&ek, Z., & Safrankov4, J. 2010, Phys.
Rev. B, 81, 075406

Richterov4, L., Némegek, Z., Berdnek, M., Pavld, J., & Safrankov4, J. 2011a, in
AIP Conf. Proc. 1397, Dusty/Complex Plasmas: Basic and Interdisciplinary
Research (Melville, NY: AIP), 325

Richterova, 1., Némecek, Z., Pavli, J.,, Berinek, M., & Safrénkové, J.
2011b, Icarus, 212, 367

Richterova, I., Némecek, Z., §afrénk0vé, J.,Pavl, J., & Beranek, M. 2007, IEEE
Trans. Plasma Sci., 35, 286

Richterovd, 1., Pavla, J., Némecek, Z., & Safré.nkové, J. 2006a, Phys. Rev. B,
74, 235430

Richterova, L, Pavld, J., Némegek, Z., Safrinkovd, J., & Zilavy, P. 2006b, Adyv.
Space Res., 38, 2551

Shimizu, R., & Ding, Z.-J. 1992, Rep. Prog. Phys., 55, 487

Sternglass, E. 1957, Theory of Secondary Electron Emission under Electron
Bombardment, Scientific Paper 6-94410-2-P9, Westinghouse Research Lab-
oratories, Pittsburgh 35

Walker, C. G. H., El Gomati, M. M., Assa’d, A. M. D., & Zadrazil, M.
2008, Scanning, 30, 365

Watts, C., Gilmore, M., & Schamiloglu, E. 2011, IEEE Trans. Plasma Sci., 39,
836

Willis, R. F., Anderegg, M., Feuerbacher, B., & Fitton, B. 1973, in Astrophysics
and Space Science Library, Vol. 37, Photon and Particle Interactions with
Surfaces in Space, ed. R. J. L. Grard (Dordrecht: Reidel), 389



124



H. Richterova et al. [2016]

Richterovd, I, Némecek, Z., Pavly, J., Safrankova, J., Vaverka, J., Secondary emission
from clusters composed of spherical grains. IEEE Trans. Plasma Sci. 44 (2): in print,

2016.

125



126



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON PLASMA SCIENCE

Secondary Emission From Clusters Composed
of Spherical Grains

Ivana Richterov4, Zdendk Némedek, Jifi Pavld, Jana Safrankov4, and Jakub Vaverka

Abstract— Dust grains or their clusters can be frequently found
in many space environments—interstellar clouds, atmospheres
of planets, tails of comets, or planetary rings are only typical
examples. Space dust grains are formed by various processes
and their shapes are complex. These grains are exposed to
electrons with different energies, and thus, they can acquire
positive or negative charge during this interaction. We present
a systematic study of well-defined systems—clusters consisting
of different numbers of small spherical (1 xm) grains and such
objects can be considered as examples of real irregularly shaped
space grains. The charges acquired by investigated objects as
well as their secondary emission yields are calculated using the
secondary emission model. We have found that: 1) the charge
and surface potential of clusters exposed to the electron beam
are influenced by the number of grains and by their geometry
within a particular cluster; 2) the model results are in an excellent
agreement with the experiment; and 3) there is a large difference
between charging of a cluster levitating in the free space and that
attached to a planar surface. The calculation provides a reduction
of the secondary electron emission yield of the surface covered
by dust clusters by a factor of 1.5 with respect to the yield of a
smooth surface.

Index Terms—Dust charging,
electron emission.

dusty plasmas, secondary

I. INTRODUCTION

UST as a component of the universe plays an important

role in the dynamics and chemistry of the interstellar
and intergalactic medium and in the formation of stars and
planets [1]. Many space missions such as Ulysses, Cassini,
and Galileo [2]-[4] probed the composition, size distribution,
and characteristics of interstellar and interplanetary dust grains
that carried information on an origin and evolution of particu-
lar bodies and on environments where these grains originate.
Dust grains in the interplanetary space are a subject of various
charging processes [5]. Grains are exposed to solar ultravio-
let (UV) and X-ray radiations that excite photoelectrons from
the surface of the dust grain and, at the same time, electrons
and ions of the solar wind and/or magnetospheric origin
constitute negative and positive currents falling onto the grain.
Moreover, in environments where high-energy electrons are
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present, the secondary electron emission becomes nonnegli-
gible or even dominating charging process [6]-[8]. Each of
the mentioned charging currents depends on the electrostatic
potential of the grain surface with respect to the surrounding
plasma.

Charging of space dust grains has been examined [7]-[12]
but most of these works assumes a simple geometry of dust
grains, usually a compact sphere. However, grains in the space
are formed by processes like nucleation, condensation, coag-
ulation, and destruction of larger bodies, and thus, the grains
gain complex structures and shapes. The data and/or samples
collected in the space have shown porous fluffy structures
that can be frequently found among interplanetary dust grains,
in cometary bodies, and maybe also among interstellar dust
grains [13]-[15]. They can consist of many micrometer-sized
aggregates with submicrometer-sized subunits [16]-[18].

The charging of aggregates of dust grains has been
studied recently in both laboratory and astrophysical envi-
ronments [19]-[21]. These results have shown that aggregates
tend to acquire a more charge when compared with spherical
grains of the same mass due to their porous/fluffy structure,
and that the charge of aggregates has a significant effect on
subsequent dust evolution. A detailed study characterizing
the charge on aggregates based on structural characteristics
such as the compactness factor was performed in [22] using
a 3-D model that takes into account three different charging
processes: 1) ion and electron currents; 2) secondary electron
emission; and 3) UV radiation. They show that the equilibrium
charge on aggregates can differ from spherical grains with the
same mass but that the charge can be estimated for a given
environment based on structural characteristics of the grain.
The small particle effect typical of the secondary electron
emission is also found to be important for determining the
charge of micrometer-sized aggregates consisting of nanosized
particles.

Pavli et al. [23], [24] experimentally investigated SiO;
spherical grains in various configurations of clusters consisting
of different numbers of such grains. The systematic study
led to a suggestion that the charge acquired by an investi-
gated object (grain or cluster of grains) by the particle beam
of a given energy depends not only on grain macroscopic
characteristics but also on a configuration of the grains in
a particular cluster.

In this paper, we use another approach, in which we calcu-
late the charge and surface potential of clusters of different
geometries by a well proven Monte Carlo model of the
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secondary electron emission [25], [26] and compare the
numerical results with experimentally determined surface
potentials of different cluster configurations. Our calcula-
tions confirmed Pavli er al’s [23], [24] suggestions that
the secondary emission yield and its dependence on the
primary electron energy differ from those determined for
planar surfaces as well as for compact spherical grains. Further
calculations revealed a significant difference between charging
of the cluster levitating in the free space and the same cluster
attached to a planar substrate. We are showing a reduction
of the secondary electron emission yield of a surface due
to dust cover, and we discuss this effect in view of in situ
measurements of the potential of the lunar surface.

II. MODEL OF THE SECONDARY ELECTRON EMISSION

The model of Richterova et al. [25], [26] calculates the
charge accumulated in the grain as a function of the primary
electron beam energy as well as the energetic dependence of
the secondary and backscattered yields. Briefly, the model fol-
lows trajectories of primary electrons inside the spherical grain
of a given composition described by known material constants.
The primary electrons are scattered by collisions with the
grain atoms, and the deflection angle is generated according to
energy-dependent Mott differential cross sections [27]. Note
that these cross sections are calculated in two dimensions
and provide only the total deflection angle. Since the model
is 3-D, we use this angle as a polar angle and generate the
azimuthal angle as a random number in the range 0-2z.
Continuous monitoring of each primary electron allows us to
investigate size and shape effects reported for micrometer-
and submicrometer-sized grains. Since we neglect possible
quantum effects, grains should have at least 10000 particles,
i.e., be larger than about 10 nm. A summary of the model
principles can be found in the Appendix. Approximations used
in the model limit the validity of both the secondary (J) and
scattered (#) yields down to about 50 eV of the primary
energy. Nevertheless, their sum (the grain net current) can
be determined reliably up to 15 eV. At lower energies, the
secondary emission process is dominated by a surface plasmon
decay that is omitted in the model.

A number of secondary electrons leaving the positively
charged surface is given by their energy distribution that is
expected to be Maxwellian with the temperature of 3 eV
that fits well the experimental data. The model expects the
grain levitating in the space and bombarded by monoenergetic
electrons from all directions. Note here that in the experimental
apparatus, the grain is bombarded by a parallel beam but the
grain rotates, thus these two situations can be considered as
equivalent.

The model was already applied to nonspherical grains and
grains with defined surface roughness in [28]. Their calcula-
tions used the Lunar Highlands Type NU-LHT-2M simulant as
a grain material and revealed that nonsphericity of grains leads
to a rise of the secondary electron emission yield, whereas
the surface roughness causes its decrease. Moreover, these
effects depend on the primary electron beam energy; the shape
influence is prominent for high primary energies, whereas
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the surface roughness predominantly affects the yield at the
low-energy range.

III. MODEL RESULTS AND THEIR COMPARISON
WITH THE EXPERIMENT

Pavld er al. [24] presented investigations of charging of
monodisperse silica spheres with 1 gm of diameter that tended
to create clusters composed of different numbers of spheres.
The clusters were bombarded by the electron beam of a tunable
energy (in the range from 50 eV to 10 keV), and the charge-
to-mass ratio versus beam energy profiles were determined.
The ratios (for the same beam energy) differed by an order
of magnitude, and this difference was attributed to variations
of grain numbers in investigated clusters. Under assumptions
that the peak of the grain surface potential at low energies
(~400-500 eV) would be given by the energy distribution of
secondary electrons that does not depend on the grain size or
a number of the grains in the cluster, the secondary electron
emission yield and the number of grains in the cluster were
determined.

In order to check this hypothesis, we carry out numerical
simulations on silica clusters composed of four grains with
different topologies that were used in the mentioned experi-
ment [24]. Fig. 1(a)-(c) presents the results of calculations as
dependencies of the true secondary electron emission yield,
backscattered yield, and cluster surface potential, respectively,
on the energy of primary electrons. These profiles were calcu-
lated for a single sphere (red lines), for four spheres in a line
(vivid orange lines), and for four spheres creating a compact
cluster (blue lines). Fig. 1(a) shows that the maximum of
the true secondary electron emission yield (J) of clusters is
lower than that of a single grain and it further decreases with
increasing compactness of clusters. On the other hand, all
profiles tend to be identical in the high-energy range.

By contrast, the difference between backscattered yields
[#, Fig. 1(b)] of clusters with different configurations increases
with the energy of primary electrons. The yield reaches unity
for all clusters at about 14 keV of the primary energy.
Although a difference among yields computed for both geome-
tries seems to be small, it results in relatively large differ-
ences between cluster surface potentials shown in Fig. 1(c).
However, it should be noted that the potentials are calculated
assuming the Maxwellian distribution of secondary electrons.
This assumption is valid for the true secondary electrons,
but a portion of scattered primary electrons leaving the grain
becomes comparable with the number of true secondary
electrons at energies above ~8 keV. Taking both populations
together, the energy distribution of all electrons attempting to
leave the grain has the Maxwellian core with a significantly
enhanced tail. The distribution leads to large potentials, and the
effect will be more pronounced for individual grains or their
linear configuration. This enhancement of the grain potential
was discussed, for example, in [24], and depends on the size of
the grain, its material, and the beam energy. For a sample used
in the present study, the calculated potentials up to ~10 kV of
primary energy are realistic, but the calculated values represent
a lower limit of the potentials that would be measured.
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Fig. 1. Modeled (a) true and (b) backscattered secondary electron emission
yields and (c) surface potentials for one grain (red line) and four grains
in a line (vivid orange line), and in a compact configuration (blue line).
The diameter of all grains is 1 um.

The most interesting behavior can be observed in the range
of small energies (hundreds of electronvolts). Although it is
generally expected that the surface potential does not depend
on a shape of the object, the model predicts about a 5%
decrease of the potential maximum for the compact cluster
with respect to the single sphere. We have checked this effect
by computations of the potentials for clusters consisting of
two and six spheres and found 3% and 8% of the potential
decrease, respectively.

This effect requires a slight modification of results of the
experimental analysis in [24]. The experiment provided a
value of the grain charge, and the potential was calculated
as a ratio between the charge and capacitance of the object.
The capacitance of a simple grain was computed in the
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Fig. 2. Comparison of measured (different points) and modeled (lines)

surface potentials for one grain (red stars and line), for four grains in a
line (vivid orange triangles and line), and for four grains in a compact
configuration (blue circles, rectangles, and line). The measured potentials were
computed from the specific charge. Note that a detailed description of the
experimental setup as well as the measurement procedure has been presented
n [24] and [29]-[32].

spherical approximation but it could not be determined for
clusters of unknown geometry. For this reason, the potentials
of clusters were estimated under an assumption that a value
of the potential in the low-energy range does not depend on
the size or shape of the cluster and was set to be equal to the
potential of the single grain. We used the results of modeling
and renormalized the data for clusters. The resulting surface
potential profiles for a configuration of clusters analyzed
in Fig. 1 are shown in Fig. 2 by the points. For an easier
comparison, the modeled potentials are added and plotted with
the lines of corresponding colors.

One can see that the experimental and model data agree very
well, even quantitatively. A detailed analysis shows a small
difference in the high-energy range because, for example, the
surface potential of a linear configuration of grains corre-
sponds rather to that of a single grain in the model data.
However, the model expected grains of 1-um diameters, but
the real grains can be smaller and about a 50-nm uncertainty in
the size of grains can explain the observed variations. Another
slight disagreement between calculations and experiment can
be found in the middle-energy range (3—-6 keV) because
the experiment provides a slightly higher potential than the
model, but this part of the potential profile strongly depends
on the distribution of secondary electrons that is not purely
Maxwellian [33] as we discussed above.

An illustration of the mechanisms of changes of the surface
potential with a number of grains in the cluster in different
energy ranges is shown in Fig. 3. The sketch shows three
grains in a compact configuration but the discussion can
be applied on other numbers of grains as well as on other
geometries.

Low-energy (tens of electronvolts) electrons penetrate only
into a very thin surface layer of the grains that are directly
exposed to the beam electrons, they excite the electrons of
the bulk material, and a part of them can escape as true
secondary electrons. The primary electrons are either captured
inside the grain or they are scattered back against the beam
and do not affect other grains in the cluster. This situation is
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4
Fig. 3. Sketch of the interaction of the dust grain with the primary electron

beam. The length of the arrows corresponds to a beam energy value (low
energy—Ileft part), the red color shows the grain area affected by the electron
beam under corresponding energy, and the shadow color presents the shielding
areas.

similar to a single grain, and thus, the potentials of a single
grain and a cluster would be the same. An increasing energy
of primary electrons (hundreds of eletronvolts) increases the
volume of excited electrons within the grain, and a part of the
backscattered primary electrons leaving one grain can impact
other grains. The energies of these electrons are generally low,
and thus, they do not contribute significantly to a number
of true secondary electrons but they are captured within the
cluster. It leads to a decrease of the backscattered yield in
a comparison with the single grain. Since this decrease is
larger than their contribution to the yield of true secondary
electrons (note that a majority of the electrons emitted inside
the cluster are captured by another grain), both the total yield
and the grain potential decrease. This effect is responsible for
the decrease of the potential maximum observed in the model.

A further rise of the primary energy sharply increases
a number of backscattered primary electrons as well as their
energy. The equilibrium potential of the cluster is given by
the energy distribution of these electrons. Since a part of them
leaving one grain is captured by another, the yield and surface
potential are lower than those of a single grain.

Last but not least, we should stress out that the calculations
of the grain charging expected the tightly contacted conducting
grains despite their material. In the experiment, the grains are
bombarded by an intensive beam of energetic electrons that
excite the material electrons from valence to conducting bands
and we think that this assumption (that in turn leads to a well-
defined surface potential) is fully justified.

IV. INFLUENCE OF THE SURFACE

A very good agreement of model calculations with the
experimental results allows us to investigate more complicated
structures that could be closer to a real situation encountered
in the free space (levitating clusters) or at the surfaces of
larger bodies like the Moon (clusters creating a surface layer).
Since a shape of the clusters can be arbitrary, we composed
it from spheres of different diameters (the largest sphere of
1-p¢m diameter and the smallest sphere of 0.1-xm diameter).
As a modeled cluster, we have chosen a large composition
of grains that resembles a teddy bear. Such a shape can
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Fig. 4. (a) Surface charge density of the teddy-bear shaped cluster composed
from size-different spherical (from 1 to 0.1 x#m in diameter) grains levitating
above the surface and bombarded by 10-keV electrons with a random
distribution of directions. (b) Same cluster lying on the surface layer with
the same material. Units of a color scale are Negc /Nimp — 1, where Nege
is the number of escaping electrons and Njmp is the number of impinging
electrons.

illustrate various features like shielding of different areas of
the surface or a capture of electrons emitted from a part of the
cluster by another part. The cluster composition corresponds
to the Lunar Highlands Type NU-LHT-2M simulant. However,
the assumption on the cluster conductivity that was used in
previous calculations should be abandoned in simulations of
the charging of clusters at or above the lunar surface because
the expected primary electron number flux does not exceed
1 um~2s~!, and it is clearly not enough to excite a sufficient
number of bulk electrons.

Since the secondary emission yield depends on the surface
curvature, each part of the cluster surface should be treated
individually and the only connection between different parts
is mediated by primary electrons that can enter the grain in
a particular place but leave it at another place. The surface
potential is not well defined under such conditions, and
thus, a charge balance along the surface shown in Fig. 4
was computed for ¢ = 0. The spatial axes are calibrated
in hundreds of nanometers, and the color scales show the
surface charge normalized to the charge of primary electrons
impinging on a particular grain location. The units of the
color scale are thus (Nesc/Nimp — 1). This value is positive
if a number of escaping electrons Neg. exceeds the number of
impinging electrons Njmp, and such a part of the surface will
be charged positively.

The cluster levitating in the free space and bombarded by
10-keV electrons from all directions is shown in Fig. 4(a).
As it could be expected for a small object in the free
space, all parts of the cluster are charged positively regard-
less of their shape and the charge density increases with
decreasing dimensions of the particular part of the cluster.
Nevertheless, the shielding effects modify this simple
estimation.

130



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

RICHTEROVA ef al.: SECONDARY EMISSION FROM CLUSTERS COMPOSED OF SPHERICAL GRAINS 5

= 1 grain
—— bear

bears @ plane
= plane

35 T
LHT
3.0 D, =1.0um
2.5 \
2.0
=\

15 |—
1.0 N —

2 4 6 8 10 12 14

E [keV] (a)
1.0 T T
LHT
D, =1.0um
0.8 //
0.6 4
< /

0.4 —_
0.2
0.0

2 4 6 8 10 12 14

E [keV] (b)
Fig. 5. Modeled (a) true and (b) backscattered secondary electron emission

yields for teddy bear-shaped clusters in the free space (blue line) and lying
on the surface (vivid orange line). The single grain (red line) and the planar
surface (green line) are given for a comparison.

On the other hand, for clusters lying on the solid surface, the
picture differs as it can be seen in Fig. 4(b). The panel shows
one unit of the periodic mesh that is isotropically illuminated
from the top half-space. It means that side parts of the cluster
are partially shadowed by neighboring clusters. The areas with
the blue color are acceptors of electrons, whereas the emission
prevails at vivid orange or red parts of the cluster. One can note
a large negative charge of the background plane that is caused
by a very low escape probability of secondary electrons. The
top part of the cluster is either without the charge or charged
slightly negative. The reason is that 10-keV primary electrons
penetrate deeply into clusters and the probability of escaping
of excited electrons is small. This effect can be clearly seen on
paws of the bear. They are illuminated mainly from the top,
but their path prior to the first excitation is comparable to
the diameter of paws. A majority of secondary electrons thus
leave from the bottom part of paws and this part is charged
positively. A similar effect can be seen on the bear head,
but the bottom part of the body is about neutral because
its diameter is larger and its charge is more influenced by
secondary electrons from the underlying planar surface. Since
we expect an insulating material and do not allow the transfer
of a charge among different parts of the cluster, they will
attain different potentials, which will in turn influence the
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trajectories of low-energy secondary electrons, and thus, the
whole charging process becomes much more complicated and
it cannot be modeled.

The purpose of Fig. 4 is to illustrate difficulties connected
with an exact description of the charging of dust grain clusters
on the scale of nanometers. Nevertheless, important parameters
like the secondary electron emission yield can be obtained for
such complex cluster. Fig. 5 presents the components of the
secondary emission yield for the two cluster positions shown in
Fig. 4. Fig. 5 compares true and scattered secondary emission
yields with the values computed for a smooth plane and for
a sphere levitating in the free space. This sphere is equal to
the basic sphere in the cluster (1 xm).

The profiles of both yield components (J and #) for a single
sphere (red lines), levitating cluster (blue lines), and planar
smooth surface (green lines) are nearly identical in the low-
and middle-energy ranges (up to ~3 keV), but the yields of the
surface covered with clusters (vivid orange lines) are reduced
by a factor of ~1.5. This reduction factor decreases with
the energy and the yields computed from the smooth surface
and the surface covered by clusters become about equal for
energies above 10 keV. However, the levitating cluster exhibits
larger yields than all other investigated topologies in the full
energy range.

The decrease of the yield of the dust covering the surface in
a comparison with the smooth surface was already suggested
in [34] when they explained the observations of electron
energy spectra above the nightside lunar surface by the Lunar
Prospector mission. However, the authors expected a reduction
of the yield by a factor of 3, whereas our calculations lead
to a factor lower than 2. Such a factor is insufficient for
explanations of the observed negative surface potentials on
the lunar nightside in the magnetosphere [35], and thus we
will return to this point in further works.

V. CONCLUSION

The Monte Carlo model of the secondary electron emis-
sion applied on the clusters of four grains shows that a
compact configuration of clusters would exhibit the lower
secondary electron emission yield (both true and backscattered
components) due to shielding of a part of emitted elec-
trons by neighboring grains in the cluster. This confirms the
Pavli et al.’s [24] suggestion that clusters composed of iden-
tical dust grains are generally charged to lower potentials than
a single grain, and their surface potential decreases with the
number of grains in the cluster. Fig. 3 suggests that the surface
potential of a compact cluster would be similar to a single
grain with a diameter lower than but close to a convex envelope
of the whole cluster regardless of the sizes of particular grains
creating the cluster.

Calculations of charging of clusters from the Lunar
Highlands Type NU-LHT-2M simulant attached to a surface
revealed the reduction in both components of the secondary
electron emission yield by a factor of ~1.5 in a comparison
with the planar surface composed of the same material.
This reduction seems to be too small for explanations of
the observed potentials of the lunar surface in the earth’s
magnetosphere.
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APPENDIX
MODEL PRINCIPLES

As it was noted in Section II, the secondary electron
emission model development was already described in [25],
[26], and [28], but we are repeating its principles here for a
better orientation. The model uses a Monte Carlo technique
to trace trajectories of primary electrons inside the grain. The
primary electron excites secondary electrons along its path
but these electrons are treated in a probabilistic way. The
physical principles included in the model of the secondary
electron emission from small bodies can be briefly summed
up as follows.

1) The grain material is characterized by constants like the
atomic or nucleon numbers or the mass density (note
that different crystalline forms of the same material
can differ in their mass densities, e.g., diamond versus
graphite). Since no detailed atomic or electronic struc-
ture is included, the modeled grain should consist of
sufficient numbers of atoms.

2) For a description of trajectories of the primary electron
inside the matter, a single scattering model according
to [36] is used. A primary electron moves along straight
lines between collisions. Since almost all nonnegligible
deflections are caused by elastic electron—atom collisions
above several hundreds of electronvolts [37], Mott radial
elastic cross sections [27], namely, the values computed
in [38] are used.

3) Primary electron loses the energy continuously along its
path according to the modified Bethe stopping power
equation. This modified equation is calculated omitting
inner electron shells that cannot participate in inelastic
collisions at the lowest energies [26]

dE ¢ Aei(E) | 1.166E

s N E " Je(E)
where E is an actual electron energy, s is a traveled
path, p is a mass density, and N is a nucleon number.
The effective number of atom electrons Acf(E) and
the effective mean ionization potential Jefr(E) can be
derived from the energy loss function that represents a
dielectric response of material to a passage of charged
particles or electromagnetic radiation.

4) A whole deposited energy is spent to excitations of
secondary electrons. These electrons are excited at the
place where the energy loss reaches the mean excitation
energy. Excited electrons then behave independently on
the primary electron energy or the direction of its motion
in the matter.

5) The probability that the excited electron reaches a grain
surface decreases exponentially with a distance from the
surface. The mean free diffusion path of these electrons
is of the order of a lattice constant for metals and much
longer for insulators. This is the only parameter that we
determine by a comparison with experimental data. The
resulting probability of the escape of excited electrons is
then calculated by integration of the probability around a
given part of the surface. This can be the whole surface
for the determination of ¢ or # of the cluster but only
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a part of the surface for the description of the local
charging effect like that in Fig. 4.

