
Přílohy

55





Tabulky odprašování zrn
T1. Odprašování SiO2 zrna pomocí 2 keV Ar iontů při nízkém povrchovém po-
tenciálu drženém 1 keV elektrony. Sloupeček označený Faraday uvádí celkový
signál z Faradayova válce, sloupeček Proud uvádí parametr B z rovnice 5.1, zde
uvedené výtěžky jsou počítány pro každé odprašování, ale vzhledem k přesnosti
určení hmotnosti (merr) je výsledný odprašovací výtěžek získán lineární regresí
ze závislosti hmoty zrna na počtu dopadlých iontů.
T2. Odprašování SiO2 zrna pomocí 3 keV Ar iontů při vysokém povrchovém
potenciálu. Počet dopadlých iontů byl vypočítán pomocí korekce dle rovnice 5.2.
T3. Odprašování SiO2 zrna pomocí 3 keV Ar iontů při střední (≈41 C/kg), vy-
sokém (≈69 C/kg) a nízkém (≈0,4 C/kg) povrchovém potenciálu.
T4. Naměřená data při pokusu o odprašování SiO2 zrna pomocí 2 keV He iontů
při nízkém povrchovém potenciálu drženém 1 keV elektrony.
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Dust as a Gas Carrier
Martin Beránek, Marek Vyšinka, Jiří Pavlu◦ , Ivana Richterová, Zdeněk Němeček, and Jana Šafránková

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

DUST 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 4He
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 4He 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 et 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 H2 molecules to H+

2 ions and their
subsequent destruction. He concluded that a significant part
of H+

2 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 et 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 μm. According to the
specification of the manufacturer, grains are amorphous and
isotropic with the mass density of 1500 kg/m3. The specific
resistance (50 Ω · μm) 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) ·
10−15 kg and a diameter of 1.93 μm 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
35 000 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 10−4. This long-term stability has been achieved
subtracting the temperature drift.

Fig. 1. Measured frequency of oscillations of the grain and the ambient
temperature.

Fig. 2. (a) Correlation between the temperature and frequency after 25th hour.
(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

Authorized licensed use limited to: Charles University. Downloaded on April 14,2010 at 07:08:07 UTC from IEEE Xplore.  Restrictions apply. 



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

Fig. 3. [(a) and (b)] Probability of deposition of the 7-keV Ar ion in a
given depth (left axis) and computed by the SRIM code [21]. (c) Distrib-
ution of Ar after 8 h of treatment (right axis). D = 5 · 10−16 cm2/s and
N = 35 000 s−1.

problem has a radial symmetry, the general equations of the
diffusion can be written as

∂ρ

∂t
= D

1

r
· ∂2

∂r2
(rρ) (1)

J = − D
∂ρ

∂r
(2)

where ρ 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
= 4πR2 · D · ∂ρ

∂r

∣∣∣∣
r=R

. (3)

During the treatment, there is an additional source term
representing the incoming argon ions. We have computed the
distribution f(x) dx 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:

∂ρ

∂t
= D

1

r
· ∂2

∂r2
(rρ) +

NmArf(R − r)

4πr2
(4)

where R is radius of the grain and mAr = 6.64 · 10−26 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

Fig. 4. Relation between the measured mass of the grain and the modeled
mass at the same time after treatment for three diffusion coefficients.

Fig. 5. Change of the grain mass in time. The parameters of the model (D =
5 · 10−16 cm2/s, treatment: 8 h, incident current: 32 400 particles per second)
are chosen according to the best fit in Fig. 4.

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 · 10−16 cm2/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 10−17 kg
of argon into a single 2-μm 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)

d2

dr2
(rρ(r)) = −NmAr

D
· f(R − r)

4πr2
(5)

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

dρ(r)

dr

∣∣∣∣
R

= −NmAr

D

∫ R

0 f(R − r)dr

4πR2
. (6)

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 mmax depends on
the diameter of the grain approximately linearly in the case of
fixed number of ions hitting the grain, N ; in other words, the
implanted mass is proportional to the volume of the grain in the
case of the fixed ion flux I

mmax = α · mAr · R · N

D
= α · mAr · πR3 · I

D
(7)

where R is the radius of the grain, N is the total number of
impinging ions per second, D is the diffusion coefficient, and
I is the flux of ions (particles per square meter per second). A
coefficient α depends on the spatial distribution of implanted
ions. An actual value for 7-keV Ar ions on glassy carbon
sphere is α = 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 μm 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-μm grain
into (7), we get

mmax = (1.97 · 10−36 kg · cm2) · N/