6) The secondary electron energy spectrum is key
for a calculation of the equilibrium grain potential.
We suppose that this spectrum does not depend on the
beam energy, and thus, a random energy in accordance
with a chosen distribution is generated for each sec-
ondary electron. This electron escapes from the grain
when this energy is larger than the actual grain potential.
The present calculations use the Maxwellian distribution
parameterized by the temperature. This approach does
not consider Auger electrons or backscattered primary
electrons. These populations are very minor under stan-
dard conditions, but they can be important in the case
of small grains bombarded by energetic electrons. These
electrons can enhance the grain potential in laboratory
conditions up to one half of the primary energy [24].
However, this effect can be seen in the experiments
with monoenergetic electron beams but not in the space
because the low-energy electrons from the ambient
plasma would decrease this potential. For this reason, the
potentials calculated with the Maxwellian distribution
of secondary electrons are more realistic for space
applications.
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The Sputtering of Dust Grains: Aspects of
Experimental Observations

Ji¥{ Pavld, Ivana Richterovd, Zdendk Némedek, Jana Safrankovd, and Jan Wild

Abstract—Dust grains are sputtered at every environment con-
taining energetic ions (i.e., ions with energies of several kiloelec-
tronvolts). In the laboratory, only the beam experiments would
fulfill these conditions; however, in the space, ions of these energies
can be found even in the solar wind. It was suggested that the
sputtering is one of the most important destruction processes of
micrometer-sized dust grains, and on the other hand, it would
be a source of heavy species in the interplanetary medium. We
simulate the space environment by trapping the dust grains in
an electrodynamic quadrupole trap and by influencing them by
the ion beam with a variable energy up to 5 keV. The grains are
charged to high surface potentials, and thus, a strong electric field
near the surface can affect the sputtering rate. The finite size and
the small curvature radius of grains play an important role in
the quantification of sputtering efficiency. We propose a simple
sputtering model for spherical grains and compare its predictions
with measurements. An interpretation of the preliminary results
obtained on gold microspheres bombarded by argon ions indicates
that not only the grain mass but also the grain shape is changing in
the course of our experiment. We suggest that similar effects can
occur in the space if the dust is exposed to collimated ion beams.

Index Terms—Dust, ion bombardment, sputtering.

I. INTRODUCTION

UST GRAINS in the space undergo a number of

processes induced by impinging particles—ions, elec-
trons, and photons. The majority of them result in a grain charge
due to the various processes including photoemission, elec-
tron/ion attachment, secondary emissions, emissions in high
electric fields, etc. Bombarding particles are not only charging
the grain, but their impacts can also lead to a destruction or,
on the other hand, to a growth of the dust grains—both can
also be a result of grain—grain collisions. Among the destruction
processes of dust in the space, the sputtering by energetic parti-
cles is probably of the greatest importance. Not only sputtering
by fast ions occurs in the space, but also photosputtering, elec-
tron induced sputtering and desorption, and chemical sputtering
should be taken into account for particular cases [1]-[5].

It could be assumed that the most important destruction
process for the dust in the solar system is the sputtering by
ions of the solar wind. Because all solar-wind ions have the
same velocities, the energy increases with their masses (e.g.,
Ey+ = 1keV, Ex.2+ ~ 4keV, etc.). Depending on the energy

Manuscript received August 4, 2006; revised November 16, 2006. This work
was supported in part by the Research Plan MSM 0021620834 that is financed
by the Ministry of Education of the Czech Republic and in part by the Czech
Grant Agency under Contract 202/04/0912.

The authors are with the Faculty of Mathematics and Physics, Charles
University, V Holesovickach 2, 180 00 Prague, Czech Republic.

Digital Object Identifier 10.1109/TPS.2007.891636

and dust properties, the grains can reach high-positive surface
potentials when exposed to the streams of ions only. On the
other hand, the process of field ion emission limits the positive
potentials of small grains (of micrometer and submicrometer
sizes) [6]-[8].

The sputtering rate obviously decreases with the distance
from the sun in the solar system, thus the conditions differ
significantly at the Earth to that at the Saturn orbit. However,
we will show that even the sputtering of dust in Saturn rings
could be of a particular importance. The lost material of dust
grains could serve as a source of the so-called “pickup ions.”
There is an evidence of pickup ions to be present nearly within
the whole solar system [9], [10].

Small meteorites entering the Earth’s atmosphere could also
be a subject of sputtering. Radar echoes from Leonid meteors
were recorded at altitudes up to 400 km [11]. The velocity of
“standing” ionospheric ions in the dust (meteorite) frame of
reference is high enough for an effective sputtering that results
in observable radar echoes.

As can be seen from our short overview, the investigation of
the dust sputtering is of great interest. We are taking advantage
of our laboratory facilities (detail description can be found in
[12]) which allow us to catch a single charged grain into an
electrodynamic trap and to affect it by electron/ion beams with
a tunable energy. We have chosen a gold spherical sample for
our experiments, because the sputtering properties of Au are
well known; thus, we can investigate the effects of a finite
curvature radius of dust grains and an influence of the surface
electric field on the sputtering yield.

II. EXPERIMENTAL PROCEDURES
A. Setup

The experiment is performed under ultrahigh vacuum condi-
tions (typically 10~7 Pa). The investigated grain is illuminated
by a red laser light, and the charge-to-mass ratio Q/m of the
grain is calculated from the secular frequency of the dust-grain
oscillatory motion detected by an optical system

Q.fac'fz

O v

'C(fzafac) (1)

el
m

where 7 is the inner radius of the ring quadrupole electrode,
Vac and f,. are the amplitude and the frequency of the power
supply, f. is the grain oscillation (secular) frequency, and
¢(fz, fac) is the empirical correction for variable ratio f, : fac.
For more details on the experiment, see also [8].
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The only quantity we measure directly is the secular fre-
quency and thus the QQ/m ratio. However, we have developed
methods that allow us to measure other important grain para-
meters: mass, charge, and capacitance of the grain [12], [13].

B. Estimations of Grain Mass, Charge, and Capacitance

The grain mass was determined by measurements of the
change of (Q/m caused by an increase of the grain charge due
to an impact of one electron. Such measurements expect that
the grain charge is of the order of 10® elementary charges.
Since the grain charge is ~10° elementary charges during the
sputtering experiment, the ion beam should be switched off,
and the grain should be discharged to the aforementioned value
by the electron beam. The grain is illuminated by an electron
source providing about one electron per several minutes, and
a temporal evolution of @)/m is recorded. The changes of
@ /m corresponding to one elementary charge are used for the
determination of the grain charge ) assuming that the change
of a grain mass is negligible in such a case (i.e., AQ = e and
Am = 0). The mass is then computed from the measured Q/m
and the estimated (). A complete description of this method can
be found in [12].

The precision of the mass estimation is limited by many fac-
tors like the precision of the quadrupole geometry, the distortion
of the quadrupole voltage, etc., and thus, it is of the order of
10~2. However, the relative error is better than 106,

The important quantity is the surface potential of the dust
grain ¢. It could be calculated from

Q_¢,

m m

¢ @

where C' is the grain capacitance. Assuming a spherical shape,
C will read as C = 47eq - R. However, the grain radius R
should be considered as a variable in our sputtering experiment,
thus we should apply an independent method for the surface-
potential determination. We are using the following procedure:
The grain is charged by the midenergy ion beam (1 keV).
During the sputtering, its surface potential is close to 1 kV.
Then, the beam energy is switched to 500 eV. The ions of such
energy cannot reach the grain, but they produce electrons in
the vacuum vessel due to the ionization of the residual gas
and the secondary electron emission from the trap surfaces.
These electrons are caught by the positive grain, and it leads
to the slow discharging of the grain. When the grain potential
decreases to 500 V, the beam ions can again reach the grain and
the discharging vanishes, if the net current is zero. This point is
usually not too distinct in records of a temporal evolution of the
@ /m ratio, but it can be easily found by a differentiation of such
record. At this point, the grain potential and the corresponding
() /m ratio are known, and the capacitance C can be calculated
from (2).

C. Experimental Conditions

A spherical gold grain (the same as in [8]) of an initial
radius of Ry = 0.57 pum and the corresponding initial mass

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 35, NO. 2, APRIL 2007

TABLE 1
SUMMARY OF MODEL PARAMETERS USED FOR FITTING THE
EXPERIMENTAL DATA DISPLAYED IN ALL FIGURES

parameter symbol value
sputtering yield
(4 keV Art, Au) Y 5
geometrical enhancement Ag 2
el. field enhancement Ay 2
beam current density ip 4%x107% Am~2
grain radius Ro 5.68 x 10~7 m
initial grain mass mo 1.48 x 10~ 14 kg
limiting electric field Fraz 195 x 10° Vm—!

mg = 1.48 x 10714 kg were used in this paper. The sputtering
was done by the Ar" beam with the energy of Ey = 5 keV and
the current density of 3, = 4 x 10~* Am~2 (Table ).

Our primary task is the investigation of the grain sputtering,
but the beam ions charge the grain, and the grain charge influ-
ences the energy of ions impinging the grain. The grain charge
is limited by field ion emission, and since the emission current
increases roughly and exponentially with the electric field F at
the grain surface [8], this field can be considered as a constant
for our experiment. We have found a value of the electric field
magnitude Fy., = 1.95 x 10° V/m. This fact would lead to
changes of the surface potential during the grain sputtering
due to the changes of the grain diameter. Indeed, this potential
was @max ~ 1.05 kV at the beginning of the experiment and
¢max ~ 0.75 kV at the end. The energy of the beam ions with
respect to the grain surface was thus in the range 3.95-4.25 keV.
According to [14], the sputtering yield Y is roughly constant in
this energy range, and its value is about Y ~ 5. This value was
determined for the Ar" ions with a normal impact to a planar
surface. The yield increases with the decreasing incidence angle
[14], and we have estimated [15] that a factor of 1.2-2 should
be considered for the sputtering of spherical samples.

III. GRAIN SPUTTERING MODEL

By contrast to sputtering experiments carried out on large
planar samples that are held at a constant potential, our exper-
iment exhibits several differences that can be summed up as
follows.

1) The grain surface potential reduces the energy of bom-
barding ions and evolves in the course of the grain
sputtering.

2) The potential is stabilized by ion field emission at a level
¢ = F(i) - R, where F(i) is the electric field strength
producing the field emission current equal to the ion beam
current.

3) The variations of the grain potential change the energy
of impinging ions and the cross section of the grain. The
sputtering yield of the grain is enhanced by a geometrical
factor up to A, =2 due to a varying incidence angle
along the sample surface.

4) There is a question whether the yield is further enhanced
by the electric field at the sample surface.
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The experiment can provide directly the change of the mass
of the sputtered sample, but this measurement requires stopping
of sputtering. However, the ()/m ratio is measured throughout
the sputtering, and thus, it is desirable to find a relationship
between the temporal changes of )/m and the variations of
the grain mass. It would be very helpful for the evaluation of
further experiments.

Linking up to our previous calculations [15], we con-
tinue the development of the sputtering model of the dust
grains. The mass change under an ion bombardment could be
written as

dm

E:—MAu~ip-Y~Ag-Af-7rR(t)2-<1_M)

Ey
3)

where m and R are the grain mass and radius, Fy and 7, are the
energy and current density of primary ions, M, is the mass
of a gold atom, ¢p,ax is the grain equilibrium surface potential
as noted above, Y, A,, and A¢ are the sputtering yield and its
enhancements due to a geometry (shape) and due to an intense
electric field at the grain surface, respectively. The right part of
the equation (starting with 7) describes the grain cross section
that depends on the grain potential.

Solving this ordinary differential equation using the follow-
ing substitutions:

3 \%
= YT AL AT
k MAu ip Y g £ (47TpAu) (4)
Fmax 3 3
= . 5
b EO (47TpAu) ( )

leads to a formula describing the mass change

m(t) = 1+exp (’?)p (pm(l)/g - 1) ’ ©

where my is the initial mass of the grain.

In a spherical approximation and assuming limiting poten-
tial due to the field ion emission, the charge of a grain is
given by

3m(t))2/3 .

Q(t) = 4meg - R(t) - dmax = 47e0 - Finax - ( Inp

)

Dividing the previous equation by m(t), we get

5 >§ -m(t)_Tl. (8)

Q/m(t) = Ameo - Funas - (m
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Fig. 1. Time evolution of the Au grain mass during Art ion bombardment
and comparison of the model (solid line) and the experimental results (dots).

Using substitutions

2
a= (471')%60 - Frnax - (%) P )
b :pm§ -1 (10)
1
cfgkp (11)

and combining (6) and (8), a formula for the time evolution of
the @ /m(t) ratio is given as

Q/ml(t) = ¢

 1+4+b-exp(e-t) (12)

IV. MODEL VERSUS EXPERIMENT

Our simple sputtering model leads to (6) and (12), giving
the time evolution of the grain mass and charge-to-mass ratio
during the sputtering process. In our laboratory experiment, we
could measure these two quantities; thus, using the experimen-
tal conditions and values mentioned above, we can compare
the experimental data with the suggested model. In Fig. 1, the
time evolution of the Au grain mass with an initial radius of
0.568 pm is shown (heavy dots correspond to the experimental
points). The model curve (line) fits the experimental points
very well when the enhancement factor A = A, - A¢ is set to
4. Taking into account that the enhancement due to a spherical
shape is Ay < 2 only, one can expect that the rest could be
attributed to the influence of the strong electric field.

We have tried to compare the measurements of the time
evolution of the @/m ratio with (12), but the result was
unsatisfactory (Fig. 3, dashed line). However, the mass of
the grain was measured directly, whereas (12) was derived
under the assumption of the spherical grain. Since we have
measured the grain capacitance in the course of sputtering, we
could check this assumption. Fig. 2 shows how the relative
capacitance (normalized to the sphere of a given mass) evolves
during the sputtering. The figure shows that the experiment
started with a spherical grain, and the shape of this grain
changed continuously due to the sputtering. We do not know
the resulting shape, but the ratio C'/Cspnere = 1.2 corresponds
to an ellipsoid of revolution with the ratio of axes 1 : 2. We have
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Fig. 2. Evolution of the relative capacitance in the course of our 250-h
experiment. The dots represent experimental data; the solid line is a parabolic
fit used for further calculations.
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Fig.3. Changes of the /m ratio in time. Experimental data (dots) compared
with the uncorrected model (dashed line) and with the model corrected to a
changing shape, i.e., changing capacitance (solid line).

fitted the measured temporal evolution of the capacitance by
a parabola (see Fig. 2) and corrected the expression (7) for
the grain charge accordingly. Expressions (8) and (12) were
corrected in the same sense, i.e., right sides were multiplied
by a quadratic fit of C'//Csphere(t) that is displayed in Fig. 2.
After this correction, the agreement between the measured data
and the calculations of ()/m is rather good as it can be seen in
Fig. 3 (solid line).

V. DISCUSSION

Direct measurements of the mass of the sputtered grain
in Fig. 1 suggest that the sputtering yield of the gold grain
bombarded by the 5-keV Ar™ ions is enhanced by a factor of
4 with respect to the planar uncharged sample. We suggest that
this enhancement can be divided into two multiplicative parts.
One part is attributed to a shape of the investigated sample;
the other part of this enhancement can be probably caused by
the presence of the strong electric field at the surface of the
charged grain. This field is limited by the ion field emission in
specific conditions of our experiment, but such limitation would
not act in the space because only very small grains (~20 nm)
can be sufficiently charged by photoemission. Moreover, our
experiment uses the gold grain for the sake of comparison with
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TABLE 11
TYPICAL SOLAR-WIND IONS AND THEIR SPUTTERING YIELDS OF GOLD

ion species solar wind sputtering yield of 5 keV
abundance [16] singly ionized ions [14]
HT 95% 0.05
He2t+ 4% 0.5
heavy ions:
o"+, Si"*, Fe"t, etc. 1% 5

known data, but the materials in the space are insulators, and the
yield enhancement can be much larger due to the penetration of
the field into the grain. These processes will be the subject of a
further study.

In order to check the possible relevance of the measurements
to the interplanetary space, we have calculated the sputtering
time of the gold grain in typical solar-wind conditions. At
1 AU, we suppose the solar-wind velocity of 400 km - s~! and
the density of 10 cm~3. Table II gives the ion composition and
sputtering yields for a calculation. The sputtering times at two
places of the space are reviewed in Table III, but these results
can be used as a first approximation only. In our calculations,
all ions were taken as single ionized, with the energy of 5 keV,
but Insepov et al. [17] show that the sputtering yield of multiple
ionized ions can be much larger (an order of magnitude), and
all species (except H) in the solar wind are in high ionization
states. Moreover, a typical mass composition of the solar wind
was considered [16], but the abundance of heavy ions can be
significantly enhanced during coronal mass ejections, and these
species are very effective in the dust sputtering.

We would like to point out that the values in Table III
are based on the tabulated values of the sputtering yield for
gold corrected to an assumed spherical shape. The real times
of the dust-grain sputtering can thus vary within an order of
magnitude. However, the structure of space dust grains would
be probably less rigid, thus one would expect our calculations
to be an upper limit of the expected sputtering times.

VI. CONCLUSION

We have measured the sputtering of a gold grain under an
Art bombardment, and we can conclude that the observed data
fit well with our simple sputtering model. The influence of the
electric field on the sputtering rate probably needs a further
investigation. We have found a factor of 2 for the electric field
of about 10° Vm™!, but this value is based on the yield from
[14]. However, the simulations made in [17] suggest that this
yield could be larger. We partially prove that not only the size
but also the shape of the sputtered grain could be changed.
Our estimations show that the sputtering by the solar wind
of micrometer-sized (> 1 pm) grains is negligible in man-life
horizon already at the Earth’s orbit; nevertheless, in terms of
space, the time constants of hundred years are short. Moreover,
the sputtering rate decreases with the square of the distance
from the sun, and thus, the lifetime of dust particles would
be rather short near the sun, and their sputtering can be an
important source of pickup ions [18].
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TABLE III
COMPUTED SPUTTERING TIME OF A MICROMETER-SIZED GOLD GRAIN IN DIFFERENT SPACE LOCATIONS (ROUGH APPROXIMATION)

sputtering conditions | ion 1/2 mass 1/2 radius “0” mass
laboratory | Art 190 hours 450 hours 840 hours
at the Earth orbit Ht 8 x 102 years 2 x 103 years 3 x 10% years
at the Earth orbit He?+ 2 x 103 years 5 x 103 years 8 x 102 years
at the Earth orbit heavy ions 8 x 102 years 2 x 103 years 3 x 103 years
at the Earth orbit sum 3 x 102 years 8 x 102 years 1 x 10% years
at the Saturn orbit Ht 8 x 10% years 2 x 10° years 3 x 10° years
at the Saturn orbit He?t 2 x 10° years 5 x 10° years 8 x 10° years
at the Saturn orbit heavy ions 8 x 10% years 2 x 10° years 3 x 10° years
at the Saturn orbit sum 3 x 10* years 8 x 10% years 1 x 10° years

REFERENCES

[1] B.T. Draine and E. E. Salpeter, “On the physics of dust grains in hot gas,”

[2]

[3

]

[4]

[6

[7

9

[10]

(11

[12

[13

[14

[15

[16

[17

[18

Astrophys. J., vol. 231, no. 1, pp. 77-94, Jul. 1979.

, “Destruction mechanisms for interstellar dust,” Astrophys. J.,
vol. 231, no. 2, pp. 438-455, Jul. 1979.

B. T. Draine, “On the chemisputtering of interstellar graphite grains,”
Astrophys. J., vol. 230, no. 1, pp. 106-115, May 1979.

, “Charging processes for interstellar dust,” in Evolution of In-
terstellar Dust and Related Topics, A. Bonetti, J. M. Greenberg, and
S. Aiello, Eds. Amsterdam, The Netherlands: North Holland, 1989,
pp. 91-102.

——, “Destruction processes for interstellar dust,” in Evolution of In-
terstellar Dust and Related Topics, A. Bonetti, J. M. Greenberg, and
S. Aiello, Eds. Amsterdam, The Netherlands: North Holland, 1989,
pp- 103-120.

Z. Sternovsky, Z. Némecek, J. Safrdnkov4, and A. Velyhan, “Ton field
emission from micrometer-sized spherical glass grains,” IEEE Trans.
Plasma Sci., vol. 29, no. 2, pp. 292-297, Apr. 2001.

J. Pavli, A. Velyhan, I. Richterova, J. Safrdnkovd, Z. Némegek, J. Wild,
and M. Jefdb, “Ion beam effects on dust grains: 2. Influence of charging
history,” Vacuum, vol. 80, no. 6, pp. 542-547, Mar. 2006.

M. Jefédb, 1. Richterova, J. Pavld, J. §afrénk0vé, and Z. Némecek, “In-
fluence of charging conditions on dust grain’s field ion emission,” IEEE
Trans. Plasma Sci., vol. 35, no. 2, pp. 292-296, Apr. 2007.

G. Gloeckler and J. Geiss, “Interstellar and inner source pickup ions
observed with SWICS on ULYSSES,” Space Sci. Rev., vol. 86, no. 1-4,
pp. 127-159, Jul. 1998.

D.J. McComas, N. A. Schwadron, F. J. Crary, H. A. Elliott, D. T. Young,
J. T. Gosling, M. F. Thomsen, E. Sittler, J.-J. Berthelier, K. Szego, and
A. J. Coates, “The interstellar hydrogen shadow: Observations of inter-
stellar pickup ions beyond Jupiter,” J. Geophys. Res., vol. 109, no. A18,
p- A02104, Feb. 2004.

N. Brosch, L. S. Schijvarg, M. Podolak, and M. R. Rosenkrantz, “Meteor
observations from Israel,” in Proc. ESA SP-495: Meteoroids Conf., B.
Warmbein, Ed, Nov. 2001, pp. 165-173.

J. Pavli, A. Velyhan, I. Richterovd, Z. Némecek, J. Safrdnkov, L. éermék,
and P. Zilavy, “Mass-loss rate for MF resin microspheres,” IEEE Trans.
Plcgsma Sci., vol. 32, no. 2, pp- 704-708, Apr. 2004.

I. Cermdk, E. Griin, and J. Svestka, “New results in studies of electric
charging of dust particles,” Adv. Space Res., vol. 15, no. 10, pp. 59-64,
May 1995.

R. Behrisch, Sputtering by Particle Bombardment I, II.  Berlin, Germany:
Springer-Verlag, 1981.

J. Pavla and J. Wild, “Simulation of dust particle sputtering,” in Proc.
WDS, Contributed Papers: Part II—Physics of Plasmas and Ionized Me-
dia, J. Safréankovd, Ed. Matfyzpress, 2000, pp. 238-242.

L. Avanov, N. Borodkova, Z. Néme&ek, A. Omeltchenko, J. Safrankov4,
A. Skalski, Y. Yermolaev, and G. Zastenker, “Some features of solar-
wind protons, alpha-particles and heavy-ions behavior: The Prognoz-7
and Prognoz-8 experimental results,” Czech. J. Phys., vol. 37, no. 6,
pp. 759-774, 1987.

Z. Insepov, J. P. Allain, A. Hassanein, and M. Terasawa, “Surface erosion
by highly-charged ions,” Nucl. Instrum. Methods Phys. Res. B, Beam
Interact. Mater. At., vol. 242, no. 1/2, pp. 498-502, Jan. 2006.

1. Mann, H. Kimura, D. A. Biesecker, B. T. Tsurutani, E. Griin, R. B.
McKibben, J.-C. Liou, R. M. MacQueen, T. Mukai, M. Guhathakurta, and
P. Lamy, “Dust near the sun,” Space Sci. Rev., vol. 110, no. 3/4, pp. 269—
305, Jan. 2004.

141

Jiri Pavli was born in Pardubice, Czech Republic,
in 1977. He received the Ph.D. degree from Charles
University, Prague, Czech Republic, in 2005.

Currently, he is a Senior Assistant with the
Space Physics Laboratory, Department of Surface
and Plasma Science, Faculty of Mathematics and
Physics, Charles University. His research interests
include the laboratory investigations of elementary
processes on dust grains induced by electron, ion,
and photon irradiations.

Ivana Richterova was born in éesk)’/ Brod, Czech
Republic, in 1979. She received the M.S. degree
from Charles University, Prague, Czech Republic, in
2003. She is currently working toward the Ph.D. de-
gree at the Space Physics Laboratory, Department of
Surface and Plasma Science, Faculty of Mathemat-
ics and Physics, Charles University. Her research is
devoted to the laboratory investigation and modeling
of elementary charging processes on dust grains.

Zdenék Némecek was born in Prague, Czech Re-
public, in 1947. He received the M.S., Ph.D., and
Dr.Sc. degrees from Charles University, Prague, in
1971, 1982, and 1996, respectively.

Since 1971, he has been holding several positions
at the Faculty of Mathematics and Physics, Charles
University, where he is currently Dean of the Fac-
ulty. His research interests include the solar-wind
interaction with the Earth’s magnetosphere and the
laboratory simulations of plasma processes.



Jana Safrankovd was born in Teplice, Czech
Republic, in 1947. She received the M.S., Ph.D.,
and Dr.Sc. degrees from Charles University,
Prague, Czech Republic, in 1972, 1982, and 1996,
respectively.

Since 1972, she has been holding several posi-
tions at the Faculty of Mathematics and Physics,
Charles University, where she is currently the Head
of Space Physics Laboratory. Her recent research
is focused on the magnetospheric physics and the
laboratory simulations of elementary processes in
dusty plasmas.

142

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 35, NO. 2, APRIL 2007

Jan Wild was born in Litoméfice, Czech Republic,
in 1960. He received the M.S. and Ph.D. degrees
from Charles University, Prague, Czech Republic, in
1984 and 1991, respectively.

Currently, he holds the position of Scientific Sec-
retary at the Department of Surface and Plasma Sci-
ence, Faculty of Mathematics and Physics, Charles
University. His research interests include the pulsed
laser deposition and the laboratory simulations of
sputtering of dust grains.



J. Beranek et al. [2010]

Berdnek, M., VySinka, M., Pavld, J., Richterova, 1., Némecek, Z., Safrankové, J., Dust
as a gas carrier. IEEE Trans. Plasma Sci. 38 (4): 886-891, 2010.

143



144



886

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 38, NO. 4, APRIL 2010

Dust as a Gas Carrier

Martin Berdnek, Marek VySinka, Jifi Pavlu, Ivana Richterovd, Zdenék Némecek, and Jana Safrdnkova

Abstract—Dust in space can collect particles from surrounding
plasma and transport them over long distances. Release of the
implanted particles can then change the mass composition in a
particular place of the space. The depth of ion penetration into
the dust body strongly depends on an initial mutual energy and
differs with ion species as well as with the grain composition.
The same holds for diffusion constant of implanted ions (already
neutralized) exiting back to the free space. We have used our
measurements of the release of Ar ions implanted into glassy
carbon dust grains for determination of the diffusion coefficient.
Our calculations provide the limits for the amount of gas that can
be dissolved in the grain as well as its release rate. We discuss
the influence of the dust sputtering and dust temperature on the
aforementioned quantities.

Index Terms—Dust charging, gas diffusion, interplanetary dust.

I. INTRODUCTION

UST as a common constituent of space as well as labora-

tory plasmas is bombarded by energetic ions (e.g., dust in
the solar wind is exposed to H' of about 1 keV, He* ™ of about
4 keV, etc.). Ions not only modify and sputter the dust surface
but also can penetrate into the material of the grain itself. Then,
the diffusion starts to release atoms, and its rate depends on the
diffusion coefficient that is generally an exponential function of
temperature.

In the interplanetary space, the dissolved ions (already neu-
tralized) could be transported in the dust safely across long dis-
tances due to a low temperature. Once the gas leaves the grain,
it becomes usually ionized again quickly by solar UV or by
charge exchange. The ions are picked up by the interplanetary
magnetic field and carried outward with the solar wind as a
distinct component of the solar wind called pick-up ions [1].
Pick-up ions are often considered to be produced by ionization
of neutral interstellar gas that penetrates the solar system [2].
Dust interactions with the solar wind provide a further source
that contributes to a different elemental composition of the
pick-up ion population. Pick-up ions are clearly identifiable
due to their distinctive charge state and velocity distribution
[3]. Dust may contribute to the formation of pick-up ions
through a number of processes: 1) sublimation of the grain
material; 2) sputtering of the grain due to an ion bombardment;
3) by recycling of solar-wind particles into pick-up ions by
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adsorption and desorption; and 4) by release of the atoms that
were previously implanted and stored in the grain.

It is known that the surface layers of lunar samples are
doped with solar-wind particles. Banks [4] studied theoretically
this effect for dust grains. Rajan et al. [5] reported large “He
concentrations in collected micrometeorites (e.g., small inter-
planetary particles which enter the Earth’s atmosphere without
being melted by frictional heating), and the authors concluded
that this helium comes from the implanted solar wind. Nier [6]
performed experiments to determine the amount and isotopic
composition of helium and neon found in individual inter-
planetary dust particles collected in the Earth’s stratosphere
in order to distinguish between particles of cometary and
asteroidal origin. He found that the *He degassing pattern of
the dust is comparable to that of the lunar samples. However,
while implantation of heavier ions would also be expected,
heavier elements have not been measured. Based on obser-
vations of solar-wind implantation, Fahr er al. [7] suggested
that the implantation of solar-wind particles into the surface
layer of dust can lead to subsequent desorption of neutrals.
They predicted that, inside 0.5 AU (0.05 AU, respectively), the
density of neutral hydrogen (helium, respectively) produced by
this process exceeds that of the interstellar hydrogen (helium,
respectively) found at these distances from the Sun. The amount
of dust-generated neutral molecular hydrogen was calculated by
Gruntman [8]. He considered the efficiency of various processes
for conversion of the Hs molecules to Hg‘ ions and their
subsequent destruction. He concluded that a significant part
of H2+ ions should survive and make unique molecular pick-
up ions.

Vernazza et al. [9] analyzed the sources of reddening
of asteroid surfaces. They concluded that implantation of
solar-wind ions is the favorite mechanism causing reddening.
Plainaki er al. [10] modeled space weathering processes that
take place on the surfaces of near-Earth objects. Starukhina [11]
studied deposition of solar-wind ions on the surface of Moon.
She identified polar regions as possible repositories of gases
related to the solar wind.

In the laboratory plasma, e.g., in tokamaks, dust can
accommodate plasma ions—retention of tritium and deu-
terium being particularly important for safety reasons [12].
Yoshida et al. [13] studied the carbon—tungsten dust prepared
by deuterium arc discharge and measured the desorption rate
of heated samples. They concluded that the deuterium concen-
tration in the carbon dust was estimated to be 0.2 of the atomic
ratio (D/C) and even higher in carbon—tungsten grains, and they
suggested to increase the temperature of the outer walls. Since
the dust is charged, it moves and accelerates within the tokamak
[14]. Rudakov et al. [15] examined a migration of dust in the
DIII-D tokamak, and they gave an experimental evidence that a
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micrometer-sized carbon dust contained in a tokamak divertor
can become highly mobile and reach the core plasma. However,
a dust contribution to the core contamination is still unclear.

As a side effect of measurements of sputtering yields, it
was also found recently [16] that carbon traps ions at the
surface more efficiently than metallic materials, which may
significantly bias mass loss measurements on samples that have
been subjected to high irradiation doses (Xe™ in this particular
case).

Based on these observations, we can expect that the mass of
the dust grain exposed to the ion bombardment can increase
with time as the sputtering could be less efficient than trapping
in some cases. These ions (now neutrals) can later diffuse
within the grain and leave it when they reach the surface.
In this paper, we focus on the observation of the diffusion
and successive desorption of Ar ions in the micrometer-sized
amorphous carbon sphere. The mass-change rate is evaluated
and successfully modeled.

II. EXPERIMENT

The experiment has been performed on a single glassy carbon
grain trapped inside the cylindrical quadrupole electrodynamic
trap. The frequency of the grain oscillations inside the trap
is proportional to the ratio of the grain charge and its mass
[17], [18]. Special techniques described in [19] can be used for
determination of the other parameters of the investigated grain.
The optical detection of the motion of the grain and electrical
damping of its oscillations allow us to perform measurement
under UHV conditions (10~7 Pa) and hold the grain in the trap
for a long period (on the order of weeks) [17]-[19].

The analyzed spherical glassy carbon samples have been
produced by HTW Hochtemperatur-Werkstoffe. The diameter
of the grains lies between 1 and 5 pum. According to the
specification of the manufacturer, grains are amorphous and
isotropic with the mass density of 1500 kg/m>. The specific
resistance (50 - ym) is low enough to prevent the presence
of electric field inside the grain.

The glassy carbon grain with a mass of (6.27 +0.01) -
1071% kg and a diameter of 1.93 um has been trapped and
treated with an Ar beam for 8 h. The energy of impinging ions
was 7 keV. The total current of ions has been approximately
35000 particles per second, and the corresponding beam inten-
sity is on the order of nanoamperes per square millimeter. This
value was determined from the initial field ion emission current
measured on another grain after switching the ion gun off.

The surface potential of the grain was held low enough to
eliminate the ion field emission [20] using simultaneous elec-
tron bombardment. After the treatment, the grain was held in
the trap for a few days, and its charge-to-mass ratio was contin-
uously monitored. According to our previous observations [19],
the charge of the trapped grain remains constant over days when
there is neither field emission nor beams of charged particles.
Because of the constant charge of the grain, we attributed the
observed changes of specific charge to variations of the grain
mass. Note that we can observe relative changes of the mass on
the order of 10~%. This long-term stability has been achieved
subtracting the temperature drift.
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(b) Frequency of the grain corrected for the temperature drift.

A. Correction of the Temperature Drift

In our experiment, there are many devices and circuits that
are potentially sensitive to the change of temperature. It is not
possible to analyze each device independently; therefore, we
found out an appropriate temperature correction experimen-
tally through the following procedure: We have measured the
frequency of the grain oscillation together with the ambient
temperature (Fig. 1). Under the assumption that there is no mea-
surable change in the charge-to-mass ratio after a sufficiently
long time, we fit a linear dependence between the measured
temperature and oscillation frequency starting at 25th hour after
treatment [Fig. 2(a)], when the frequency copies the measured
temperature (compare the lines in Fig. 1). Furthermore, we
have applied this fit to correct the measured frequency in the
full range of time [Fig. 2(b)]. We suggest that the remaining
roughly exponential increase of the frequency (which is directly
proportional to the charge-to-mass ratio) after the treatment
is caused by deposited Ar atoms leaving the grain due to
diffusion.

III. DIFFUSION COEFFICIENT

We have utilized a simple model of diffusion to find a
diffusion coefficient D. We neglect the surface effects and
compute the diffusion inside the homogeneous grain. Since the
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problem has a radial symmetry, the general equations of the
diffusion can be written as

op 1 0?
5 07 ae) o
Idp
=-pZt 2
J o 2

where p is the mass density and J is the mass flux. The density
of gas outside the spherical grain is set to zero in our model;
therefore, the mass of argon leaving the grain of radius R due
to the diffusion according to (2) is

dm

dt

o

=47R?>- D .
or|,_p

3

During the treatment, there is an additional source term
representing the incoming argon ions. We have computed the
distribution f(x) dz of the impinging ions deposited in a given
depth under the surface by the SRIM code [21], [22]. We
suppose that the grain rotation in the trap is fast enough to
distribute the incoming ions with a radial symmetry. The radial
distribution of 7-keV Ar ions is shown in Fig. 3. The dotted line
stands for the profile provided by the SRIM code that expects a
perpendicular impact of ions. The full line considers the effect
of varying incident angles over the sphere [23].

Having the total number of impinging ions per second, i.e.,
N, we can modify (1) in the following way:

Nma, f(R—1)

82
p)+ A2 “)

dp 1
ot r @(T ) 472

a T r

where R is radius of the grain and ma, = 6.64 - 10726 kg is
the mass of the argon atom. f(R — r) represents a source term
shown in Fig. 3 (profile a). The analytic expression of the source
term is unknown; nevertheless, we can solve the equations
numerically.

We have modeled the conditions in our experiments, i.e., the
8-h-long treatment (4) and the subsequent diffusion without the
source term (1). Distribution of argon just after the treatment is
shown in Fig. 3 as the dashed-dotted line.

The results of our model for various values of diffusion
coefficients have been compared to the measured data. We are
not able to measure the change of mass during the treatment, but
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we compare the model and measured data in the period after
the treatment. A modeled mass of the grain versus measured
mass at the same time is shown in Fig. 4 for three values of
D. The uncertainty of absolute values of the primary current
and the final mass of the grain imply uncertainty of the linear
scaling of the model result. Nevertheless, the relation is close to
linear for the diffusion coefficient, D =5 - 1076 ¢cm?/s only,
and the value of incident current, 32 400 particles per second,
is in good agreement with the value estimated from other
measurements. The value of diffusion coefficient will be used
in further considerations. In order to demonstrate the agreement
between measurement and model, the data from Fig. 4 are
replotted in Fig. 5 that compares the computed and measured
temporal changes of the grain mass.

IV. AMOUNT OF THE GAS DISSOLVED
A. Stable Solution of Diffusion Equation

In our experiment, we have implanted more than 10717 kg
of argon into a single 2-um glassy carbon grain. This is ap-
proximately 0.2% of the total mass. The majority of the gas is
dissolved in a thin layer at the surface (see Fig. 3, curve c). The
mass fraction of Ar in this layer was about 1%.

After a long treatment, the equilibrium state would be
reached when the amount of gas inside the grain remains
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constant over time. The diffusion equation without a source
term (1) is valid for (R — r) that is higher than the implantation
depth, i.e., approximately 50 nm. This equation can be solved
analytically. Angularly independent solution without singular-
ity at the origin is a constant density. The particular value of
this density depends on the boundary conditions which are set
by the source term in the thin surface layer. The equilibrium
density of gas inside the grain is constant in the majority of
grain and decreases in the thin layer at the surface (note that, in
equilibrium state, there cannot be any flux toward the center).
The actual density and its decrease at the surface have been
obtained numerically.
We numerically found the stable solution of (4)

d? Nma, f(R—r
o (rp(r)) =~V TR Z0)

(&)

in the range of the implantation depth. The conservation of total
mass of the gas inside the grain gives us the second boundary
condition at the surface

_ _ Nma, fOR f(R—r)dr ©)
dr |, D mRT

The solution of (5) and (6) depends on a spatial distribution
of implanted ions and on the grain radius. The primary current
and diffusion coefficient act as the multiplicative factor (N/D).
The maximum total mass of argon dissolved my,,x depends on
the diameter of the grain approximately linearly in the case of
fixed number of ions hitting the grain, /V; in other words, the
implanted mass is proportional to the volume of the grain in the
case of the fixed ion flux I
I

mmaX:a~mAr~R-5:a-mAr~7rR3~—

» @D

where R is the radius of the grain, /N is the total number of
impinging ions per second, D is the diffusion coefficient, and
1 is the flux of ions (particles per square meter per second). A
coefficient o depends on the spatial distribution of implanted
ions. An actual value for 7-keV Ar ions on glassy carbon
sphere is & = 3.08 - 10”7 cm. Note that (7) is not an analytical
solution of (5) and (6) but the linear fit of the numerical results.
The difference between numerically computed mass and fit
(7) is approximately 0.5% at R =1 pm and decreases for
larger grains where the implantation depth becomes negligible
compared to the grain radius.

When we put the parameters of the investigated 2-pm grain
into (7), we get

Mumax = (1.97 107 kg - em?) - N/D = 1.38 - 107" ke.
(3)

B. Effect of the Sputtering

The grain sputtering and ion implantation act simultaneously,
and rates of both processes are directly proportional to the
number of impinging ions. However, the sputtering decreases
the grain radius and, according to (7), limits the amount of gas
that can be dissolved in the grain. The analysis has shown that
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the dependences of the mass of the dissolved gas on the time
of the grain bombardment can be parameterized by a factor
Y - N/D, where Y stands for the sputtering yield. The results
obtained for several values of Y - N/D are shown in Fig. 6.
The dissolved mass is given as a fraction of m,.x, and the
time is scaled by D; thus, the dashed line can be considered
as a universal curve describing a temporal evolution of the
implanted mass if the sputtering is neglected. The effect of
the grain sputtering is demonstrated by profiles computed for
different values of Y - N/D.

Other parameters influencing the temporal evolution of the
dissolved amount of the gas are the grain diameter. Since the
dependence on the grain diameter is rather complicated and
the computation is time consuming, Fig. 6 shows the results for
the 2-pm grain. It allowed us to use other parameters from our
experiment (N = 35000s > and D = 51076 cm?/s) and to
put the absolute time scale to the top of the panel. Since the
sputtering yield for Ar' is about unity in the kiloelectronvolt
range of energies [24], the line 2 describes the cumulated effect
of sputtering, implantation, and diffusion under our experimen-
tal conditions.

V. DISCUSSION

The presented numerical results use the value of the diffusion
coefficient determined from the experiment. In order to relate
this experiment to conditions in the space, we should estimate
the dust grain temperature that cannot be directly measured.
The temperature of the grain in the vacuum is determined
by the radiation balance since the contribution of ion impact
to the heating is several orders of magnitude lower. The grain
is heated by background environment radiation (7},¢ ~ 300 K)
and by the laser beam (635 nm, with an approximate beam in-
tensity of 1.7 mW/mm?). The incoming power is compensated
by the grain thermal radiation.

We have utilized the MiePlot software [25], [26] to compute
the spectral emissivity of the grain. The refractive index of
the glassy carbon was set according to [27] and [28]. We
integrated the product of emissivity and spectral intensity of
a black body radiation over the range of wavelengths, and we
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scaled the result to the grain surface area. The result is the
total radiated power at a given temperature. A power of the
laser beam is multiplied by the emissivity factor (€635 nm =
0.264). Equilibrium temperature plotted versus laser intensity
is shown in Fig. 7. We added a similar dependence for the
solar spectrum (eg,, = 0.286) without background (we neglect
the 4-K space background radiation). The comparison of two
profiles in this figure shows that the temperature of the grain
in our experiment is similar to that expected near the Venus
orbit.

An exponential dependence of the diffusion coefficient on
the temperature means that this coefficient can differ by several
orders of magnitude in different places of the space. The gas
accumulated during a long time in the cold interstellar medium
can then be quickly released near the Sun and change the mass
composition of the pick-up ions.

The change of the diffusion coefficient with temperature
influences strongly the amount of the gas that can be dis-
solved. Fig. 8 shows a computed maximum of the dissolved
mass as a function of the N/D ratio for the sputtering yield,
Y = 1. The dashed line neglects the grain sputtering, and it
rises without limitations, whereas the full line exhibits a clear
saturation that results from the fact that the grain is sputtered
off earlier than the diffusion established an equilibrium density
profile of the dissolved gas. However, we should point out
that the results for large portions of the dissolved gas should
be taken with care because our computation does not include
structural changes of the grain that occur due to implantation
of ions.

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 38, NO. 4, APRIL 2010

VI. CONCLUSION

We have presented the measurements of the diffusion of Ar
atoms that were implanted into the amorphous carbon grain.
This measurement was compared with theoretically obtained
solutions of the diffusion equation. Our calculations show that
the number of atoms that can be dissolved in a particular grain
is directly proportional to its mass and inversely proportional
to the diffusion coefficient of a given ion in the grain material.
The time needed to reach this saturation level increases with the
grain dimensions and decreases with the diffusion coefficient.
Under our laboratory conditions, the maximum amount of
the dissolved gas is as high as 2.2% of the grain mass, and
this equilibrium density would be reached in ~ 1000 h if the
grain sputtering is neglected. On the other hand, the sputtering
would completely destroy the grain in a comparable time. Since
the diffusion coefficient strongly increases with temperature
whereas the sputtering rate does not, the grain radiation budget
should be taken into account in all considerations.
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ABSTRACT

The secondary electron emission is believed to play an important role for the dust charging at and close to the lunar
surface. However, our knowledge of emission properties of the dust results from model calculations and rather
rare laboratory investigations. The present paper reports laboratory measurements of the surface potential on Lunar
Highlands Type regolith simulants with sizes between 0.3 and 3 wm in an electron beam with energy below 700 eV.
This investigation is focused on a low-energy part, i.e., <100 eV. We found that the equilibrium surface potential of
this simulant does not depend on the grain size in our ranges of grain dimensions and the beam energies, however, it
is a function of the primary electron beam energy. The measurements are confirmed by the results of the simulation
model of the secondary emission from the spherical samples. Finally, we compare our results with those obtained
in laboratory experiments as well as those inferred from in situ observations.

Key words: dust, extinction — planetary systems

1. INTRODUCTION

Photoelectron emission, sticking and recombination of
plasma particles, secondary electron emission (SEE), thermionic
and field ion and electron emissions electrically charge dust
grains in space. Their charge depends on the UV flux, the size,
shape, and structure of the grains, their velocity relative to the
plasma, and the plasma temperature. Since photoelectron, sec-
ondary electron, and thermionic emissions vary with the mate-
rial, the dust surface charge is also influenced by the dust com-
position. As a result of the dominating photoelectron emission
caused by the solar radiation, dust grains in the interplanetary
medium are usually positively charged and their charges cor-
respond to surface potentials relative to infinity between 5 and
10 V (Mukai 1981; Whipple 1981). Differences among dust
grains of various compositions occur for higher plasma temper-
atures where SEE becomes important (Kimura & Mann 1998).
Moreover, the dust surface potential depends on the charging
history of grains (Whipple 1981; Meyer-Vernet 1982; Velyhan
et al. 2004).

In the space, grain charging by SEE due to the impact of
energetic electrons is significant in environments where these
high-energy electrons are present. In dense plasma regions
where the electron flux is significant, the sign and value of
the dust grain surface potential are determined by the energy
of the impinging electrons. Electron attachment dominates in
the eV range but, at electron energies above about 10 eV,
SEE becomes important and causes a reduction of the negative
potential. When the total SEE yield reaches the value larger than
unity, the surface potential changes its sign from negative to
positive values (Meyer-Vernet 1982; Horanyi & Goertz 1990).
This effect has been demonstrated in laboratory experiments
(Walch et al. 1998; Pavla et al. 2009).

Richterova et al. (2007) have studied the profiles of equi-
librium surface potentials at glass grains as a function of the
beam energy over a wide range of diameters. The low-energy
parts (below several hundreds of eV) of the profiles are identical
because neither 1 (the backscattered yield defined as the mean
number of backscattered electrons per one primary electron) nor
8 (the secondary electron yield) depend on the grain diameter
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in this energy range. The shape of these parts of the curves is
determined by the energetic dependence of the secondary emis-
sion yield and energy spectrum of secondary electrons. This
approach was applied, for instance, to the charging of water ice
grains in the Saturn magnetosphere, where Jurac et al. (1995)
show that the surface potentials are not sensitive to the grain
size as long as the grains are not much smaller than 0.1 um.

On the other hand, high-energy parts strongly depend on the
grain size. This effect is connected with an increasing number
of backscattered primary electrons. When 7 approaches unity,
the grain is charged positively by outgoing secondary electrons
because primary electrons do not compensate this charge and
the potential of the grain rises.

The lunar surface is composed of rocks and regolith, i.e.,
soil-like layer with the grain size from centimeters to submicron
scales (e.g., Stubbs et al. 2006). The surface is exposed to solar
ultraviolet (UV) and X-rays as well as solar and magnetospheric
plasma and energetic particles (Halekas et al. 2009b). All these
processes generate currents to the surface and can produce an
escaping flux of secondary electrons. Each of these charging
currents depends on the electrostatic potential of the surface
with respect to the surrounding plasma. Due to high variability
of these charging currents along the Moon orbit around the
Earth, lunar surface potentials can vary over orders of magnitude
(Halekas et al. 2005, 2007). On the sunlit hemisphere of
the Moon, photoelectron currents usually prevail, and the
surface charges to a small positive potential. On the night side,
currents of energetic electrons tend to dominate, and the surface
charges to a negative potential. However, SEE can complicate
expectations providing an additional positive current source, and
thus the nightside surface could even charge positive (Halekas
et al. 2008). Evaluation of the Lunar Prospector (Halekas
et al. 2009a) in situ measurements suggests that the secondary
emission yield of the lunar regolith is by a factor ~3 lower
than the measured for samples in the laboratory. By contrast,
Abbas et al. (2010) reported laboratory results of the charging
of dust grains with dimensions of 0.2—-13 um selected from the
Apollo 11 and 17 missions and exposed by the monoenergetic
electron beam in the 10-200 eV energy range. The authors
obtained much larger secondary emission yield than reported
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light trap I_,.

dust dropper

Faraday cup

Figure 1. Principles of the experimental setup. The AC voltage is applied
between blue and red rotationally symmetric hyperbolic electrodes; the thin
black lines stand for its equipotentials. The grain oscillations are projected
onto the position sensitive detector (PSD). Note that the frequency in the radial
direction is twice large than in the axial direction due to the geometry of our
trap.

from other laboratory investigations (e.g., Richterova et al.
2007).

The lunar regolith consists of dust grains of various sizes, and
the distant spacecraft cannot resolve individual potentials but
provides a mean value. As noted above, it is generally expected
and proved by secondary emission models that the grain
potential depends on the incident electron energy but not on the
dimensions of individual grains. Consequently, the measured
mean value would be about equal to the surface potentials
of individual grains on or above the lunar surface. However,
Abbeas et al. (2010) estimations provide the equilibrium surface
potential independent on the primary energy but rising with the
grain size.

Uncertainties in secondary emission yield estimations may
contribute to the poor accuracy of predictions from models, thus
new laboratory measurements of the secondary emission from
a lunar regolith under realistic charging conditions could solve
this issue. For this reason, we studied changes of the surface
potential of small grains (with sizes of 0.3-3 um) in a narrow
energy range (75 and 100 V) because it is a lower limit of
our apparatus (and our electron beam source). We used Lunar
Highlands Type (LHT) lunar stimulant, thus we can directly
compare our results with measurements of other authors or with
in situ observations.

2. EXPERIMENTAL SETUP

The heart of our measuring setup is schematically shown
in Figure 1. Since details of our experiment can be found in
Cermék (1994), Cermék et al. (1995), Zilavy et al. (1998), and
Pavlu et al. (2004b, 2009), we will describe only the principal
features for the present paper.

Our investigations are based on trapping a single dust grain
in an electrodynamic quadrupole and its influencing by tunable
monoenergetic ion and/or electron beams. The quadrupole is
supplied with the symmetrical AC voltage (the voltage ranges
usually from 400 to 900 V in a frequency range of 0.3-3 kHz),
thus the zero potential is in the middle of the trap where the grain
is levitating. Moreover, this configuration provides a straight line
through the trap along which the AC potential is zero (Figure 1).
Consequently, the energy of the beam firing along this line is
not altered.

NEMECEK ET AL.

From the quadrupole theory it follows that the vertical
electrodes should be supplied by the same voltage. However,
we are using two different amplifiers for them in order to apply
a symmetrical dumping voltage and symmetrical DC voltage
for the compensation of the gravity force. These voltages are
small (several volts) but they can deflect the electron beam.
Moreover, the AC electric field perpendicular to the beam
direction deflects this electron beam. For these reasons, both the
electron gun and quadrupole power supply are equipped with
a sampling electronics. The electron beam is switched on only
inside the time window when the quadrupole voltage is pulled
down to zero. According to the test, switching off the quadrupole
voltage up to 1/10 of the period does not measurably change the
frequency of grain oscillations (Zilavy et al. 1998; Pavld et al.
2009).

A trapped grain is irradiated by a 635 nm diode laser
modulated by 10 kHz. The light scattered by the grain passes a
small window in the ring electrode (electrically screened by a
grid) and is collected by a simple lens system. The magnified
grain image is projected onto the entrance of an image intensifier
and its output is optically coupled to a position sensitive detector.
Signals from this coordinate detector are amplified by narrow
band, and lock-in amplifiers prior to the coordinates of the light
spot are calculated. These coordinates are used to control the
grain motion by the damping system and to determine the grain
oscillation frequency (in the axial direction in our particular
case) by a counter or by Fourier analysis.

After several simplifications, theoretical considerations
(Cermdk 1994) lead to the following relation between the
grain oscillation frequency and its charge-to-mass ratio (spe-
cific charge, Q/m):

@:nzrz-fAC.f' :
O Vg 1+ (1.8f/fac)

where Ve = VAC/\fZ is the rms value of the AC voltage
on the quadrupole electrodes, Vac is its amplitude, fac is the
frequency of the applied AC voltage, f is the frequency of the
grain oscillation in the axial direction, and r( denotes the inner
radius of the quadrupole ring electrode (rp = 10 mm).

This relation is based on the assumption of an adiabatic mo-
tion of the grain in the quadrupole field. This is valid for a
sufficiently high ratio between frequencies of the applied AC
voltage and of grain oscillations. Further, the expression as-
sumes an ideal quadrupole field. Any deviation from the ideal
hyperbolic geometry results in a contribution of higher multi-
poles to the total field, the effective potential is non-harmonic
and the grain oscillation frequency becomes amplitude depen-
dent. Since the deviation from the quadrupole field increases
with the oscillation amplitude, the amplitude must not exceed
a certain value for a desired accuracy of the frequency deter-
mination. Therefore, a damping system keeps the oscillation
amplitude constant at the reasonable level.

The experiment can be run in a broad range of pressures
but special techniques were used to allow the operation under
ultrahigh vacuum conditions (10~° torr). This is essential
in order to reduce the interaction of the grain surface with
molecules of the residual atmosphere and to decrease the grain
charging by products of ionization of the residual gas. Assuming
the pressure of 107 torr, the mean free path of electrons is of
the order of 10° cm. Since the ratio of the beam and grain
cross-sections is similar, we can expect that the number of
ionization events and the number of beam electrons striking

(1
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Figure 2. Determination of the grain mass by the elementary charge method.
The grain mass calculated from frequency jumps is 6.44 x 1010 kg.

the grain surface are also similar. The direction of motion of the
ionization products is arbitrary and thus their contribution to the
grain charging is negligible.

The grain oscillation frequency is the only measurable quan-
tity, and we have developed several techniques to determine
the grain mass, charge, capacitance, and surface potential. The
detailed description of these techniques can be found in above-
mentioned papers, thus we only briefly comment on them here.

The specific charge (charge-to-mass ratio) is determined
from the grain oscillation frequency using Equation (1). The
charge and mass are separated by a method analogous to the
Millikan experiment (Zilavy et al. 1998). A procedure is as
follows: the grain is charged by a small (up to several hundreds)
number of electrons to be reliably trapped. Then, its charge is
changed by a few electrons and the variances of its oscillation
frequency together with the known elementary charge allow us
to determine the grain mass. We used a low-energy electron
beam with a minimum possible intensity, a duration of the
sampling pulse ~1 ms and with a repetition period of ~6
minutes. Figure 2 shows an example of such measurements.
There are three scales on the vertical axis—the measured
oscillation frequency of the grain, f in the axial direction, the
values of the Q/m ratio calculated according to Equation (1)
(two right-hand scales), and the grain charge in units of the
elementary charge (the left axis) that was obtained by the linear
regression of the data that assigned the steps to the number
of electrons (Zilavy et al. 1998; Pavld et al. 2009). Note that
the grain charge steps up and down because the yield of the
secondary emission is close to unity for the chosen beam energy,
thus impacts of individual electrons can result in both decreasing
or increasing of the grain charge due to statistical nature of the
emission process. The error of the mass determination depends
on many factors but it does not exceed ~1% under conditions
discussed in the present paper.

The grain charge is connected with its surface potential via
grain capacitance. To determine it, the grain is charged to a high
positive potential by the beam of Ar* ions. Then, the energy
of the beam is decreased and the beam Ar ions cannot impact
the grain but they are scattered in the grain electric field and
interact with the residual gas and quadrupole electrodes. These
interactions produce low-energy electrons that are attracted by
the positive grain, thus the grain is gradually discharged. After
some time (2 hr), the grain potential becomes numerically
equal to the beam energy and the current of beam electrons
starts to compensate discharging current. Since both currents are
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SEM HV: 15.00 kv WD: 9.679 mm
View field: 5.746 pm  Det: SE Detector 1um
SEM MAG: 38.99 kx Date(m/d/y): 05/19/10

MIRAN TESCAN

Digital Microscopy Imaging u
Figure 3. SEM photo of LHT analogs.

linear functions of the grain charge, the point where the beam
energy becomes equal to the grain potential can be easily found
in the plot of O /m versus time. This point allows us to determine
the proportionality constant between the grain specific charge,
Q/m and its surface potential, ¢, i.e., the specific capacitance,
C/m. The error of this method is larger than that for the
mass determination. We will provide error estimations for each
measurement of a particular grain, however, this error is lower
than 10% in general.

3. EXPERIMENTAL RESULTS

The measurements were carried out on LHT dust analogs.
The dust sample was produced by grinding from larger pieces,
thus the shapes of individual grains are irregular as it can be
seen from the scanning electron micrograph (SEM) photo in
Figure 3.

Each grain was investigated in several steps that guarantee
the same charging conditions and history for each of them.

1. The fresh dust grain was released from the dust dropper and
bombarded by the ~300 eV electron beam when falling
through the quadrupole center. This procedure results in a
positive charge that allows us the grain trapping.

2. The grain mass (and charge) was determined as described
in the previous section.

3. The grain was charged by the electron beam of a tunable en-
ergy, and the equilibrium charge-to-mass ratio was recorded
for each energy step.

4. The Ar* ion bombardment was used for determination of
the grain capacitance (see above).

5. Using the known mass and capacitance, the grain specific
charge was recalculated into the surface potential.

Figure 4 shows an example of the dependence of the grain
surface potential on the beam energy. The paper is focused on
lowest energies, but we are showing the measurements up to
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Figure 4. Dependence of the equilibrium surface potential on the energy of the
primary electron beam. The crosses show the experimental data, and the full
line presents the model prediction (Richterova et al. 2010).
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Figure 5. Modeled yields of the true, § and backscattered, n secondary electrons
for LHT spheres with 0.4 and 1 um diameters. The dotted lines represent the
same yields for a planar LHT sample.

700 eV. We are comparing experimental data with the results
of the secondary emission model (Richterova et al. 2010).
As it can be seen from the figure, the model describes the
surface potential rather well at energies above 200 eV and
slightly overestimated the potential at lower beam energies.
Nevertheless, the differences between measured and modeled
potentials stay within the range of measuring errors, thus the
model prediction can be used as a support for interpretation of
experimental data.

The electrons leaving the grain can be divided into two groups.
The first of them, so-called backscattered electrons, consists of
primary electrons that entered the grain, lost a part of their
energy in the interaction with the grain atoms, and left the grain
again. The ratio of numbers of these and all primary electrons
is named the backscattered yield,  and cannot exceed unity.
However, some electrons of the grain matter gain a sufficient
energy to leave the grain in the interactions. Such electrons are
called true secondary electrons and their yield, § can vary in a
broad range with the grain material, shape, and dimensions and
with the primary electron beam.

The yield of the secondary emission cannot be measured
directly but it can be considered as a scaling factor for the
secondary emission model. Figure 5 shows the yield of the true
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Figure 6. Dependencies of the equilibrium surface potential on grain sizes for
two energies of the primary electron beam: 75 eV (squares) and 100 eV (circles).
The open symbols stand for diameters determined from the grain capacitance,
the filled symbols show the diameters estimated from the grain mass. The full
lines show the results of the Richterova et al. (2010) model, and the dashed lines
represent the mean values.

(8) and backscattered (1) secondary electrons calculated for
two LHT spheres (0.4 and 1 um in diameter). For comparison,
the calculations for a planar sample from the same material
are shown as dotted lines in the figure. The corresponding
profiles for two spheres cannot be distinguished in the figure,
however, the differences between the planar sample and spheres
are significant. This effect is known and is caused by an angular
dependence of the secondary emission yield (Jurac et al. 1995;
Richterova et al. 2010).

The experimental procedure described above is time consum-
ing, thus we have a full set of measurements only for five grains
of sufficiently different masses. The shape of a particular grain
is unknown; we use the mass density given by the supplier—
Zybek company (2900 kg m~3)—and calculate the grain effec-
tive diameter, D,, in a spherical approximation. This diameter
can be compared with the value of D¢ that was obtained from
the grain capacitance; again in the spherical approximation. The
measured mass, m, the capacitance, C, the diameters computed
from these quantities, and their ratio, D,,/Dc, are given in
Table 1 for all investigated grains. As it can be seen from the
table, the D,,/ D ratio varies in a broad range. Since the capac-
itance of the sphere is lower than the capacitance of any other
object of the same volume (mass), the D,,/ D¢ ratio is close to
unity for spherical objects, whereas deviation from unity sug-
gests a more complicated shape.

The last two columns in Table 1 show the equilibrium
potentials of grains measured under bombardment with the
monoenergetic electron beam with the energy of 75 eV and
100 eV, respectively. Unfortunately, our present setup does not
allow reliable measurements at lower energies.

The potentials from the table are plotted in Figure 6 as a
function of the grain diameter. Since there are two different
estimations of the grain diameter in Table 1, each measured
point appears twice in Figure 6; at the positions corresponding
to D,, and D¢. The dashed lines stand for the mean values of
the measured potential for each energy. The full lines show the
results of the Richterovd et al. (2010) model. The model predicts
a constant grain potential in the range from 0.2 to 3.5 um of the
grain diameter and a small rise of this potential for smaller
grains. Taking into account the model prediction and the fact
that a constant value fits to all measured data if the measuring
error is considered, we can conclude that the surface potential
is a rising function of the beam energy but it does not depend
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Table 1
Details of Five Picked Grains
m (kg) C(F) Dy (um) Dc (pm) D /Dc ¢715 (V) $100 (V)
6.4+ 1.1)x 10710 (5.0 1.1) x 1077 (0.75 £ 0.12) (0.97 £0.18) (0.8+0.3) 4.2+04) (5.3+£04)
(2.69 £0.04) x 10714 (1.68 £ 0.08) x 10~1° (2.61 +£0.03) (3.01 £0.15) (0.87 £ 0.05) (3.7+£0.8) (5.2+£0.3)
(1.12 4+ 0.05) x 10~ (1.3+0.1) x 10716 (1.95 +£0.09) (2.37 £0.18) (0.82 £0.10) (3.7£0.3) (4.9£0.3)
(1.44 £0.08) x 10710 (3.5+0.3) x 1077 (0.46 £+ 0.03) (0.63 £+ 0.06) (0.73 £0.12) 43+04) (5.3+£04)
6.6+0.5) x 10717 2.940.4)x 1077 (0.35+£0.03) (0.53 £ 0.06) (0.66 +0.13) (4.4+0.6) (5.3+0.6)

Notes. m is a measured mass of the grain, C is a measured capacitance, D,, and D¢ are estimated effective diameters based on measured mass and
capacitance, respectively, ¢75 and ¢o are calculated equilibrium surface potentials of a particular grain under 75 eV and 100 eV electron bombardment,

respectively. The errors represent three standard deviations.

on the grain mass in the investigated energy range. The slight
decrease of the grain potential with the grain size for 75 V of the
beam energy is in the range of measuring errors. Moreover, we
can note that the equilibrium potential does not depend on the
grain shape because the shape parameter, D,, /D¢ varies over a
broad range (Table 1).

4. DISCUSSION OF RESULTS

Our measurements show that the equilibrium potential of
the grain illuminated by the low-energy (75-100 eV) parallel
electron beam does not depend on the grain dimensions and
shapes but that it is a rising function of the energy. This is
consistent with our previous investigations of the secondary
emission from dust grains of different materials (e.g., Richterova
et al. 2004, 2006; Pavla et al. 2008, 2009). These experimental
investigations revealed that the effects of shape would be notable
either for very small (tens of nanometers) grains or for grain
dimensions in the micrometer range with energies exceeding
~1 keV. The same conclusion follows from model calculations
(Jurac et al. 1995; Richterov4 et al. 2010).

Fitting of our measurements to the model leads to the
secondary emission yield § ~ 2 at 100 eV and § < 1 at 10 eV
of the primary beam energies. As it can be seen in Figures 4
and 6, the model overestimates the potentials at the low primary
energies. There can be two reasons for this overestimation: (1)
the distribution of true secondary electrons is non-Maxwellian
or (2) the real yield of secondary emission is lower than that
given by the model in this range of energies.

Our estimations lead to the maximum of the secondary
emission yield § ~ 3.2 (at about 350 eV) for a small dust
grain. This is consistent with previous laboratory experiments
but it is much larger than that follows from the Halekas et al.
(2009a) analysis of in situ observations. We believe that the
value of § for a planar surface would be more appropriate to the
interpretation of the data measured at larger distances from
the lunar surface because it reflects partly the effects of a surface
roughness. Nevertheless, this value is still larger than an integral
value suggested by Halekas et al. (2009a).

On the other hand, Abbas et al. (2010) reported experimental
investigations of the samples of the lunar dust and have shown
the potential rising with the grain diameter but (as it can be
deduced from the text) independent of the beam energy in similar
ranges of the beam energies and grain dimensions and that a
secondary emission yield varying from 3 to 5.4 at 10 eV of the
primary energy.

The differences between our and Abbas et al. (2010) mea-
surements are (1) we use the LHT lunar dust analog, whereas
Abbas et al. (2010) investigated the real lunar dust; and (2)
the measuring techniques are slightly different. Horanyi et al.
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(1998) compared the secondary emission from two lunar dust
stimulants (MLS-1 and JSC-1) and Apollo 17 soil sample in
the energy range from 20 to 90 eV and they did not find any
significant differences. Consequently, we do not expect that the
difference between our and Abbas et al. (2010) results can be
connected with different samples.

Let us discuss the energy balance of the secondary emission
process. The primary electron is accelerated in the electric field
of the charged grain and falls on the surface where it receives
an additional energy equal to the work function of the grain
material. The energy of the primary electron is then distributed
among the electrons of the grain. Those electrons that gained the
sufficient energy to overcome the surface barrier (represented
by the work function) and grain surface potential leave the
grain as secondary electrons. Figure 4 of Abbas et al. (2010)
provides the following data: primary electron energy 10 eV,
secondary emission yield 5.3, and surface potential 2.2 V. A
typical work function of insulators can be considered as 5 eV
(e.g., Sternovsky et al. 2001). The 10 eV electron is accelerated
to 12.2 eV and receives additional 5 eV of the energy at the
surface. The total energy is 17.2 eV. To leave the grain, a
secondary electron should gain about 7.2 eV (it is a sum of
the work function and the energy corresponding to the grain
potential). Neglecting all energy losses, the secondary emission
yield cannot exceed a value of 17.2/7.2 = 2.4. We can conclude
that the yield of 5.3 given in Abbas et al. (2010) contradicts to
energy conservation.

From this short discussion, it is clear that the results in
Figure 4(d) of Abbas et al. (2010) are based on a wrong
interpretation of measurements in their Figure 4(c) and that
some important factor(s) is(are) neglected. After a careful
examination of the conditions of our and Abbas et al. (2010)
experiments, we have identified three principal factors that can
influence the interpretation of experimental results: (1) the effect
of the quadrupole AC electric field on the energy distribution
of the primary electrons, (2) influence of the residual gas in the
quadrupole, and (3) the method of determining the mass/size
of the grains. Thus, following three subsections address these
points.

4.1. Quadrupole AC Electric Field and Energy
Distributions of Primary Electrons

The Abbas et al. (2010) experiment is based on the trapping
of a single dust grain inside the quadrupole-like trap that
consists of upper and lower spherical cups and a ring electrode.
Unfortunately, an important information on the design of the
trap, frequency, and amplitude of the AC voltage applied on
the ring electrode as well as the DC voltage used for charge
measurements cannot be found neither in the article nor in
given references (i.e., Spann et al. 2001; Abbas et al. 2002,
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Figure 7. Distribution of electrons launched with the energies of 10 eV (gray)
and 100 eV (black), respectively, on the 1 wm grain. The amplitude of the AC
voltage is 500 V and geometry of the used model is described in the text. The

simulation was performed using the SIMION ™ software package.

2004; Tankosic & Abbas 2008), thus the discussion is based on
the information found in the mentioned papers and on our best
estimates.

The electrons enter the trap along its vertical axis and they
are influenced by the electric field resulting from the quadrupole
AC voltage supplied to the ring electrode. We have used the
geometry described in Spann et al. (2001) and modeled
the trajectories of electrons within such trap. The amplitude
of the AC voltage is 500 V and the top and bottom electrodes
are grounded in our model. The electrons were launched from a
spot of 1 mm in diameter at the center of the top electrode and
the differential flux of electrons on a 1 um grain placed in the
trap center was recorded. Figure 7 shows the energy distribution
of electrons launched with energies 10 and 100 eV, respectively.
When the AC voltage is negative, primary electrons are decel-
erated and their energy decreases. Moreover, the negative ring
electrode serves as a focusing electrostatic lens and increases the
flux of electrons that fall onto the grain. On the other hand, the
defocusing effect of the positive voltage decreases the primary
flux and (at the same time) accelerates the electrons. It means
that the grain is bombarded by electrons over a broad spectrum
of energies.

The actual energies of impinging electrons depend on the
trap geometry and the AC voltage, thus Figure 7 serves only as
an example. Nevertheless, it is clear that considerations made
in Abbas et al. (2010) that are based on the knowledge of the
primary beam energy are not substantiated.

Moreover, if the numbers used in our model are realistic,
the resulting spectrum of electrons launched with the energy
of 10 eV will peak at ~125 eV, whereas a much higher flux
of 10 eV electrons will reach the grain when the electrons are
launched with the energy of 100 eV. It could explain why Abbas
et al. (2010) found a larger secondary emission yield for 10 eV
than for 100 eV of the primary energy.

4.2. Influence of the Residual Gas Pressure

Figure 4(c) of Abbas et al. (2010) shows that the positive
charge of the grain increases with time. The positive charging
can be caused either by electrons leaving the grain or by positive
ions falling onto it. Our Figure 7 demonstrates that even in
the case of 10 eV primary electrons, the portion of energetic
electrons is large enough to cause the SEE and thus it can
be a source of the charging current. On the other hand, the
energies of primary electrons are sufficient for ionization of the
residual gas inside the trap. Moreover, the primary electrons

NEMECEK ET AL.

are partly scattered in collisions with the molecules out of the
trap axis and accelerated in the AC field to energies even higher
than those shown in Figure 7. Since the mean free path of
electrons is of the order of 10 m under experimental conditions
of Abbas et al. (2010; pressure 1073 to 107° torr), the ratio
of the numbers of primary electrons falling on the grain and
electrons colliding with the molecules of the residual gas would
be ~1073. These collisions create electrons and positive or
negative ions that can in turn alter the grain charge. The exact
evaluation of the processes in the trap is impossible because
the ongoing processes are complex and the boundary conditions
are unknown. However, we would like to point out that the
influence of the residual gas on the grain charging (especially
to negative potentials) was investigated in Pavld et al. (2004a)
and it was shown (in their Figure 2) that the ion contribution
should be considered even for pressures of the order of 1078
torr under similar experimental conditions. We can suggest that
aforementioned changes of the grain charge are connected with
the contribution of the ion current rather than with variations of
the secondary emission yield.

4.3. Determination of the Grain Mass and Potential

The mass of investigated lunar dust grains varies in a broad
range but the methods of determination of the grain charge
is based on knowledge of the mass of the particular grain. Our
technique of the elementary charge (Figure 2) provides the grain
mass with an uncertainty of the order of 1%.

The authors of Abbas et al. (2010) used the “spring-point
method” (Davis 1985; Spann et al. 2001; Abbas et al. 2004;
Tankosic & Abbas 2008, and references therein) that is based
on a balance between the drag force and “heating” of the grain
by the AC electric field in the quadrupole. However, the drag
force strongly depends on the grain shape that is unknown. The
authors of Abbas et al. (2010) apply a spherical approximation.
They use the viscosity of the surrounding gas and experimental
corrections that are based on the measurements with the spheres
of known diameters. However, depending on the actual grain
shape and direction of its motion, the drag coefficient can differ
by an order of magnitude. Typical values of the drag coefficients
are 0.42 for a sphere, 0.8—1.4 for a cube (depending on spatial
orientation), and 2 for a plate perpendicular to the gas flow (e.g.,
Loth 2008). Neglecting the shape effect leads to overestimating
the grain dimensions. For example, twice larger drag coefficient
results in an overestimation of the effective diameter of the grain
by a factor of +/2. Since this diameter is used for an estimation
of the grain mass, it would differ by a factor of ~3 and the same
uncertainty would apply to the determination of the grain charge.

Taking into account the experimental conditions inside the
trap (pressure 10~ torr), the molecular regime would be more
appropriate for the drag force estimation because the mean
free path of molecules is much larger than the characteristic
dimensions of the grain. The exact calculations of the drag force
is difficult but it can be simply shown (e.g., Dahneke 1973) that
the drag exerting on a sphere and on a cylinder of the same
volume (and mass) and twice larger diameter differ by a factor
exceeding two and the consequences for the determination of
the grain mass would be the same as in the case of viscous
interaction discussed above.

5. CONCLUSION

We report the results of the measurements of the secondary
emission yield and surface potential carried out on dust samples
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from LHT lunar regolith simulants with sizes between 0.3
and 3 um. We focused on an electron beam with energy
below 700 eV. The interpretation of experimental results is
supported by the computer model of the secondary emission
from spherical samples that reflects the LHT mass composition.
The conclusions listed below are different from those that
Abbas et al. (2010) derived from their laboratory experiment
and we point out some of physical inconsistencies in their data
interpretation.
We can briefly summarize our investigations as follows.

1. The secondary emission yield rises with the primary beam
energy up to a maximum of &3 at 350 eV (Figure 5).

2. The surface potential follows the increase of the secondary
emission yield with the primary energy (Figure 4).

3. The surface potential does not depend on the dust grain
mass, shape, and dimensions for the grains larger than
0.3 um (effective diameter) and electron energies lower
than ~200 eV (Figure 6).

Finally, we would like to note that in our experiment, determined
secondary emission yield is larger than that inferred from Lunar
Prospector measurements above the lunar surface (Halekas
et al. 2009a). The authors attributed the low value of the yield
to the surface roughness and we are preparing investigations
of this effect in the laboratory experiment as well as in
simulations.
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Abstract—The interaction of plasma particles with dust grains
leads to their charging. An equilibrium grain potential depends on
a plasma environment, as well as on the grain composition, size,
shape, and charging history. We present results of calculations
of the equilibrium potential of the grain immersed in the plasma
simulating a lunar environment. In calculations, we apply a mod-
ified model of the secondary electron emission from dust grains,
which takes into account grain sizes, their material, and surface
roughness. Since this model describes the increase in the secondary
emission yield caused by a finite dimension of the dust grain, the
calculations provide a realistic estimation of the dust grain charge
in the near-Earth environment. We show that the grain surface
potential is a descending function of the grain size and this effect
can even lead to opposite polarities of small and large grains.

Index Terms—Dust charging, lunar

charging.

interplanetary dust,

I. INTRODUCTION

HE LUNAR surface is covered with a layer of dust
grains from centimeters to submicrometer scales (e.g., [1])
formed by meteoroid impact over years. This layer is exposed to
solar ultraviolet (UV) and X-rays as well as solar and magneto-
spheric plasma and energetic particles. These processes affect
charging currents to the surface and can produce an escaping
flux of secondary electrons. The charging currents depend on
the electrostatic potential of the surface layer with respect to the
surrounding plasma [2]. Evidence strongly suggests that elec-
trostatic potential of such dust grains plays an important role in
physical and dynamic processes in the lunar environment.
However, during its orbit around the Earth, dust grains at
or above the moon surface are exposed to highly variable
charging currents; thus, surface potentials can vary over orders
of magnitude [3], [4]. The terrestrial magnetosphere contains
very rarefied plasma in the tail lobes, with denser and more
energetic electrons and ions in the plasma sheet. Energetic par-
ticles (with the energy of tens of kiloelectronvolts) of different
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origins are trapped in radiation belts. Moreover, their content
can be significantly enhanced during geomagnetic substorms
and storms, and they can penetrate into the magnetotail [5].

On the other hand, the solar wind consists of relatively
cool streaming plasma, whereas the lunar wake (which forms
downstream of the moon in the solar wind) contains high-
energy, but significantly rarefied, plasma. Moreover, through
solar energetic particle events, enhanced fluxes of very ener-
getic particles can impact the dayside moon surface.

On the sunlit side of the moon, a dominating photoelectron
current charges the surface to a small positive potential. On the
nightside, currents of plasma electrons tend to dominate, and
thus, the surface is charged to a negative potential. However,
secondary electron emission can play a role in this process
providing an additional positive current; thus, the nightside
surface could be even positively charged [6]—[8]. Uncertainties
in secondary emission yields may contribute to poor predictions
of the resulting surface potential; thus, laboratory measure-
ments of the secondary emission from a lunar regolith with
realistic charging conditions could help to understand charging
processes.

The lunar dust is exposed to the solar wind and UV radiation
on the dayside of the moon during the most time from a 29.6-
day orbit, but the moon spends also around four days in the
Earth’s magnetosphere. The typical plasma sheet exposure in
each tail crossing may vary from 10 to 40 h [9]. The average
density of the solar wind (n ~ 5 cm™3) is approximately ten
times higher than that of the plasma sheet, but the plasma
temperature can reach up to 2 keV for the plasma sheet instead
of 10 eV for the solar wind [10]).

For these reasons, an interaction of dust grains with the
ions and electrons has been widely studied (e.g., [11]-[17]).
Laboratory experiments with small (submicrometer) dust grains
have shown that the yield of the secondary electron emission
differs from that of large planar samples and strongly depends
on the grain size and thus can lead to different equilibrium
potentials. Horanyi [14] discussed how a single isolated dust
grain collects its electrostatic charge due to relevant charging
currents, i.e., electron and ion bombardments, and the produc-
tion of secondary electrons and photoelectrons. His estimation
of the secondary emission yield was approximated by the
Sternglass model [18] (hereafter denoted as the S model) and
a Maxwellian energy distribution of the emitted electrons. Our
paper follows this approach, but the S model is replaced with a
more realistic model of Richterova et al. [19] (hereafter referred
as the R model) that includes an influence of finite dust grain
dimensions.

0093-3813/$31.00 © 2012 IEEE
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II. DUST GRAIN CHARGING IN PLASMAS

The total current to a dust grain immersed in a plasma is
described by the current balance equation, i.e., a sum of all
charging/discharging currents

dq

7:J:J3+Ji+t]pho+(]seC'

dt @)

In typical space environments, electron .J, and ion J; currents,
the secondary electron current caused by an impact of energetic
electrons Jgec, and the photoemission current .Jp,,,, dominate,
and the other processes such as thermoemission, triboelectric
charging, and secondary electron emission caused by ion im-
pacts can be neglected. The currents depend on parameters of
plasma (density, energy distribution, velocity, and temperature)
and dust grain properties (composition, size, shape, and surface
roughness). A very important parameter is the surface potential
of a dust grain. A positive charge of the grain enhances the
electron flux and lowers the ion flux. The numbers of secondary
electrons and photoelectrons are also reduced for positively
charged grains. The grain immersed to a plasma reaches an
equilibrium surface potential where a sum of all currents to
the grain is equal to zero. For simplification, we assume the
plasma with the Maxwellian energy distribution parametrized
with temperature 7" and electron and ion densities n, and n;,
respectively.

We handle with spherical glass grains of a radius a for this
particular study. The reasons are following: 1) there are enough
data on the secondary emission obtained from laboratory exper-
iments; 2) well-defined geometry; and 3) the glass composition
resembles the composition of a typical space dust.

In the case of the Maxwellian plasma and particles smaller
than the Debye length, the electron flux J. can be estimated
according to [11] as

exp(eU/kT,),

U<0
Je = Joe X { (1 +eU/KT,),

U>0 (2)
where U is the surface potential of the grain, e is the
elementary charge, k£ is Boltzmann’s constant, and Jy, =
dmane(kT, /2mme) /2.

The ion flux can be generally calculated by the same way as
the electron flux as

eXp(_eU/kT'iL

U>0
Ji = Joi X { (1— eU/KT)),

U <0. )
When dust—plasma relative velocity w can be comparable or
even larger than the ion thermal speed, it is necessary to
use equations with a drifting Maxwellian distribution for ion
current calculations [14], [20]. Thus, for negatively charged
grains, the ion flux is

JOi 2 1 elU \/77' 2
5 [(M t3 kTi) erf(M) + exp(—M~)

Ji = -

“

where M = w/(2kT;/m;)"/? is the relative Mach number (the
ratio of the dust—plasma relative velocity over the ion thermal
speed), and erf stands for error function.

For positively charged grains, the ion flux is given by

Joi 2 1 eU ﬁ
Y- vr
4 ( 3 kTi)M

: [erf(M+ VeUJKT;) + exf(M — eU/kTi)}

eU
+< kTiMJrl)exp (M

2
eU elU
— ( kTiM1> exp <]V[+ VT

Ji

®)

Dust grains exposed to the solar light are charged by a
UV part of the spectrum. We assume the Maxwellian energy
distribution of photoelectrons with the average energy of kT,
(=1-3 eV). The photoelectron flux from the grain can be
written as

1 U<0
- 10,2 207
Jono = 2.5 x 10 ma”er/d {exp(—eU/’prho)a v=z0
(6)

where d is the distance from the Sun measured in astronomical
unit (AU), and k is the efficiency factor close to unity for
conductive and to 0.1 for dielectric materials [2].

The yield of the secondary electron emission (the ratio of
secondary electrons to primary electrons) depends on the grain
material and the energy of primary electrons. The S model
approximates the yield of secondary emission by the formula

(E) = €6m(E/En) exp | —2(E/En)'/? (M
where € is the Euler number, and dy; is the maximum of the
secondary electron yield at energy F\;. For a glass sample,
om = 3.4 and F; = 350 eV. This formula describes the yield
of true secondary electrons from semi-infinite planes and ne-
glects the yield of backscattered primary electrons.

However, we apply the R model because it provides both
components of the secondary emission yield o: a true secondary
electron emission yield § and a backscattered primary electron
yield 7). These coefficients obtained by the R model are depicted
in Fig. 1 for several diameters of spherical grains and compared
with the S model that does not consider the grain size. We can
see that the yield of the secondary electron emission o [see
Fig. 1(c)] is significantly higher in the R model than in the S
model for primary electron energies above ~1 keV and for all
grain diameters due to an increased portion of backscattered
electrons [see Fig. 1(b)]. Note that the energy corresponding to
the secondary maximum (that is most prominent at the o profile
for a 100-nm grain) increases with the grain diameter. This
maximum appears at the energy for which the penetration depth
of primary electrons becomes equal to the beam energy. Under
this condition, the yield of backscattered electrons increases
toward unity, and the emission of true secondary electrons
becomes more intensive.
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Fig. 1. (a) True secondary electron emission yield. (b) Backscattered electron
yield. (c) Total yield of secondary emission. All panels for several radii of glass
grains with respect to the primary electron energy.

III. ESTIMATION OF THE GRAIN EQUILIBRIUM POTENTIAL
UNDER PLASMA SHEET CONDITIONS

Charging currents of the spherical glass grain (r =1 pum)
immersed in the plasma under conditions such as those in
the plasma sheet (n; = n, = 0.1cm™3, T, =T} = 1 keV,w =
200 km/s) calculated using (2)—(6) are shown in Fig. 2(a). The
secondary emission current is calculated in two ways: Jeeq(s)
uses the S formula, whereas Jyec(r) uses the R model. Fig. 2(b)
shows the sum of the currents in a particular environment (sub-
script UV stands for daylight conditions, no subscript means a
shadow) calculated with the S approximation of the secondary
emission (subscript S) or with the R model (subscript R). The

165

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 41, NO. 4, APRIL 2013

80
—J
Ji
60+ Joho
T(IJ -t Jsec(S)
'v 40 “ 7 JseeR)
3
204
0 iy X e
-20 -15 -10 -5 0 5 10 15 20
u/v
(@)
100+

Jies™!

(b)

Fig. 2. (a) Charging currents for the spherical glass grain (r = 1 pm) and
plasma sheet conditions with respect to the grain surface potential. Je is
the electron current, J; is the ion current, Jyoc(s) is the secondary electron
current calculated according to [18], Jgec(r) is the secondary electron current
according to [19], and J,},, is the photocurrent. (b) Total charging currents for
the same spherical glass grain and the same plasma environment with respect
to the grain surface potential. Jig) = Je + Ji + Joec(s), Jwr) = Je +Ji +
Jsec®r)> Juv(s) = Je + Ji + Jpho + Jsec(s), and Juyw) = Je + Ji +
Jpho + Jsec(R)‘

equilibrium grain potential is set if the sum of all currents is
zero, and one can note that the application of the R model
leads to an increase in the grain potential because the secondary
electron current that charges the grain positively is larger.

The equilibrium surface potentials U for spherical glass
grains and plasma sheet conditions and with and without UV
radiation as a function of the plasma temperature are depicted in
Fig. 3. Fig. 3(a) shows that, if the photoemission is in operation,
all grains are positively charged and the grain potential is a
descending function of the grain diameter for temperatures
above 1 keV; the differences are not too large for typical plasma
sheet temperatures of about 2 keV because the photocurrent
is a dominating component of the total current. On the other
hand, the secondary emission current dominates in absence of
UV radiation, and thus, the difference between the S (thick
line) and R (thin lines) models becomes significant. The thick
line crosses the zero level of the grain potential at ~1.5 keV.
It means that all dust grains regardless of their dimensions
would be negatively charged for all temperatures exceeding this
threshold if the S model is used. However, an application of
the R model leads to enhancement of the secondary emission
current that increases the dust grain potential. Consequently,
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Fig. 3. Equilibrium potential of spherical glass grains in plasma sheet con-
ditions (a) with and (b) without the solar radiation with respect to the plasma
temperature. The dotted line stands for a comparison with [18].

small grains (below ~ 2 um of diameter) would be positively
charged regardless of the temperature. An interesting effect can
be expected for temperatures above ~3 keV because the large
grains would be negatively charged, whereas the smaller grains
positively. Negative potentials of the grains can be rather large,
but their determination requires a corresponding modification
of the equation for the ion current and addition of other effects
such as field emission, and it is out of scope of this short paper.

IV. DISCUSSION

We calculated charging currents and equilibrium surface
potentials for spherical glass grains under plasma sheet condi-
tions using the model of the secondary electron emission from
dust grains (R model) or the model of the secondary electron
emission from planar samples (S model). We should note that
the latter approach generally repeats the calculations made by
[14]. Since the secondary emission yield does not depend on
the dust grain size in the S model, the same does the dust grain
potential. Our results show that a more realistic description
of the secondary emission process in the R model leads to
dependence of the grain potential on its size that is observable
in the high-temperature environments.

The presented calculations use a Maxwellian distribution of
plasma electrons, but it is well known that space plasmas often

exhibit an enlarged portion of energetic electrons. We have
simulated this distribution by addition of up to 10% of electrons
with ten times higher temperature, but the results shown in
Fig. 3 did not substantially change.

Our calculations reveal that the equilibrium potential of the
dust grain is a function of the grain size and that this effect
can even lead to different polarities of the potential of small
and large dust grains and to their spatial separation. Such
separation can occur only in the shadow at 1 AU because the
photocurrent charges the grains positively regardless of their
size. On the other hand, the solar UV radiation decreases with
increasing distance from the Sun much faster than the densities
in magnetospheres of outer planets (e.g., [21]), and thus, the
effects similar to those shown in Fig. 3(b) would be applicable
on such an environment, even under sunlight.

The calculations were done for glass spheres, but the results
for any typical space dust material (excluding ice) would be
similar. On the other hand, the recent paper [22] has shown that
the smallest dimension of a nonspherical dust grain determines
its secondary emission properties rather than its mass, and thus,
the results shown in Fig. 3 should be interpreted in this view.

V. CONCLUSION

This paper has presented the results of calculations of the
surface potential of dust grains in high-temperature plasmas
such as that in the Earth’s plasma sheet. The calculation re-
veals that the grain potential is a function of its size. Large
(> 100 pm) grains would be negatively charged by hot elec-
trons, whereas the positive potential of smaller grains is a
descending function of their size. The negative potentials can be
observed only in the shadow because the photocurrent caused
by the solar UV radiation is large enough to compensate effects
of the secondary emission. Nevertheless, the size dependence of
the secondary emission current would cause different positive
potentials of grains of different sizes even under sunlight. It
has been suggested that the secondary emission can lead to
multiple roots of the charging equations, but we did not find
such behavior under the conditions studied in this paper.
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Abstract in the recent years, growing interest in dust charging physics is connected with several lander
missions running on or planned to the Moon, Mars, and Mercury for a near future. In support of these
missions, laboratory simulations are a potential tool to optimize in situ exploration and measurements. In
the paper, we have investigated electrical properties of a Martian soil simulant prepared at the Johnson
Space Center under name JSC Mars-1 using the dust charging experiment when a single dust grain is
trapped in a vacuum chamber and its secondary electron emission is studied. The exposure of the grain
to the electron beam revealed that the grain surface potential is low and generally determined by a mean
atomic number of the grain material at a low-energy range (< 1 keV), whereas it can reach a limit of the
field ion emission being irradiated by more energetic electrons. A comparison of model and experimental
results reveals an influence of the grain shape and size predominantly in the range of higher (> 2 keV)
electron energies. We discuss possible implications of the secondary electron emission for the presence of
lightnings on Mars.

1. Introduction

Mars as well as the Moon, Mercury, and other solar system objects (e.g., asteroids and satellites) are covered
by a layer of granular material—dust which is called regolith. Being charged by winds and triboelectric-
ity, dust grains can levitate, interact with another grain, or with other surfaces (e.g., meteorites, surface

of landers, rovers, drills, and sampling devices). Massive dust clouds that may reach 60-80 km above the
Martian surface and surround the entire planet for long periods of time were reported by many authors
[e.g., Gierasch and Goody, 1973; Conrath, 1975; Clancy et al., 2010; Guzewich et al., 2013]. A less dense dusty
environment can thus extent to higher altitudes.

The triboelectric charging in the intense dust devils and dust storms are believed to generate large elec-
trostatic fields that significantly influence geophysical and geochemical processes at the surface or in the
atmosphere of the planet. This field can exceed 100 kV/m within the Earth [Freier, 1960; Stow, 1969; Crozier,
1964; Farrell et al., 2004] devils. There are no experimental data for Mars but simulations of Farrell et al.
[2006a] revealed that it can reach 20-40 kV/m. Since the electrical breakdown of the Mars atmosphere is
20 kV/m (in comparison to 3000 kV/m for Earth [Melnik and Parrot, 1998]), electrification of windblown sand
and dust could trigger electrical discharges. The electrostatic charge of particles can enhance saltation [Kok
and Renno, 2006, 2008] that can result in the formation of new geological features [Shinbrot et al., 2006].

Recent studies suggest that large electric fields produce energetic electrons and these electron avalanches
can activate chemical reactions such as the formation of hydrogen peroxide and the dissociation of
methane, and thus alter the composition of the Martian atmosphere [Atreya et al., 2006; Farrell et al., 2006b;
Kok and Renno, 2009; Jackson et al., 2010]. Moreover, the Martian atmosphere is tenuous (about 4.5-6 torr),
and it permits a creation of glow discharges [Hintze et al., 2006] that can lead to charging [Krauss et al., 2003]
as well as to degradation of possible organic materials [Snyder et al., 2008]. In robotic and human missions
to Mars, charged dust can adhere to equipment and temporarily disrupt its operation (e.g., by covering solar
panels) or cause a permanent damage [e.g., Agui and Nakagawa, 2005; Hyatt et al., 2007; Calle et al., 2011].

The dominant charging processes at the Mars surface are the triboelectric charging during wind-driven
saltation, liftoff processes involving interparticle collisions or separations, and photoionization by UV radi-
ation [Stow, 1969; Sickafoose et al., 2001; Gross et al., 2001; Gross, 2003; Krauss et al., 2003]. In the absence
of direct measurements, the researchers have used laboratory simulation experiments and numerical mod-
els that are crucial to optimize in situ exploration and measurements. Many studies have been directed

to the electrostatic charging of Martian regolith simulant. The effective work function of regolith was
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determined by contact, charging the simulant with various materials [Gross et al., 2001; Sternovsky et al.,
2002; Sharma et al., 2008]. Laboratory experiments examined the electrostatic discharges in the mixture

of the simulant with other materials [Krauss et al., 2006] that are developed during a flow through the
wind tunnel [Merrison et al., 2004]. On the other hand, effects of triboelectric charging due to fine grain

(< 150 pm) movement under simulated Martian conditions have been reported by Anderson et al. [2009].
Forward et al. [2009a, 2009b] presented the experiments on the charging of regolith simulant and confirmed
that smaller particles tend to charge negatively and larger particles charge positively. It provides a mecha-
nism for the charge separation that creates electric fields in Martian dust events (similarly as in a numerical
model of Kok and Renno [2009]).

From this very brief survey it follows that electrical charging of individual dust grains is an important pro-
cess because it affects the grain sticking to surfaces and to each other and influences the grain surface
chemistry by the flow of ions and electrons. Although the triboelectric effect and photoemission were
identified as dominant processes charging the dust of a Martian origin, secondary electron emission (SEE)
can play a role under specific circumstances [El-Taibany and Wadati, 2007]. The electrons accelerated dur-
ing dust storm events cause the secondary emission from dust grains, and their influence should be taken
into account for self-consistent description of the electric discharges. Moreover, there are another sources
of energetic electrons in the Martian environment. Fluxes of suprathermal electrons (of the order of hun-
dred eV) in the regions with a strong crustal magnetization were found at the altitudes of ~ 150 km
[Dubinin et al., 2008]. Lundin et al. [2006] registered an electron acceleration above Mars near the local
midnight and found that the electron energy flux is sufficient to cause even weak to moderately strong
auroras. Electron densities in the Martian ionosphere increase substantially during solar flares in response
to the increased solar irradiation [Lollo et al., 2012]. Thus, the electrons accelerated at the magnetospheric
boundaries or solar energetic particles [e.g., McKenna-Lawlor et al., 2005; Ulusen et al., 2012; Sheel et al.,
2012] penetrate to low altitudes along the magnetic cusps, and they can interact with the dust lifted to
these altitudes.

Since secondary emission properties of the Martian dust were not determined yet, we have performed the
present study. Several previous studies were oriented on dust grains from silicates (glass — Richterovd et al.
[2007], lunar dust simulant — Némecek et al. [2011], and others) that are main constituents of the Mars dust,
but there are several differences that can be of importance for the secondary emission (presence of heavy
elements, significant volatile content, and larger work function). A further motivation to this investigation is
that a regolith simulant JSC Mars-1 can be considered as a typical prototype of a class of the interplanetary
dust and the results and conclusions drawn from our laboratory experiments can be applied on such grains.
Many of above mentioned studies used JSC Mars-1 which reproduces most of the known properties (spec-
tral characteristics, mineralogy, chemical composition, grain size, density, porosity, and magnetic properties)
of the dust on Mars. It is composed of weathered volcanic ash grains < 1 mm in diameter which contain
about 43.5 % of SiO, [Allen et al., 1998a, 1998b].

In this study, we focus on the secondary electron emission from small (in the range of 1-10 pm) JSC Mars-1

grains, similarly as the fine atmospheric dust on Mars, which has a diameter of around 2-4 pm [Pollack et al.,
1995]. We compare experimental investigations with the results of numerical simulations that include both

spherical and nonspherical grains. Finally, we discuss a role of the secondary electron emission of grains of

different shapes in specific Martian conditions.

2. Experimental Setup

The experimental apparatus is based on trapping of a single dust grain in an electrodynamic quadrupole
and its influencing by monoenergetic ion and/or electron beams. The present experiment uses the elec-
tron beam tunable in the range of 60 eV-10 keV. The electrodynamic quadrupole and the dust reservoir
are placed inside an ultrahigh vacuum (107 Pa) chamber. A levitated grain is irradiated by a 635 nm diode
laser light modulated by 10 kHz to reduce a noise. The laser light scattered by the grain is collected by a sim-
ple lens system, and the magnified image of grain motion is projected onto the entrance fiber optics of an
image intensifier. The intensifier output is optically coupled to a position sensitive 2-D detector. Signals from
this 2-D detector are amplified by narrow band lock-in amplifiers prior to the coordinates of the light spot
are determined. These coordinates are used to control the motion of the particle by a damping system. The
current charge-to-mass ratio, Q/m is calculated from the measured particle secular frequency, f,, the value
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of the quadrupole supply voltage, V,., and its frequency, f,.. According to Cermdk [1994], the Q/m ratio is
given by

Q 2 fac : fz
= =7r - c(f,/f, 1
m T Iy Vac ( z/ ac) m
where r, stands for the inner radius of the middle quadrupole electrode and c is a correction function (close
to unity) which reflects the f, /f,  ratio and actual field geometry inside the trap. In order to ensure the
stability of the trapped particle, the information on the Q/m ratio is used to control the frequency of the
quadrupole voltage.

The grain oscillation frequency is the only measurable quantity, and we have developed several techniques
to determine the grain size, mass, charge, capacitance, and other parameters. The details of the experiment
as well as the description of these techniques could be found in Cermdk [1994], Zilavy et al. [1998], Pavld
et al. [2004, 2008], and Némecek et al. [2011].

3. Results and Discussion

We investigate the secondary electron emission from the JSC Mars-1 simulant. Since small grains used in
this study were made by grinding of large pieces, we have applied the EDX (Energy Dispersive X-ray) spec-
troscopy and check the elemental composition of several grains. We have found a similar composition as
Allen et al. [1998b] with negligible deviations among individual grains. Nevertheless, a direct comparison is
difficult because Allen et al. [1998b] provide the abundance of molecular components (SiO,, Al, 05, Fe,0;,
etc.), whereas only an elemental composition can be estimated by the EDX technique. Moreover, Allen et al.
[1998b] show the results for two samples with mass percent compositions differing by several wt %. The
most important parameter for the secondary electron emission is the mean atomic number (see section 3.3)
that is influenced dominantly by the abundance of heavy elements (Mn and Fe in this particular case). Allen
et al. [1998b] have found about 10-15 wt % and our analysis provided 11-13 wt %.

The description of our investigations is divided into several parts. First of them is devoted to a possible
change of the dust grain mass in the experiment, the second one describes the measurements of the grain
effective charge and the grain surface potentials are discussed in the third subsection. The last two parts
deal with model calculations that represent a principal support for an interpretation of experimental results.

3.1. Mass Changes of Grains

Allen et al. [1998Db] reported a notable portion of a volatile content in the Martian soil simulant. They found
up to 20% of the mass loss after heating to 600°C and attributed it to water and sulfur dioxide evaporation.
Since we would like to attribute the observed changes of the Q/m ratio to variations of the grain charge, a
change of the grain mass in the course of the experiment should be negligible. For this reason, we discuss
possible long-term changes of the grain mass through the experiment first.

A grain released from a reservoir was preliminary charged by the electron beam during its free fall, conse-
quently trapped in the quadrupole and the equilibrium values of Q/m were recorded. A determination of
the grain mass is based on the observation of stepwise changes of the Q/m ratio that can be ascribed to
grain charging in steps of integral numbers of the elementary charge (such technique is called the method
of elementary charge [Zilavy et al., 1998]. An accuracy of a mass determination is given by the noise of the
frequency signal from the coordinate detector. This frequency can be measured with the accuracy of ~ 1073,
and the same is held for a relative error of the mass determination.

In order to check the grain mass changes through our investigations, we kept the container with grains in
the vacuum system (with the pressure of ~ 107 Pa) at the room temperature for 10 days. After it, one grain
was trapped and heated by the red laser beam to the temperature & 70°C (see Berdnek et al. [2010] for
discussion of the grain temperature).

A mass of the grain was determined by the aforementioned method of the elementary charge, and the evo-
lution of the Q/m ratio was recorded for next 5 days. Figure 1 shows these data after recalculation into the
grain mass. We should note that the grain was charged by about 500 electrons in the course of these mea-
surements. The change of the charge by one elementary charge thus would appear as a stepwise jump (up
or down) of the grain mass by ~ 0.2% in Figure 1. Since the figure shows about exponential decay of the
grain mass in the course of the whole experiment and the total Q/m change is lower than this value, the
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observed decrease should be ascribed to
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crystalline water can be released [Seiferlin
Figure 1. Mass evolution of a grain over 5 days in the UHV vessel. et al., 2008].

3.2. Dust Charging by Electrons

As a next step, we present the measurements of the grain charging by the electron beam. A trapped grain
was bombarded by the electron beam of a particular energy. The values of Q/m were recorded for 10 min at
each level of the electron beam energy from the range of 60 eV to 10 keV. Ten minutes guarantee a sufficient
time for setting of the equilibrium charge. The electron beam current was stabilized, and the correspond-
ing current density was of the order 0.1 A/m?. The current density is low enough to influence the grain
temperature because it brings 1 order of magnitude lower power than the laser beam [Berdnek et al., 2010].

The charging procedure was repeated with new grains to receive a representative set of Q/m ratios for a
further processing. We should note that the secondary emission yield was larger than unity in the whole
energy range; thus, the grains were charged positively.

The results of charging of several dust grains are shown in Figure 2 where the Q/m ratios are plotted as a
function of the primary electron energy, E. Note that this energy is larger than the beam energy due to accel-
eration of the beam electrons in the electric field caused by the grain charge. The investigated grains differ
by their masses that are given in the figure caption. All charging characteristics exhibit generally the same
trend—an initial rise of the grain charge with the beam energy in the low-energy range (up to 0.3 keV), a
slightly decreasing plateau between 0.3 and 4 keV, and a new rise of the grain charge for higher (> 4 keV)
energies. Let us discuss the low-energy part because the charging characteristics of different grains are
nearly self-similar up to =~ 1 keV.

The equilibrium charge is given by a balance of incoming (beam) and outgoing (backscattered and sec-
ondary) electron currents. Both these currents are proportional to the beam current for a noncharged grain
but the number of outgoing electrons is further reduced by the grain potential, ¢.

Pavli et al. [2008] have shown that the
grains are charged to a surface potential

©  m=(0.26+0.01)10"°kg that is given exclusively by their material
X m=(1.4+02)10"%kg ‘ + properties in the low-energy range. Assum-
B} °© m=(15+0.1)10"kg Lo ing a spherical shape of grains, the Q/m
Q + m=(2.120.3)10"%kg <> o ratio would scale with the grain mass as
E 199 ¢ m=(7.8+0.1)10"kg ooo m~2/3 because Q/m s proportional to square
3 o . ° of the grain diameter, D and the grain mass
@ o o rises as D. Since the quantitative analysis
S g © o° & of the data in Figure 2 is roughly consistent
g’, o6 o M + : N X with this scaling law, we will apply a spher-
%s ; . Lt ° w ical approximation of the irregular shape of
c “ °o¥ % ;z ° ; X v individual grains (see Figure 3, smaller grains
g o1 oy . v v in the SEM photo) in the first step.
¥ . M T ? . — Although the secondary electron emission
0! 2 4 6 | 8 10 yield would decrease with the increasing
primary electron energy, E (keV) primary energy in the kiloelectronvolt range
Figure 2. The Q/m ratio as a function of the primary beam energy [Sternglass, 1957], one can note a rapid
for JSC Mars-1 grains of various masses. increase of the grain charge in Figure 2.
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However, the above statement about the scaling
law is not held for higher primary energies. For
example, the profile denoted in Figure 2 (plus sym-
bol) belongs to a heavier grain than that plotted
by cross, and its equilibrium Q/m ratio is lower

in the low-energy range. On the other hand, the
Q/m ratio for the heavier grain rapidly rises, and
for energies above 4 keV it is larger than that for
the lightweight grain. According to Richterovd et
al.[2007], this enhancement would be caused by
increased numbers of backscattered electrons, and
this rise would be more pronounced for smaller
(lightweight) grains. In the next sections, we will
try to show that this effect is probably connected
with an irregular shape of a particular grain. As

a working hypothesis, we suggest that if the

grain (or a part of it) is highly elongated, the pri-
mary electrons can penetrate through, and their
charges do not compensate the charge of leaving
secondary electrons.

SEMHV:3000kV  WD: 10.7480 mm . MIRAW TESCAN
View field: 1920 ym  Det: SE Detector 5 pm {
Date(m/dly): 012809 Ma Wduamovy-\-gmgn

Figure 3. SEM image of Mars soil simulant (JSC Mars-1)
grains used in the experiment.

The above mentioned decrease of the secondary electron emission yield in the kiloelectronvolt range can
be observed for large dust grains (above ~ 10 pm, [e.g., Vaverka et al., 2013) and such grains are charged
negatively. It means that a sign of the grain charge is size dependent, but this dependence is opposite than
that expected for triboelectric charging [Forward et al., 2009b].

3.3. Grain Surface Potential

The rise of the grain charge leads to an increase of the grain surface potential. The proportionality constant
between the charge and potential is the grain capacitance that can be determined by a special technique
[Pavld et al., 2004]. This procedure is complicated, and it was applied only to one of the samples because
we can expect, in accord with Pavli et al. [2004], that only material properties play a significant role in the
low-energy range (up to = 1 keV), and the surface potential of all grains would be the same.

The surface potentials determined by this way for three grains from Figure 2 are plotted in Figure 4 by the
same symbols as a function of the primary electron energy. As it could be expected, the potentials are
approximately equal up to & 2 keV of the primary energy. The study of Pavlu et al. [2008] suggests that a
best parameter that determines the maximum grain surface potential in the low-energy range of primary
electrons (the grain potential at the peak of the secondary emission yield) is a mean atomic number, Z of the
grain material. As it can be seen in Figure 5, JSC Mars-1 fits rather well to this dependence despite the fact
that it is composed from several compounds and its crystalline structure is unknown.

Although nearly identical at low energies, surface potentials of individual grains in Figure 4 strongly differ
in the high-energy range. In order to elucidate the reason for a rise of the grain surface potential with the
increasing energy of primary electrons, we added surface potential profiles of several glass grains calculated
by the Richterovd et al. [2010] model into Figure 4 for the comparison.

The model traces a primary electron path inside the grain and provides a description of the secondary emis-
sion process for spherical grains. It was successfully applied for an interpretation of the experimental data
measured in a broad energy range on spherical samples of different materials ranging from gold, glass to the
lunar simulant [Richterovd et al., 2006, 2007; Némecek et al., 2011]. Here, we are showing the model results
for SiO, spheres [Richterovd et al., 2007] because SiO, is a principal constituent of the investigated simulant.
A comparison shows that grains from the Martian simulant behave approximately as SiO, spheres of a
smaller (approximately by a factor of 0.5) size.

Another interesting difference between the model and experiment is that the model surface potential at
a given primary energy monotonically increases with decreasing grain diameter, D. Since the dimensions
of the grains trapped in the experiment are unknown, we have calculated an effective grain diameter, D 4
assuming its spherical shape and mass density equal to ~ 1910 kg/m? (according to Allen et al. [1998b]).

PAVLU ET AL.

©2014. American Geophysical Union. All Rights Reserved. 203

175



@AG U Journal of Geophysical Research: Planets

10.1002/2013JE004522

1000 59SC Mars-1

+ m=(21:0310"kg D, ~1.3um *
S © m=(1.5£01)10""kg D ~1.1um o
< X m=(1.4+02)10"kg D =~1.1um /
S 1004 S )/
§ SEE model for SiO, sphere + & p
2 ——D=04um o 7
oS - — D=06um + //*‘ o
g ----D=0.8um o_~
=1 10 4 -~ X - °
7] - X, -
£ .-
g .
[S) ST et
1
T T T T T T T T
0 2 4 6 8 10

primary electron energy, E (keV)

Figure 4. Surface potentials as a function of the primary electron
energy for the selected grains from Figure 2 together with the results
calculated according to the Richterovd et al. [2007] model for glass
spheres. The diameters of JSC Mars-1 grains are at the top part of
the figure.

culated potentials of cuboids from SiO,. The masses of cuboids

Even a very brief inspection of Figure 4
shows that a smaller grain (Figure 4, cross)
exhibits a lower surface potential than

a larger one (Figure 4, plus). This obser-
vation is not surprising, we have already
commented an analogous effect in the
description of Figure 2 and attributed it to a
nonspherical shape of the grain.

3.4. Influence of the Grain Shape
The model calculations in Richterovd et al.

[2010] are based on an assumption of the
spherical symmetry; thus, it does not allow
us to check directly the hypothesis of a non-
spherical shape of the grain. For this reason,
we have changed the coordinate system
used in the model and applied a new mod-
ification that includes a nonspherical shape
of grains (see Richterova et al. [2012] for a
detailed description). Figure 6 presents cal-

were chosen to approximately match the

masses of the grains in Figure 4. One can note that the model even quantitatively reproduces the measured
potentials if the ratio of cuboid edges is chosen properly. The resulting grain surface potential is determined
rather by the grain shape than by its mass as it immediately follows from a comparison in Figure 6 (two red
profiles). Both profiles belong to grains of the same mass, and they differ by the ratios of cuboid edges that
are given in the figure caption. The profile plotted in blue belongs to a heavier grain, but its surface potential
is much larger because this grain possesses a form of a thin flake.

To summarize this section, we can conclude that any deviation

of the dust grain shape from a sphere

increases its surface potential in the high-energy range of primary electrons. Since the spherical grain is

a popular approximation of grain shape in many models of the

dust grain charging, the effect of the sec-

ondary emission on the dust grain potential (charge) is underestimated in these models. Grains of arbitrary
forms can be produced by primary collisions of large bodies, and they can be present in the interplane-
tary space or on surfaces of bodies without the atmosphere like a Moon. On the other hand, the frequent

mutual collisions of the dust grains lifted from the Mars surface
toward spheres.
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Figure 5. The surface potential at the maximum of the secondary elec-
tron emission, ¢ax, for different kinds of grain materials as a function

of the (mean) atomic number, Z. MF stands for the melamine formalde-

hyde resin grains. All data except JSC Mars-1 are taken from Pavlii et al.
[2008].

occurring during storms would shape them

3.5. Significance of Secondary Elec-
tron Energy Spectrum

Figure 6 suggests that the surface
potential of an irregularly shaped grain
is determined mainly by its smallest
dimension. However, another equally
important parameter is the energy
spectrum of secondary electrons. This
spectrum is often divided into two
parts. A low-energy part is attributed

to so-called true secondary electrons,
whereas the high-energy tail represents
a contribution of backscattered pri-
mary electrons to the outgoing current.
Although a breakpoint of 50 eV is fre-
quently used to distinguish these two
populations, this division is not exact.
There is a (negligible) portion of primary
electrons slowed down below 50 eV prior
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to their escape from the grain, and several
grain electrons can reach this threshold due
to collision cascades [e.g., Sickafus, 1977;
Ding et al., 2001].

10°

10?
The energy spectrum of secondary elec-
trons is often described by the Maxwellian
distribution with a temperature T, that

grain surface potential, ¢ (V)

10’ depends on the target material, but Draine
and Salpeter [1979] argued that this approx-
imation underestimates the contribution of

10° backscattered electrons and suggested a

modified functional form. The free param-
eter of this function, Ty, has approximately
the same meaning as the temperature in
the Maxwellian distribution. A comparison
of the Maxwellian and Draine and Salpeter distributions is shown in Figure 7 together with experimental
points derived from measurements on a 1 pm SiO, sphere. These points were obtained from measurements
of the surface potential profile similar to that described in the previous section under assumptions of the
validity of the Richterova et al. [2012] model. One can note that neither Maxwell (Figure 7, red) nor Draine
and Salpeter (Figure 7, blue) distributions match the data in the full energy range. Our fits suggest that the
Maxwell distribution provides a very good description at low energies of secondary electrons, whereas the
Draine and Salpeter distribution seems to show a better approximation of the whole spectrum.

primary electron energy, E (keV)

Figure 6. Surface potentials of cuboids from SiO, calculated accord-
ing to Richterova et al. [2012]. See text for a detailed description.

Sickafus [1977] suggested a simple power law form of the energy spectrum of backscattered electrons
from metals:

A
f(e) = i (2)

where € denotes the energy of secondary electrons, u is the Sickafus index, and A is an arbitrary constant
scaling the spectrum. A and u are constants for a particular material at a given primary energy. Note that
Sickafus [1977] found u to be typically ~ 1; Greenwood et al. [1994] measured experimentally the parameters
A and p with an incident beam of 20 keV for 32 various elements and found that the values of u fell within
the extremes of 0.5 and 1.5.

However, the mentioned measurements used planar samples; thus, they cannot reflect a possible change
of the energy spectrum when the electrons are emitted from a highly curved surface like a grain. Moreover,
such measurements were never done for compounds or blends of different elements.

Our estimation shown in Figure 7 (grey
dashed line) reveals that this description
can be applied on the glass spheres. The
best fit to the experimental points above
E, =50eVieadstoA = 0.158 and y = 0.6.
We should note that although the Sicka-
fus form provides the best approximation
of the energetic tail of secondary electrons,
we have used the Draine and Salpeter dis-
tribution for calculations shown in Figure 7
because we intended to describe the grain
1 10 100 surface potential in a broad range from 7 to
secondary electron energy, E_[eV] 400 eV. The measurements in Figure 7 were
done on SiO, spheres but the result (effec-

EDF, F,

Figurfe 7. The electron distribution of seconfjary electrons. Points = tive temperature of the distribution, T,) was
experimental data; red curve = the Maxwellian fit to a low-energy X o

part; blue line = the best fit to all experimental data by the Draine applied on JSC Mars-1 in Figure 6 because
and Salpeter distribution; grey dashed line = the fit to experimental ~ there is no possibility to have JSC Mars-1
points with E;, > 50 eV by the power law form. grains of a defined shape. We believe that

PAVLU ET AL.

©2014. American Geophysical Union. All Rights Reserved. 205

177



@AG U Journal of Geophysical Research: Planets 10.1002/2013JE004522

the difference between secondary emissions from JSC and from pure SiO, would be small, since SiO, is a
principal component of the JSC Mars-1 samples.

3.6. Discussion

The present paper deals with a complex investigation of the secondary electron emission, but it is only
one of numerous processes charging the dust grains in real Martian conditions. Yair [2012] notes that while
triboelectric charging is considered the best candidate for electrification of dust on Mars, other processes
may be of potential importance. The secondary electron emission requires impacts of energetic (> 100 eV)
electrons that are not present in a relatively dense Martian atmosphere under quiet conditions. However,
severe dust storms [Cantor et al., 2001] or weaker but more frequent dust devils [e.g., Thomas and Gierasch,
1985] lift the dust from the surface. The collisions of the grains inside such events lead to their charging.
Laboratory experiments have shown that the average charge carried by a grain can be as large as ~ 10* ele-
mentary charges [Eden and Vonnegut, 1973; Sternovsky et al., 2002; Krauss et al., 2003]. The small grains tend
to be charged negatively, whereas the larger ones positively [Forward et al., 2009a, 2009b]. The competition
of the uplifting and gravity forces leads to a charge separation and creation of a large electric field inside the
dust cloud. Based on in situ observations in the Nevada desert, Farrell et al. [2004] concluded that the volt-
ages can be possibly in excess of 0.5 MV. Such voltages would lead to electrical discharges—lightnings that
are frequently observed on the Earth, and their presence on the Mars was inferred from observations of the
radio emissions during a storm [Ruf et al., 2009]. On the other hand, Gurnett et al. [2010] searched for impul-
sive radio signals caused by lightnings in the data of Mars-Advanced Radar for Subsurface and lonosphere
Sounding on board the Mars Express mission, and they reported negative results.

The lightning is accompanied with (or, probably, initiated by, according to Gurevich et al. [2004]) the beams
of runaway electrons with energies in the keV range. The initiation of the runaway avalanche needs a seed
population of energetic electrons that is expected to be generated by cosmic rays on the Earth. On Mars,
ionization caused by solar energetic particles (SEPs, Lillis et al. [2012]) and emitted secondary electrons can
serve as additional sources. These electrons are accelerated in the electric field created by the charge separa-
tion and, consequently, we can expect electrons with energies sufficient for the secondary electron emission
(> 100 eV) within the dust clouds.

Our investigations show that the secondary electron emission would charge small grains positively and
thus, it would compete with the triboelectric charging that tends to charge them negatively. This effect
would lead to the decrease of the grain charges and to the decrease of the electric field within the cloud.
The secondary electron emission produces low-energy electrons from the grain surface (Figure 7) that can
be captured by the positively charged large grains with the same effect on the electric field within the cloud.
A self-consistent description should take into account the ionization of the atmosphere caused by energetic
electrons. The resulting products (low-energy electrons and ions) again decrease the large-scale electric
field by decreasing and/or shielding of dust grain charges.

All these processes act inside dust clouds produced by volcanic eruptions on the Earth and the lightnings
are regularly observed within these clouds. It means that the production of runaway electrons is sufficient
for their ignition. However, the mean free path for collisions of energetic electrons with atoms that is nec-
essary for a development of runaway avalanches is two orders of magnitude larger in the rarefied Martian
atmosphere, thus the collisions of energetic electrons with dust grains (and, consequently, the secondary
electron emission) would play a much more important role.

Other charging currents (a collection of electrons and ions) can be treated in terms of the atmospheric con-
ductivity [e.g., Renno and Kok, 2008]. This approach leads to a limitation of the achievable electric field in
the Mars atmosphere. The model of Farrell et al. [2006a] suggests a decrease of this field from ~ 35 kV/m
to about 20 kV/m under the same conditions if the typical conductance is taken into account, but such
field is still large enough for the mechanisms discussed above. On the other hand, the pressure at the Mar-
tian atmosphere is close to the minimum of the Paschen’s law; thus, the presence of electrons emitted
from dust grains can represent a seed population needed for ignition of the glow discharges expected by
Hintze et al. [2006].

It is hard to draw a conclusion without a quantitative model, but it is possible that the above described pro-
cesses can stabilize the electric field within dust clouds to a value insufficient for the runaway breakdown
[Milikh and Roussel-Dupré, 2010]. It can explain the lack of radio signals from lightnings reported by Gurnett
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et al. [2010]. Nevertheless, such model should include a proper description of the secondary electron emis-
sion because a majority of the present models does not take into account the effects caused by finite
dimensions of the grains [see Vaverka et al., 2013, discussion].

The secondary electron emission can be an important (or even dominant) process not only within dust
clouds/devils but also in all places where the dust grains can encounter energetic electrons. Such regions
were found for example at the Martian nightside near strong crustal magnetic sources [Brain et al., 2006]
where the energetic electrons were observed down to 100 km of altitude during passages of strong space
weather events [Fox and Weber, 2012; Ulusen et al., 2012]. However, their density is low, and thus, the sec-
ondary electron emission contribution to the dust grain charging would be small in comparison with the
current of low-energy ionospheric electrons at such low altitudes. On the other hand, the high-energy elec-
tron population is a principal plasma component in the Martian tail [Mitchell et al., 2000] and the secondary
electron emission would be a leading charging process there.

4. Summary and Conclusion

We have performed a series of measurements of electron charging on JSC Mars-1 grains. The results can be
summarized as follows:

1. The determination of the volatile content has shown that a significant part of previously determined
volatile content is well bonded at low temperatures and can be released only by a moderate heating.

2. The charging of dust grains by electrons revealed a significant rise of the grain charge if the energy of
primary electrons exceeds ~ 4 keV. The density of energetic electrons is negligible near the Mars surface
during quiet times, but it would be significantly increased within the dust devils and/or storms.

. Recalculation of the grain charge into the surface potential and a comparison of the results with the
Monte Carlo model of the secondary emission from grains has shown the principal importance of the
grain shape for its potential and resulting equilibrium charge. This conclusion is significant because dust
grains in the space are spherical only exceptionally, and any deviation from the spherical shape leads to
increase of the grain surface potential. We would like to point out that these calculations are important
for an interpretation of our experimental results and for an estimation of the secondary electron emission
from dust grains in a general sense, but such effects would be probably weak at the Mars surface. The
Martian dust grains collide each with another during dust storms, and these collisions shape the irregular
grains.

4. Generally used Maxwellian approximation of the energy spectrum of secondary electrons cannot be
applied for the dust grains from SiO, or similar (e.g., JSC Mars-1) materials. The Draine and Salpeter
[Draine and Salpeter,1979] distribution provides a better approximation in a broad range of energies,
whereas the Sickafus distribution [Sickafus, 1977] with 4 ~ 0.5 is appropriate for the description of a
contribution of backscattered electrons (above 50 eV).

5. The models of electric circuits within the Martian dust clouds should include a description of the
secondary electron emission that should reflect the effects of finite dimensions of dust grains.

w
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ABSTRACT

Secondary emission is one of important processes leading to dust grain charging in many plasma environ-
ments. The secondary yield varies with the grain material, shape, and size. Several experiments con-
firmed that the yield of small grains differs from that of planar samples. Among other materials, ices
of different compositions can be frequently found in the interplanetary space and/or planetary magnet-
ospheres. However, the admixtures can significantly influence the inner structure of such materials and
thus may change their yield. We present numerical simulations that provide a realistic description of the
secondary emission process from water ice grains. The simulations reveal that the secondary emission
yield increases as the grain dimension decreases to tens of nanometers. The yield of backscattered pri-
mary electrons approaches unity and the grain can be charged to high positive potentials under these
conditions. We found that any reasonable admixture of NaCl does not alter secondary electron emission

properties significantly.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In the Solar System, vapor-deposited water ice in the amor-
phous or cubic phases is the principal constituent of the surface
of many satellites and rings (Schmitt et al., 1998). Water coexists
with other condensed gases and is mixed with mineral grains.
The ice surface is a subject to bombardment by energetic particles
and UV radiation from the Sun, planetary magnetospheric ions,
cosmic rays, and meteorites. These energetic impacts induce many
effects on the ice surface, like chemical reactions, electrostatic
charging, lattice damage, desorption, and evaporation, some of
which alter the surface properties (Johnson, 1998).

Many new results concerning composition and charging prop-
erties of dust grains in the Solar System and near the planets were
discovered by the Cassini mission. The Cosmic Dust Analyser (CDA)
provides information about speed, mass, direction, and chemical
composition of impacting dust grains (Srama et al., 2004). To deter-
mine the chemical composition of particles, a comprehensive sta-
tistical analysis of the data sets was performed and the results
imply that the vast majority (>95%) of the observed particles orig-
inate from the Jupiter active volcanic satellite lo. Sodium chloride
(NaCl) was identified as a significant particle constituent accompa-
nied by sulfur and potassium. Na,S0,4 and K,SO,4 are minor constit-
uents, each representing 5-10% of the observed NaCl mass
(Postberg et al., 2006).

CDA measured also the mass spectra in the Saturn’s E-ring (e.g.,
Postberg et al., 2008). An initial interpretation of the data shows
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that the population of this outermost tenuous E-ring is dominated
by tiny water ice particles, some of which contain organic or min-
eral impurities (e.g., silicates, carbon dioxide, ammonia, molecular
nitrogen, hydrocarbons and perhaps carbon monoxide—according
to Hillier et al. (2007)). The determination of grain size distribution
from CDA measurements is difficult, however, the data suggest a
significant portion of grains below 0.5 pum (Kempf et al., 2008).
Optical observations revealed that the water ice grains that are
predominantly 0.3-3 pm in size (Hansen et al., 2006) extend from
about three to at least eight Saturn radii, with a peak density at the
Enceladus orbit (Showalter et al., 1991).

Active volcanism on Enceladus emits plumes of water vapor and
water ice grains from fractures near its south pole (e.g., Hansen
et al., 2006; Spahn et al., 2006; Waite et al., 2006) and these parti-
cles are the dominant source of the Saturn’s E-ring (Schmidt et al.,
2008; Kempf et al., 2008). Recently, Postberg et al. (2009) reported
populations of E-ring grains that are rich in sodium salts (approx-
imately to 0.5-2% of mass). The authors suggested that the Na-rich
grains are directly frozen submicrometer droplets and they pre-
sented spectra of E-ring particles with different Na/H,O ratios.
Their results were confirmed by the experiment where mass spec-
tra of water aggregates generated from a laser-dispersed liquid
solution with different sodium salt concentrations were recorded
(Charvat and Abel, 2007).

However, having different salt concentration, ice dust grains
can accumulate different charges from the surrounding plasma
environment. The charging of 1 um spherical water ice grains in
the plasma environment in different parts of the saturnian E-ring
was analytically modeled by Jurac et al. (1995). The authors have
shown that the grain surface potential is predominantly deter-
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mined by the secondary emission and varies from —5V at 4Rs
(saturnian radii) to +5V at distances exceeding 8Rs. The authors
stress out the importance of the backscattered (reflected) primary
electrons that dominate the charging process especially at the out-
er parts of the E-ring.

The calculations of Jurac et al. (1995) are based on present
knowledge of the secondary electron emission but they cannot
properly describe the charging of small (tens/hundreds of nm)
grains as well as a possible influence of the salt admixture to the
grain charging. With motivation to contribute to these investiga-
tions, we have applied a corrected version (Richterova et al.,
2010) of the dust grain charging model (Richterova et al., 2006;
Richterova et al., 2007) and studied the changes of the secondary
emission yield of micron and sub-micron spherical grains from
water ice caused by gradually increasing salt admixtures. We pres-
ent results of calculation of the yields of true as well as backscat-
tered electrons from ice grains of sizes ranging from 50 nm to
10 um. A comparison of calculations for a planar ice surface with
the experimental data is shown and further used for a model
adjustment. The results reveal that the effect of the salt admixture
is small even for saturated solution.

2. The model of SEE from spherical grains

Secondary electron emission (SEE) plays a prominent role when
a portion of energetic (>10 eV) electrons is present in the medium
surrounding the grain. The SEE contributes to charging of the
spacecraft surface (e.g., Némecek et al., 1997) as well as to charging
of dust grains exposed to cosmic radiation (e.g., Weingartner and
Jordan, 2008). Many other examples of importance of SEE in space
processes can be found in Mann et al. (2004, 2007).

Theoretical assessments of SEE have been based on the elemen-
tary theories of Salow (1940a,b), Baroody (1950), and Bruining
(1954). One of the first complex studies (Sternglass, 1957) de-
scribes the SEE from planar metal surfaces in the range from hun-
dreds of electronvolts to a few kiloelectronvolts. Primary electrons
impacting the surface interact with the bulk material and lose their
energy in many types of collisions what often result in excitations
of material electrons and some of the excited electrons can leave
the surface. These electrons, the so-called true secondary electrons,
have typical energies of a few electronvolts.

For large planar samples, the energy dependence of the SEE
yield, §(E) (defined as the mean number of secondary electrons
per one primary electron) can be described by the Sternglass uni-
versal curve (Sternglass, 1957) where the maximum SEE yield,
dmax» and the corresponding primary electron energy, E.x, depend
only on the sample material at a given incident angle. During col-
lisions with solids, primary electrons change their direction and
may be back-scattered from the material, often without a signifi-
cant loss of their initial energy. The yield of backscattered elec-
trons, #, increases with the material density and atomic number.
It grows slowly with the beam energy above a few hundred of elec-
tronvolts for heavy species whereas a decrease of the yield with
the energy was observed for light materials like water (see for
example the lower curve in Fig. 1). Thus, the total SEE yield,
o=06+n, and ¢ vary in a similar way with the primary beam
energy.

In the case of small bodies, the process of SEE is very sensitive to
the surface curvature (Draine and Salpeter, 1979). The secondary
emission yield increases with an incident angle (Bruining, 1954)
because the main interaction region is nearer to the surface and
thus the highly curved surface of dust grains leads to a yield
enhancement (Draine and Salpeter, 1979; Jurac et al., 1995; Rich-
terova et al., 2007). Another important effect is related to the grain
size—when the size becomes comparable to the beam penetration

2.5 ‘ ‘ {
2.0 .
]
|
"
15— |}
S l.
& us
1.0 =y
e | 4
A (3
0.5 +
O
LA X XX2 NN [T b W
| L S A N B
0.0
0.1 1 10
E (keV)

Fig. 1. A comparison of modeled profile of the true secondary electron emission
yield, 5 (top curve) and backscattered yield, # (bottom curve) with experimental
data (diamonds - 1 according to Matskevich and Mikhailova (1960) for pure water
ice; squares - ¢ according to Matskevich and Mikhailova (1960); and circles - ¢
according to Suszcynsky et al. (1992)).

depth, more primary electrons can leave the grain. Decreasing fur-
ther the grain size, no beam electrons can be captured inside the
grain, thus they do not deposit their charge inside the grain. On
the other hand, they lose a part of their energy by excitation of sec-
ondary electrons. As a consequence, a surface potential of very
small grains can reach large positive values (e.g., Pavlu et al.,
2008; Beranek et al., 2011).

Secondary electrons charge the dust grain positively; negative
potentials can be reached only when the total SEE yield is lower
than unity. This is generally the case of low beam energies (tens
of electronvolts), and in the kiloelectronvolt range, for grain mate-
rials with a specific combination of true and backscattered SEE
yields.

During the past several years, an enhanced attention has been
directed toward numerical simulations of an electron interaction
with solids. This interest arises from the application of scanning
electron microscopy (SEM) to the analysis of conductors as well
as non- or poorly conducting materials such as polymers, ceramics,
biological material, and composites.

In widely used Monte Carlo simulations, two phenomena
should be modeled: elastic collisions and energy losses. Scattering
by inelastic collisions is usually neglected due to a small deflection
angle resulting from such events (Drouin et al., 1997) and they are
considered to be uniformly distributed along the paths of the elec-
trons. Thus, a continuous slowing-down equation based on the
Bethe stopping power expression (Bethe, 1933) usually simulates
the energy losses. However, in the low-energy range, this expres-
sion must be reevaluated since the number of inelastic events is
decreasing (e.g., Hovington et al., 1997b).

For elastic events, the Rutherford theory (Rutherford, 1911) has
been widely used due to its simplicity and its short computation
time (Joy and Luo, 1989). This model is accurate for a high-energy
interaction (>10 keV) but it is not valid for low energies. At the
low-energy range, the more accurate Mott theory (Mott and Mas-
sey, 1965) is preferable. Empirical forms of the Mott cross section
have been developed recently (e.g., Browning et al., 1995). The dif-
ferential Mott cross sections for each element of the periodic table
were computed by Czyzewski et al. (1990).

However, the majority of models were applied to the planar
metal or insulating targets but only a few papers dealt with spher-
ical samples. A complex analytical calculation (Jurac et al., 1995) of
the charge accumulated by spherical ice grains under saturnian E-
ring conditions involves both true and backscattered (called re-
flected therein) electrons and the influence of the grain curvature
but it is not able to reproduce size effects. The authors limited

186



L. Richterovd et al./lIcarus 212 (2011) 367-372 369

the validity of their calculations to 1 um of the grain diameter but
the saturnian environment contains significantly smaller grains.

Ziemann et al. (1995) and Chow et al. (1993, 1994) developed
different analytical models but none of them match the experi-
mental data when the size effect becomes notable. A simple
numerical model of secondary emission from small dust grains
developed by Richterova et al. (2004) has revealed also the impor-
tance of backscattered electrons to the determination of the equi-
librium surface potential, especially for high primary energies. The
main assumptions of the Richterova et al. (2004) model were that
primary electrons inside the grain travel a mean free path (energy
dependent), collide with an atom, loss a constant portion of its en-
ergy and change the direction of their motion according to cosine
law.

Since the model assumptions were very simplified, the authors
have revised it in order to include more complex principles of the
electron-solid interaction that will be specified bellow. The im-
proved model (Richterova et al., 2006) provides the charge accu-
mulated in the grain as a function of the primary beam energy
which is directly measurable as well as the energetic dependence
of the secondary and backscattered yields. The new model was
successfully verified by laboratory experiments with charging of
gold (Richterova et al., 2006) and glass (Richterova et al., 2007)
dust grains. However, further investigations revealed a small dis-
agreement of model predictions and experiments for light materi-
als like carbon, thus Richterova et al. (2010) suggested several
model corrections. Since the present paper deals with the water
ice and the corrections are substantial for this material, we briefly
review their approach that is applied to calculations presented in
the next section.

The model follows trajectories of primary electrons inside the
spherical grain of a given composition. A deflection angle is gener-
ated according to energy-dependent Mott differential cross-sec-
tions (Mott and Massey, 1965). Note that these cross-sections are
calculated in 2D and provide only the total deflection angle. Since
our model is 3D, we use this angle as a polar angle and generate the
azimuthal angle in a random way. In the case of compounds, we do
not compute a new weighted differential cross-section but a ran-
dom number is generated to decide which of particular species
cause the electron deflection at each collision.

Integrating radial cross-section over a whole space angle, we
can obtain the total cross-section, or(E), where or decreases
monotonously with the energy and can be well interpolated via cu-
bic splines.

A path length between two subsequent collisions, A(E), is gener-
ated according to or(E). The energy of primary electrons decreases
continuously along its path. Since a corresponding change of o1(E)
between two subsequent collisions can be often neglected, the
mean free forceless path, A(E) was used in Richterova et al.
(2006, 2007):

AE) = (Z njaT,-(E))q, (1)

where n; is a number density of deflecting atoms of jth elemental
species.

For a given uniform random number, &, from the interval (0,1)
we can write

As = —A(E) In(¢). (2)

When the ot increase along electron path is not omitted, electrons
travel a shorter path than that given by a mean free path, A(E) from
Eq. (1). In present calculations, the probability P that an electron of
the energy E does not undergo any collision decreases with the path
length, As exponentially:

P(E, As) = exp(—f(E, As)).
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The accumulation function, f(E,As) can be written as:

~S(E)+As

f(E,As) = / > njor(s)ds'. (4)

s(E)

Generation of the path segment between subsequent collisions re-
quires to solve an expression

f(E, As) = —In(¢). )

For calculations of the traveling path of primary electrons, we use
modified Bethe stoping power formula (Joy and Luo, 1989):

EN,QAEH(E) 1.166E
Jerr(E) -

ds N E

where E is an actual electron energy, s is the traveled path, g is a
mass density, and N is the nucleon number. The effective number
of atom electrons, Ac(E) and the effective mean ionization poten-
tial, Jog(E) are calculated using the Hovington et al. (1997a) ap-
proach and optical absorbtion data for water and ice (Palik, 1991;
Warren and Brandt, 2008).

Integration of Eq. (6) provides the energy of primary electrons
as a function of the path traveled inside the grain, E(s), that does
not depend on the actual trajectory of a particular electron. Using
inverse function, s(E), we can then determine the accumulation
function, f(E, As) and obtain As for a given ¢.

To test the model performance, we have calculated the yields §
and # as a function of the primary beam energy for a planar sample
from pure water ice and compared them with available experimen-
tal data. Fig. 1 shows a good agreement of modeled and measured
profiles. We should point out that the values of # follow directly
from the model calculation, whereas the ¢ values were scaled by
fitting of the computed profile to the experimental data because
the absorbtion length of excited electrons inside the grain, A, is a
free parameter of the model. The fit shown in Fig. 1 as a gray line
provides a value of A =4.5 nm that is a mean value for the whole
energy spectrum of true secondary electrons. Experimentally and
theoretically determined values for ice films (~2 monolayers for
~1 eV electrons and ~4 monolayers for ~3 eV electrons (Gilton
et al, 1989, experiment); ~2.3 monolayers for ~3.5eV, i.e,
~0.87 nm (Jo and White, 1991, experiment); ~1.3 monolayers for
1eV electrons and ~5 monolayers for 4.7 eV electrons, i.e.,
~0.49 nm and ~1.89 nm, respectively, (Barnett et al., 1990, theory)
show an increase of this length with the energy. Since our fit pro-
vides an average value for the whole spectrum of secondary elec-
trons (i.e., in the range of ~0-50 eV), we believe that our result is
in a good agreement with the aforementioned data.

(6)

3. Water ice grain with varying salt content

The modified model described above was applied on water ice
grains of different diameters and salinity. The presented model re-
sults are based on following assumptions:

o spherical ice grains (with ¢ =0.92 g cm™>) of a given diameter
are bombarded by the parallel electron beam;

e Na and Cl atoms are distributed uniformly inside the grain, the
grain mass density increases in accord with the portion of NaCl;

o free path of excited electrons is not altered by the salt
admixture;

e the energetic distribution of the true secondary electrons
according to Chung and Everhart (1974) with the ice work func-
tion of 4.2 eV is used;

o the results for water ice were calibrated to match measure-
ments on planar samples at 77 K (Matskevich and Mikhailova,
1960).
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Fig. 2. Modeled backscattered electron yields for water ice grains of different
diameters (a) and for a 300 nm ice grain with different salt admixtures (b).

We are analyzing effects of the grain size and the salt admix-
tures. For this reason, results are shown in three pairs of figures.
Each of them presents the size dependence as modeled for the
water ice grains in the (a) panels, whereas the influence of the NaCl
admixture is shown for a 300 nm grain in the (b) panels.

Fig. 2 shows the backscattered yield, #, as a function of the pri-
mary energy. The profile computed for a planar sample is given as a
reference in Fig. 2a. The increase of # for water ice grains with
dimensions equal to (or larger than) 10 pum is caused by the surface
curvature and is independent on the grain size because it is given
by the distribution of incidence angles of the parallel beam along
the spherical surface. A further decrease of the grain diameter
leads to a rapid increase of # towards unity. The energy at which
the increase becomes observable decreases, whereas the slope of
this rise enhances for small grains. As it can be seen from Fig. 2b,
the salt admixture exhibits a similar effect as the increase of the
grain diameter but the effect is nearly negligible. The results shown
for a 300 nm grain and 20% of the salt reveal that this admixture
causes an effect similar to increase of the grain diameter by ~2%.

Fig. 3a shows how the yield of true secondary electrons changes
with the decreasing grain diameter. Similarly to the # profiles in
Fig. 2a, the increase of ¢ from values calculated for a planar surface
to those for the 10 pum grain are connected with the curved surface
and this effect does not depend on the diameter.

For smaller grains, the maximum of § increases and its position
shifts toward higher energies. The “bump” on the profile computed
for 300 nm is caused by the fact that a great majority of primary
electrons is leaving the grain with a small energy, thus they excite
a large number of secondary electrons near the surface. Note that
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Fig. 3. Modeled true secondary emission yield for water ice grains of different
diameters (a) and a 300 nm ice grain with different salt admixtures (b).

this effect causes ¢ being larger for the 300 nm grain than for the
50 nm grain for energies above ~2 keV. On the other hand, the salt
admixture (Fig. 3b) increases the secondary electron yield by a
small factor that is a rising function of this admixture but that only
slightly depends on the primary beam energy.

Combining the above results together and adding the energetic
spectrum of true secondary electrons, we can compute the surface
potential that a grain acquires. These potentials reached by the
grain charging with a parallel beam of primary electrons are plot-
ted in Fig. 4 as a function of their energy for water ice and ice with
different salt admixtures. The energetic spectrum and the yield of
true secondary electrons influence the grain potential at a low-en-
ergy range, whereas the backscattered electrons are responsible for
the sharp rise of the potential when # approaches unity. We
stopped our computations at 25V but the limit is close to a half
of the beam energy (Reid et al., 2008). This result is very important
because the backscattered yield and the energetic spectrum of the
back-scattered electrons are modeled without any additional
assumption and the rise of the potential is realistic. We can note
that a similar rise of the grain potential was recorded by Beranek
et al. (2011) in experimental investigations of the JCS-1 Mars soil
simulant.

Fig. 4a shows that 10 pm grains can reach a potential of about
7.6V at 500 eV of the primary energy and that the potential de-
creases for higher energies being nearly zero at 5keV because
the charge of primary electrons deposited in the grain (about
25%, Fig. 2a) is compensated by the charge of outgoing true second-
ary electrons. A decrease of the grain diameter up to 300 nm does
not alter the potential profile at low (below 1 keV) energies; both ¢
and 7 do not change with the grain diameter in this energy range.
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Fig. 4. Computed surface potentials for water ice grains of different diameters (a)
and a for 300 nm ice grain with different salt admixtures (b).

High potentials observed for smaller grains and/or higher primary
energies are connected with the sharp rise of # (Fig. 2a) as dis-
cussed above. Fig. 2b and Fig. 3b show that the changes of § and
1 with the salt admixture are small, the same is true for the grain
potential as demonstrated in Fig. 4b.

4. Discussion

We have developed a simple model of SEE that well describes
and follows trajectories of primary electrons, and thus it gives a
reliable number of scattered electrons. The conversion of the
deposited energy to emitted true secondary electrons is treated
only statistically through the mean transferred energy and the
attenuation length of excited electrons (e.g., Lin and Joy, 2005).
We successfully applied this approach to modeling of charging of
another insulating compound—glass grains (Richterova et al.,
2007).

Other possibility is to follow particular products of each inelas-
tic collision (Schreiber and Fitting, 2002; Kieft and Bosch, 2008).
Corresponding scattering cross-sections can be derived using opti-
cal data for dispersion relations (including the acoustic deforma-
tion potential and longitudinal optical phonos properties for
insulators). However, a lack of input data and approximate rela-
tions would cause large errors in determination of electron cas-
cades for complex materials.

Taking into account these constrains, we believe that our ap-
proach provides more reliable results. Our calculations assume
that Na and Cl atoms are distributed uniformly inside the grain
for the purpose of the scattering of the primary beam, whereas
the emission of true secondary electrons is adjusted to data mea-
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sured on a pure water ice (Fig. 1). These two assumptions are
apparently contradictory. However, the theory of Onsager and
Samaras (1934) demonstrates that the dissolved ions are repulsed
from the water surface by electrostatic image forces. These results
were confirmed for light species by molecular dynamics calcula-
tions (Vrbka and Jungwirth, 2005). Their calculations reveal that
we can expect several atomic layers of pure water at the grain sur-
face in liquid phase and, because the freezing is rapid (Postberg
et al., 2009), the same would be true for icy grains. The emission
of true secondary electrons is governed by the surface properties
that are given by composition of several uppermost atomic layers,
thus our simplification is substantiated. On the other hand, the
scattering of primary electrons proceeds in the whole volume of
small grains. The first collision occurs in a depth where Na and
Cl atoms are already uniformly distributed, thus our omission of
several atomic layers at the grain surface cannot spoil the results.

The potential of water ice dust grains in the saturnian E ring
was modeled by Jurac et al. (1995). The authors used available
experimental data on the secondary emission yield from planar
samples and the angular dependence of the yield and compute
the secondary emission yield from a sphere. They obtained the in-
crease of 6 by a factor of ~1.5; slightly larger than that following
from our model (~1.2, see Fig. 3a). This difference is small and it
is connected with the angular dependence of . Jurac et al.
(1995) used the experimental data that hold for heavier species
but the smaller deflection of primary electrons in collisions with
light elements leads to a little different result. Larger values of ¢
compensate the omission of the increase of the yield of backscat-
tered electrons (Fig. 2a) due to grain surface curvature. Conse-
quently, they obtained the same o but slightly smaller positive
equilibrium potentials than our results. Nevertheless, we show
that Jurac et al. (1995) calculations can be used without notable
corrections for the grain diameter exceeding ~1 pum, whereas
smaller grains would charge to larger positive potentials. On the
other hand, the presence of the salt in the water-ice grains does
not alter their potential substantially.

5. Conclusion

Our simulations of the secondary electron emission yield of
water ice grains show that the yield is greater than unity from
~30 eV to several keV. Thus, these grains can achieve a negative
equilibrium potential only if the Saturn E-ring plasma is cold en-
ough (i.e., the secondary electron emission does not contribute sig-
nificantly to the charging current) and the contribution of
photoemission would be negligible.

Furthermore, the calculations reveal that any reasonable
admixture of NaCl does not change the secondary emission proper-
ties of small icy dust grains of a given diameter. We would like to
note that from our discussion of a probable grain structure it fol-
lows that the same conclusions would be valid for the photoemis-
sion because the emission of electrons excited by energetic
photons proceeds by the same way as the emission of true second-
ary electrons.
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Abstract

Dust production and its transport into the core plasma is an important issue for magnetic
confinement fusion. Dust grains are charged by various processes, such as the collection of
plasma particles and electron emissions, and their charge influences the dynamics of the dust.
This paper presents the results of calculations of the surface potential of dust grains in a
Maxwellian plasma. Our calculations include the charging balance of a secondary electron
emission (SEE) from the dust. The numerical model that we have used accounts for the
influence of backscattered electrons and takes into account the effects of grain size, material,
and it is also able to handle both spherical and non-spherical grains. We discuss the role of the
SEE under tokamak conditions and show that the SEE is a leading process for the grains
crossing the scrape-off layer from the edge to core plasma. The results of our calculations are

relevant for materials related to fusion experiments in ITER.

Keywords: dust in tokamak, dust charging model, materials for tokamak

(Some figures may appear in colour only in the online journal)

1. Introduction

One of the most important challenges of present physics
is addressing the problem of materials related to the next
generation of fusion experiments. Large energy fluxes are
directed toward the walls of the vessel and these cause the
erosion of the plasma-facing components. This process leads
to the introduction of impurities into the plasma and it also
leads to their degradation [1,2]. The resulting production
of solid grains and their transport into the plasma is, thus,
important for magnetic confinement fusion. Previous studies
have shown the origin of a considerable amount of dust [3-5]
that may vary according to its formation mechanism and the
plasma conditions at a particular region. Small dust grains are
observed mainly in the edge plasma region but some grains can
penetrate deeply into the core plasma after disruption [1, 6-10].
It is known that dust collected from a tokamak exhibits a
large variety of shapes and sizes [1] and that, after a series
of discharges, it has a log-normal size distribution [1, 11] with
an average radius of the order of 1 um. Hence, the composition
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of the dust grains reflects the composition of the plasma-facing
components [5, 10].

Various scenarios have been considered for the
construction of the ITER divertor and first wall [12] and all of
these scenarios are planned to be adopted in different stages of
the project’s development. These options are (1) acombination
of carbon fibre composite, tungsten and beryllium for the
divertor and the first wall; (2) W divertor with the Be first
wall; and (3) the whole vessel from W. The choice of carbon
for the parts of the divertor where the scrape-off layer (SOL)
strikes the vertical target and where energy deposition from
disruptions and edge-localized modes (ELMs) will occur is
mainly due to its good power handling and thermal shock
resistance. In other words, it does not melt and preserves
its shape even under extreme temperature excursions [13].
However, there is concern about the absorption of tritium in
the carbon components. Consequently, the induced dust grains
in ITER will be mainly composed of carbon, tungsten and
beryllium [2, 12].

The scaling of existing tokamak data to other reactors, in
particular to ITER, including all relevant physical processes

© 2014 IOP Publishing Ltd  Printed in the UK
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(charging, sputtering, evaporation, radiation, transport, etc) is
not yet advanced enough, although significant progress has
recently been made ([14—16] and references therein). Thus,
both the experimental results on dust generation, mobilization,
and transport in existing devices and theoretical predictions
for ITER are highly uncertain and require additional intensive
studies.

Dust moving in a high-temperature plasma becomes
electrically charged due to various processes, such as the
collection of plasma particles and electron emissions. In low-
temperature and low-density plasmas, dust grains are generally
negatively charged due to plasma particle collection since
the electrons have higher thermal mobility in comparison
with heavier ions. In tokamak plasmas where strong
electric fields can be formed due to plasma temperature
gradients, drifts, induced currents, and in the electrostatic
sheaths near the plasma-facing components, the charge of
a micrometer-sized grain can vary from slightly positive to
highly negative depending on the plasma conditions and
the electron emission currents (e.g. [10]). Generally, the
photoemission or thermionic emission positively charges the
grain, whereas an interaction of grains with energetic electrons,
which is called secondary electron emission (SEE), can lead to
more positive but, in some cases, also to negative grain charges.

1.1. The role of SEE in tokamaks

If the electron flux is significant (in hot plasma regions),
the sign and value of the dust grain surface potential will
be determined by the energy of the impinging electrons.
An electron attachment dominates in the eV range but SEE
becomes important and results in a reduction of the negative
potential at electron energies above about 10eV. At a few
tens of electronvolts, the total SEE yield (which is defined
as the number of outgoing electrons per primary electron) can
reach values larger than unity, which causes a sign change of
the potential from negative to positive. Generally, the SEE
yield reaches a maximum value at energies between 300 and
2000eV. At higher energies, the SEE yield decreases again
below unity, resulting in a negative surface potential. However,
if the size of the grains is comparable with the mean free path of
the primary electrons and with the diffusion length of excited
electrons, then the SEE yield may be substantially enhanced.
Moreover, the surface quality, and even material properties, of
the grain can be modified by an interaction with the tokamak
plasma.

Theoretical studies and models of SEE are often based
on Monte Carlo simulations of electron trajectories [17-20].
However, these studies expect planar metal or insulating
targets, and/or clean and smooth grains from well defined
materials.

Measurements of a SEE yield are reported for fresh
graphite samples and for the same material exposed for
some months in the JET tokamak. The exposed samples
exhibited substantially higher (by a factor of 1.3) values of
the SEE yield than the fresh samples [21]. Clean conducting
surfaces usually have a maximum SEE yield slightly above
unity. For light materials, such as graphite and beryllium,

the SEE yield for clean surfaces is lower but the presence of
hydrogen in the surface increases the yield values to about
unity. The experimental yields are in a good agreement with
relatively simple models for primary electrons at nearly normal
incidence [22].

Since SEE influences the grain floating potential, this
process is an important part of the models describing the
dust dynamics in tokamaks. At present, there are two main
codes simulating the interactions of an isolated spherical dust
grain with a non-magnetized plasma (e.g. [10] and references
therein): DUSTT [23] and DTOKS [24], which include dust
grain charging, heating, and motion. In such simulation codes,
a plasma background is coupled with a dust model (charging,
forces, etc) to solve the grain equation of motion and to
determine its trajectory, and with a dust heating model to
include a presence of large energy fluxes on the grain that can
heat the dust grains to high temperatures. The charging model
is based on the orbital motion limited (OML) approach [25]
and is complemented with additional mechanisms; namely,
thermionic and secondary electron emissions. Other charging
mechanisms, such as photoemission and radioactivity, have
been considered as minor in comparison with the secondary
and thermionic emission currents (see [26-28] for details).

Smirnov et al [27] modeled the dynamics and transport of
carbon dust particles in tokamak fusion devices using computer
simulations with the DUSTT code from small grains and the
presence of impurities. It was shown that thermionic emission
leads to enhanced dust heating by the plasma, which increases
the destruction of the dust particles. In addition, the transport
of dust in tokamaks can significantly enhance the penetration
of carbon impurities towards the core plasma.

Bacharis et al [29] used the dust transport code, DTOKS,
to simulate the penetration of tungsten and beryllium dust
grains into the ITER plasma. They found that grains with
a radius larger than 10 um and with an injection velocity of
10ms~! can survive long enough to reach the separatrix.
Generally, smaller particles with lower injection velocities
deposit most of their initial mass within the SOL and
larger particles with high injection velocities have a higher
probability of reaching the last closed magnetic surface and
the core.

In these, and many other, simulations (e.g. [28, 30-32]),
the SEE yield is calculated using an original Sternglass
approach [33] that does not reflect the effects of dust radius.
However, when the size of the grain is comparable with the
penetration depth of the incident electrons the SEE yield, and
especially the floating potential and the grain charge, depends
significantly on the grain size [34-36].

1.2. Motivation

Laboratory experiments devoted to SEE investigations have
shown that the charge of micrometer-sized grains can be either
positive or negative and the charge sign depends on their shape,
dimensions, and material even under the same parameters of
the ambient plasma (e.g. [37-43]). This fact lies behind the
main motivation for our study.

We have investigated dust samples collected during a
technical shutdown of the COMPASS-D tokamak [44]. A
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Figure 1. The surface potential as a function of the primary electron
energy for several grains collected from the COMPASS-D tokamak
(dots) and their comparison with glassy carbon, gold and glass
samples (lines). The full line presents the theoretical floating
potential of the 1 um SiO, grain computed according to the
Sternglass theory [33].

basic analysis by an electron microscope (SEM) has confirmed
that the COMPASS-D grains exhibit various shapes and that
their typical sizes are of the order of micrometers. These results
correspond well with other analyses of the tokamak-born
dust [1,10]. The elemental composition determined by the
energy dispersive x-ray (EDX) spectroscopy corresponded to
that of the vessel walls, divertor and diagnostic tools destroyed
during a preceding active period. We should note that carbon
is not used in this tokamak. The SEE investigation was carried
outin the experimental set-up where a single dust grain is stored
in an electrodynamic quadrupole for a long time in the UHV
apparatus. The levitating grain is influenced by the electron
beam with the energy adjustable in the range of 0.1-10 ke V (the
detailed description of the set-up and measurement techniques
can be found in [42, 45]).

Figure 1 presents a collection of measurements of
equilibrium surface potentials of several grains from the
COMPASS-D tokamak. For a comparison with these grains
we have plotted potential profiles measured on grains from
two crystalline forms of C, Au and SiO, as representatives
of metals and insulators, respectively (marked by the lines in
figure 1). We should note that these samples were spherical and
that their mass and diameter were known. On the other hand,
neither compositions nor shapes are known for the investigated
COMPASS-D grains (color dots in figure 1).

Figure 1 shows a large variability of surface potential
profiles measured on tokamak grains. Their profiles are similar
to those measured on the SiO, grain. We believe that this
effect is caused by a partial oxidation of metallic grains during
their exposition to the open air. The tokamak grain, which is
marked by a black color, exhibits a large and nearly constant
(=200 V) potential for the primary energy above ~8 keV. This
effect is well known for small grains or the grains of highly
non-spherical shape [46]. The surface potential is limited by
the field emission in such a case [47]. The heavy line shows the
theoretical floating potential of the 1 um SiO; grain computed
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using the Sternglass theory [33] and corrected on the angular
dependence of the SEE yield. The Maxwellian distribution
of true secondary electrons with the temperature of 3 eV was
assumed in our calculations. One can see that the theory
underestimates SEE from the dust grains and predicts negative
potentials for primary energies above 2.2 keV but the measured
potentials are positive in the whole range of examined
energies.

For this reason, this paper presents the results of our
calculations of the surface potential of dust grains in a high-
temperature Maxwellian plasma. We include a numerical
model [48] of the SEE that reflects the grain’s size effects into
the charging balance of the dust and consider dust produced
by the sputtering of plasma-facing surfaces from ITER related
materials. Our calculations include electron and ion currents,
the SEE and thermionic currents, and a possible contribution
of the field emission current due to a strong electric field at the
grain surface.

2. Dust charging in fusion plasma

The charging of dust in fusion plasmas is a dynamic process
that is described by the current balance equation (a sum of all
discharging/charging currents). As in other models, we start
with theoretical models for plasma—grain interaction ignoring
magnetic field effects and assuming a spherical grain in a
Maxwellian plasma [49]. We consider dust grain charging
caused by ion, J; and electron, J. currents. We include the
SEE current, Jye., and the thermionic current, Jierm, because
the grain can be heated by the hot dense plasma. A contribution
of the field emission current, Jy, caused by the strong electric
field above the grain surface [47] can be important for small
grains charged to high negative potentials.

Since this paper mainly deals with the effects of secondary
electron and field emissions, we will concentrate on hot dense
plasma regions at, and inside, the SOL. This allows us to
neglect a photoemission current that can be important only
in the edge plasma where the electron and ion currents are
relatively low [10]. Furthermore, although the intensity of
the magnetic field can exceed 1 T, the OML theory provides a
reasonable approximation of both electron and ion currents
because the electron (ion) gyro-radius is of the order of
hundreds of micrometers (tens of millimeters); that is, much
larger than the dust grain radius. The collisions with the neutral
gas can be neglected because a plasma is fully ionized in the
considered temperature range. However, there would be a
number (hopefully low) of neutrals in the grain vicinity because
the ions that recombine on a surface would leave the grain as
neutrals. The ratio of the dust grain radius and Debye length
is <0.01, whereas Lampe [50] has shown that if this ratio is
lower than 5 in the isothermal plasma, then the OML theory
provides a good approximation of the particle current.

Based on these simplifications, we can estimate a total
current to the dust grain as
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The differential flux density of electrons or ions, J, ; toward a
dust grain charged to a surface potential, ¢ can be generally

written as
Joi = / (1 5 ep/B)aE, @)
max(0,+e¢p)
where
dje; 2nE Me i 3/2 E
= 5 Nei exp | — . €))
dE meyi ZﬂkTe,i kTe’i

The positive and negative signs correspond to electrons
and ions, respectively, e is the elementary charge, and E is
the energy of impacting electrons. We assume the neutral
ne = nj = n, isothermal T, = T; = T, hydrogen plasma with
a Maxwellian energy distribution. When the spherical dust
grain radius, a is smaller than the Debye length, the electron
and ion currents, Je ;, can be estimated according to [10, 37].
In this case, we can write for the electron current, J,:

. exp(+ep/kT), ¢ <0,

Je = Joe x {(1 +ep/KT), ¢ >0, @
where k is the Boltzmann constant, and Jo. = 4mwa’en
(kT /2w me) /2.

Similarly, the ion current, J; can be written as:
. [exp(—ep/kT), ¢ >0,
Ji= Joi x {(1—e¢>/kT), ¢ <0, ©)

where Jy; is defined similarly to Jo..

To include the thermionic Jyem and field electron Jg
emission currents, we use the Richardson—-Dushman formula
and the Fowler—Nordheim equation, respectively:

Jinerm = 4.8 x 10°7a”ek T exp(—wr/kTy)

17 ¢ < 0’
x {exp(—eqs/krd), b >0, ©
and
2 10
6.52 x 10
Jre = 13.7 x 107 'wa’e ¢ exp 22X T4, (N
a ¢

where wy is a material work function, Ty is the dust grain
temperature. Both equations (6) and (7) are written in a form
that is appropriate for the following calculations. Toreceive the
current in amperes, the grain radius in meters and the potential
in volts should be substituted. The work function is set to
ws = 4.5eV in equation (7).

The SEE current is generally determined by the flux of
impinging electrons (2), the total SEE yield, o, and the energy
distribution of secondary electrons. Since the SEE current is
often a dominant current in hot plasma environments, we will
discuss it in the next section.

2.1. SEE current estimation

The most frequently used theory [33] describes SEE from
planar metal surfaces in the range of tens of eV to several
keV. Primary electrons impacting the sample surface interact
with the bulk material and lose their energy in many types

of collisions. The energy losses often result in excitations of
material electrons and some of the excited electrons can leave
the surface. These electrons are usually called true secondary
electrons. The energy dependence of the true SEE yield, 6 (E)
(which is defined as the ratio of numbers of true secondary and
primary electrons) can be described by the Sternglass universal

formula [33]:
211—-_[—1|,
\ Em

where §y is the maximum of the true SEE yield at the energy
Ey. For real materials, the curve exhibits a maximum at
energies in the range from several hundred eV to a few keV, and
decreases to zero at very high and low beam energies. For both
parameters of the curve, the maximum yield and corresponding
energy depend only on the sample material at a given incidence
angle. For example, &y = 1.25 and Ey = 300V for a glassy
carbon sample. Although the author limited the validity of this
universal curve to £ < 4Ey and planar metal samples, this
formula is often used outside this range and it is also used for
arbitrary targets.

However, the primary electrons undergo scattering and
may be re-emitted from the solid without a significant loss of
their initial energy. The yield of these backscattered electrons,
n increases with the material density and with the atomic
number up to n & 0.5 for a normal incidence angle. Thus,
the total SEE yield, o, is a sum of the true and backscattered
yields, 0 = § + n. Since both the yield of true SEE 6§ and
total yield o vary in a similar way with the beam energy, the
contribution of the backscattered primary electrons is often
omitted in calculations of the grain potential; that is, n = 0
and o = § are supposed.

Under assumptions that the energetic distribution of
secondary electrons is Maxwellian and parametrized by the
temperature 7 (T, = 3 eV in our calculations), the SEE current
from positively charged grain can be written as

S(E) E
—— = —exp
(SM EM

®)

Jsec = NAe X

J%,0 +e¢/E)Sko(E +ep)dE ¢ < 0.
<f0°°(1 +e¢/E)n(E + ed)dE
+(l + e¢/kTs) eXP(—€¢/kTs)
(0 + e/ EYSES(E + e¢)dE) ¢ >0,
C)

where A is the grain surface area. Note that the energy of
scattered primary electrons is expected to be sufficient for their
escape from positively charged grains.

Richterova et al [51] developed a hybrid Monte Carlo
model explaining the increase of the grain potential for small
spherical grains that is experimentally demonstrated in figure 1.
This mechanism leads to the dust grain potential becoming a
function of the grain size. This model was successfully verified
by laboratory experiments dealing with charging of gold [36],
glass (silica) [52] and glassy carbon [48] dust grains. A novel
version [46] of the model was applied to non-spherical grains
and to grains with defined surface roughness. It was shown
that non-sphericity causes a rise of the SEE yield, whereas the
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Figure 2. Energetic profiles of SEE yield for glassy carbon, tungsten and beryllium spherical dust grains of different diameters. Top panels

(a), (b), (c) correspond to total SEE yields, middle panels (d), (e), (f)

to true SEE yields, and lower panels (g), (h), (i) to backscattered SEE

yields. The first column of the figure presents glassy carbon (a), (d), (g), the second column tungsten (b), (e, (h), and finally the third
column beryllium (c), (f), (i). Profiles of o are compared with the results of the S-model (black dashed lines in top panels).

surface roughness leads to a yield decrease. Moreover, these
effects can be distinguished: the shape effect is prominent
for high primary energies only, whereas the surface roughness
predominantly affects the yield at the low-energy range.

The model describes both components of the SEE yield, &
and 7 for spherical grains of different materials and diameters.
Since the model does not provide an analytical formula, we use
S8(E) and n(E) pre-calculated for a given material and grain
diameter in discrete points. A linear interpolation between
these points is used for a numerical solution of equation (9)
(hereafter, the R-model).

Nevertheless, many authors use equation (8) for a
description of the total SEE yield. To show the importance
of the backscattered yield n, we plotted all components of the
SEE yield calculated by the R-model for several diameters
of spherical grains from (a) glassy carbon, (b) tungsten,
(c) beryllium with respect to the primary electron energy in
figure 2. The curves are compared with the approach using the
theoretical Sternglass curve for the true SEE yield (hereafter,
the S-model).

The profiles of o provided by both models are similar
in the low-energy range (up to ~1keV). The enhanced values
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provided by the R-model are caused partly by the neglection of
backscattered electrons in the S-model and by the dependence
of the SEE yield on the incident angle of primary electrons. An
inclusion of the angular dependence into the S-model would
enhance § by a factor of ~1.3 [34,42] but the profile remains
unchanged.

At high primary energies (above about 2keV for
D = 0.2 um grain), o again increases and can reach values
comparable to, or even exceeding, the first maximum.
This effect is prominent for light materials but it can be
hardly identified for tungsten grains. Note that the energy
corresponding to the secondary maximum is a rising function
of the grain size. The maximum appears at the energy for which
the penetration depth of the primary electrons is comparable
with the grain size. The yield of backscattered electrons 7
increases toward unity and the yield of true secondary electrons
8 is also enhanced under this condition.

2.2. Estimation of the dust grain floating potential

This section presents our calculations of the floating potential
of spherical grains (D 1 um) immersed in a hydrogen
plasma with a density corresponding to that in a small tokamak
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Figure 3. (a) Charging currents of the spherical glassy carbon grain (D = 1 um) for fusion related plasma conditions with respect to the
grain surface potential; (b) the total charging current for the same grain and the same conditions as a function of the grain surface potential.

(n = 10" m=3). The charging currents J., J;, Jierm and Ji
are computed according to the equations given in previous
sections. Since the Sternglass formula for the SEE current
is often applied for calculations of the dust charging in the
tokamak plasma, we use both R- and S-models to contrast
these two approaches: (1) the calculations of Js(s) use the
S-model of SEE and analytical solution from [37]; whereas
(2) Jsec(r) 1s computed numerically using the R-model (we use
following SEE parameters for glassy carbon &y = 1.25 and
Ey = 350eV, for beryllium §y = 0.5 and Eyy = 200eV, and
for tungsten Sy = 1.3, Ey = 600eV).

Charging currents of the spherical glassy carbon grain
(D =1pm)and T = 300eV with respect to the grain surface
potential are shown in figure 3(a). One can see that the SEE
current calculated by the R-model, Jyec(r) is higher than Jee(s)
due to a larger SEE yield. The thermionic current is calculated
for two different temperatures of dust: Jierm3o00 for 3000 K
and Jinermaooo for 4000 K. We would like to note that Jer) is
the largest charging current and SEE is a dominant process for
a determination of the potential of the colder grain. Figure 3(b)
shows a sum of the currents in the same environment for three
different temperatures of the grain (300, 3000 and 4000 K) and
for two ways of calculating the SEE current.

The equilibrium grain potential is set if the sum of all
currents is equal to zero. It is possible to see that equilibrium
potential is always higher when the R-model is applied. On the
other hand, the effect of the grain temperature is notable only
for4000 K. This effect is clearly demonstrated in figure 4 where
the equilibrium surface potential of the glassy carbon grain is
plotted as a function of the plasma temperature for several grain
temperatures (300, 3000, 3250 and 3500 K). For the middle
range of plasma temperatures, the thermionic emission leads
to the positive potential of the grain if its temperature exceeds
3200K but SEE remains a dominant charging mechanism at
low (<800 eV) and high (>4 keV plasma temperatures even for
3500 K of the grain temperature. It is important to note that the
calculations use n = 10'® m™3 but that the expected plasma
densities in tokamaks can reach 102 m~3. The influence of
the thermionic emission will be even less significant because
all charging currents except Jiperm and Jg are proportional to
the plasma density. In order to decrease the number of free
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Figure 4. The equilibrium surface potential of glassy carbon dust

(D = 1 pum) for fusion related plasma conditions as a function of

the plasma temperature calculated by the R-model for several dust
grain temperatures (300, 3000, 3250 and 3500 K).

parameters, we expect a cold (<3000 K) grain and neglect the
thermionic emission current in further calculations.

Figure 5(a) shows the equilibrium surface potentials for
cold carbon dust grains of several radii calculated by the R-
model with respect to the plasma temperature. The potential
calculated with the S-model that does not depend on the grain
size is shown for reference. Small (D < 0.5 um) carbon grains
reach a positive equilibrium potential in the whole range of
plasma temperatures. On the other hand, grains of intermediate
(0.5um < D < 2.0 um) sizes are charged negatively for the
middle range of plasma temperatures and large (D > 2.0 um)
grains are charged negatively for the temperatures exceeding
1 keV. These results correspond to SEE yield profiles shown
in figure 2(a).

On the other hand, calculations that use the S-model
are able to predict negative potentials for all grains and
temperatures in excess of =(0.7keV. The rising negative
potential increases the ion current, which would eventually
stop its rise, but our estimation shows that the field emission
is more effective even for relatively large grains. This effect is
seen in the profile denoted as Sg.-model for D = 2.0 um. The
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Figure 5. The equilibrium surface potentials for (a) glassy carbon, (b) tungsten and (c¢) beryllium dust grains of different diameters and their

comparison with the S-model.
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Figure 6. A map of the signs of surface potentials for (a) glassy carbon and (b) beryllium grains with respect to the grain size and plasma

temperature.

field emission current increases with decreasing grain diameter
(all profiles with subscripts ‘fe’), thus the small grains exhibit
lower but still highly negative potentials (a negative part of
the vertical axis has a different scale than the positive one). It
should be noted that the negative grain potentials accelerate the
ions and that their impact causes emissions of electrons. This
effect is not included in our calculations because the yield of
the ion induced emission is very low.

Since negative potentials depend only weakly on the
material, we present only the positive parts of the plots for
tungsten (figure 5(b)) and beryllium (figure 5(c)). Tungsten
grains would be charged negatively for plasma temperatures
higher than 1keV according to the S-model but they are
charged positively for all plasma temperatures regardless of
grain sizes when the R-model is used (figure 5(b)). The
S-model leads to the negative potential for beryllium grains
in the whole range of plasma temperatures. By contrast,
the R-model (figure 5(c)) predicts that small grains would be
charged positively in hot environments.

Figure 6 shows a floating potential sign map for (a) glassy
carbon, and (b) beryllium grains with respect to grain sizes and
plasma temperatures. The grains in a white area (R+) would
have a positive equilibrium potential (typically a few V) and
those in a hatched area (R—) would be negative (several kV).
The shadowed area (S+) describes conditions where the grains
are charged positively according to both models. This area
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is absent in figure 6(b) because all Be grains will be charged
negatively when the S-model is used.

3. Discussion and conclusion

We have analyzed the dust grains collected from the
COMPASS-D tokamak by electron microscope (SEM) and
EDX. This analysis has shown that there are a large variety
of dust shapes with a typical size of grains of the order of
micrometers. The elemental composition of the collected
dust corresponds to the materials used for the divertor and
diagnostic tools. We did not show these results because they
agree with previous studies of tokamak-born dust.

Many published calculations of the dust grain potential
use the Sternglass approach (S-model) or similar formulas for
adescription of SEE, and they all tend to underestimate the SEE
current. We have applied the R-model that is more realistic for
the description of SEE from objects of a limited size, especially
for the environments with hot electrons. An application of this
SEE model reveals that the SEE current dominates all other
charging currents for cold tungsten grains in the whole range
of investigated plasma temperatures (0.1-10keV); therefore,
these grains will always be slightly positive, whereas the
application of the S-model would lead to high (of the order
of kV) negative potentials for cold (<3200 K) grains. Since W
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Figure 7. A temporal evolution of major charging currents after abrupt changes (a) of the plasma temperature and corresponding changes

(b) of the floating potential of the 1 um cold carbon grain.

is expected to be a principal material for ITER, we think that
this result is very important.

The SEE yield of beryllium is rather low and, thus, the
SEE effects are important only for small (<500 nm) cold grains
that would be charged positively in fusion plasma. The plasma
temperature at which the transition from high negative to weak
positive potentials occurs ranges from ~2.5keV for a 100 nm
grain to ~7keV for the 325nm grain. The transition is a
consequence of the size dependence of the SEE yield and,
thus, it cannot be predicted if the S-model is used for surface
potential calculations.

The most complicated potential profiles exhibits glassy
carbon. Carbon grains would be charged positively in the
low-temperature (<1keV) plasma regardless of their sizes.
Positive charges can be expected for small (<250 nm) grains
in a whole range of temperatures, whereas the grains of an
intermediate size (0.25-1 um) exhibit a region of plasma
temperatures where they acquire large negative potentials.
The negative potentials of the grains are limited by the field
emission, which strongly depends on the grain size and, to a
lesser degree, by the ion induced SEE that was mentioned in
the previous section.

To be consistent with the previous results of other
authors, our calculations use the Maxwellian approximation
for the energy distribution of secondary electrons. However,
Richterova et al [53] have shown that this distribution is
appropriate for a description of SEE from non-conducting
grains, whereas the Draine—Salpeter distribution [34] better fits
the measurements on conducting grains. Since this distribution
exhibits a strongly enhanced tail above ~10eV, the positive
potentials in figure 5 are underestimated. We will return to
this topic later, after collecting a sufficient set of experimental
data on the distribution of secondary electrons emitted from
small grains.

The discussed calculations of the surface potential neglect
the thermionic emission; therefore, we will examine the effects
of the grain temperature in the next section.

3.1. The applicability of our calculations to tokamak conditions

The dust in tokamaks is produced at the walls of the vessel
or at the divertor where the plasma temperature is generally

AN
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Figure 8. A change of the floating potential of the cold

(T < 3000K) carbon grain immersed into a hot (1 keV) plasma as a
function of its size.

0.0 05

low, except when the confinement conditions are broken. On
the other hand, our calculations show that SEE becomes a
leading charging process for a relatively cold grain (i.e. below
~3200K) and electron temperature in the keV range that
is typical for a core plasma. Krasheninnikov et al [14]
have shown that the equilibrium temperature of the dust
grain in the edge plasma varies between 1500 K for plasma
densities n = 10" m™3 and 4000K for n = 10* m~3 and
that a significant portion of the dust produced at the divertor
would reach the core. As we have shown in figure 3, the
thermionic current dominates above 3200 K that corresponds
to the density of about n = 10'° m—3. This means that all of
the dust grains would be charged positively for this and larger
densities; however, our calculations expect a plasma density of
n = 10" m™3 and, thus, our neglect of the thermionic current
is well justified.

The estimated lifetime of a micrometer dust grain is 10 ms
in a dense (n = 10?° m~3) edge plasma [14, 54], it would be
significantly longer at lower densities. The ion drag accelerates
dust grains to 2~210-—100ms~' [28] and a collision with the
wall can direct the grain toward the core where it is rapidly
charged. Figure 7(a) demonstrates a relaxation of charging
currents (1 wm carbon grain and n = 10'® m~3 are assumed)
after abrupt changes of the plasma temperature.

The calculation starts at ¢+ = 0 with a plasma temperature
of 500eV. The grain is slightly positive at this temperature.

200
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Figure 9. The total (a), true (b) and backscattered (c) yields for a 10 um glassy carbon grain (solid), 1 um glassy carbon grain (dotted), and
glassy carbon flake with the thickness of 0.5 um and the mass of 10 um grain (dashed).

At t = 10ns, the temperature was changed to 1keV, then to
2keV att = 60ns and, finally, back to 500eV at r = 160 ns.
The figure shows a competition between electron and SEE
currents, with a relaxation time of about 10 ns. The resulting
floating potential of the grain (figure 7(b)) is set within a 50 ns
to the equilibrium level corresponding to the given plasma
temperature (see figure 4). Since both major currents are
directly proportional to the plasma density, the relaxation time
would be shorter in a denser plasma. The calculations were
carried out for a 1 um grain, and the charging currents are
proportional to the square of its radius, whereas the grain
capacitance is directly proportional to the grain radius. This
means that the relaxation time is inversely related to the grain
size (a spherical grain is assumed).

These estimations show that the floating potential of
dust grains moving toward the core would always be close
to its equilibrium value corresponding to the local plasma
temperature. On the other hand, when the heating of the grain s
much slower, the corresponding time constants are of the order
of milliseconds for 1 um grains from the tokamak-relevant
materials and the heat flux of 5 x 10 Wm~2 [14]. Moreover,
the heating of small grains would be even slower if the
enhanced thermal radiation of small conductive grains is taken
into account [55]. Consequently, we can conclude that the dust
grains can reach the core plasma under conditions where their
floating potential is determined by SEE. The size distribution
of dust grains is very broad, the grains in the core plasma
are quickly sputtered by energetic ions, and their dimensions
affect the floating potential accordingly. Figure 8 shows the
floating potential of a carbon grain immersed into the hydrogen
plasma with a temperature of 1 keV as a function of the grain
diameter. The figure shows that the negative potential depends
only weakly on the grain size above ~0.5 um. We would
like to point out that the corresponding specific charge of such
grains is of the order of tens Ckg™!, thus, the electromagnetic
forces are important for their dynamics.

3.2. The influence of grain shape

We expected spherical grains in calculations but the SEM
analysis has shown that a spherical shape is more of an
exception than a rule. Nevertheless, the modeling of SEE
from the grains of irregular shapes and various surface
roughness [46] has shown that the SEE yield of an irregular
grain is determined by its smallest dimension. Since all other
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currents (except the field emission current) are proportional to
the surface area and do not depend on the shape of a particular
grain, we can expect that, for example, a thin flake would be
charged to a potential similar to that of the spherical grain with
diameter equal to the flake thickness. The influence of the
grain shape illustrates figure 9 that presents the SEE yields of
a 10 um carbon sphere and compares them with the yields of a
flake with the same mass but only 0.5 ym thick. A comparison
in figure 9 reveals that the yields of the flake exhibit very similar
profiles to those of the ~1 um spherical grain from the same
material. Consequently, we can conclude that positive charges
of grains at high temperatures shown in figure 5 can be expected
for a large portion of grains in tokamaks.

The effects of a surface roughness discussed in [46] are
not important for charging of grains in a hot plasma because
they are prominent only for low electron energies (<100eV).

On the other hand, the field emission current grows
exponentially with the electric field at the grain surface, which
can be considered as an equipotential surface. The electric
field, thus, peaks at different tips or spikes and the stabilization
effects of the field emission currents on the negative grain
potential shown in figure 5(a) should be considered as a lower
estimate.

Finally, we have shown that a realistic description of the
SEE yield from the dust grains is principal for an estimation
of their floating potential in hot plasmas. Since the Sternglass
formula that underestimates the SEE yield for dust grains is a
part of widely used numerical codes (e.g. DTOKS, DUSTT),
calculations of the dust dynamics within tokamaks using these
codes should be taken with care.
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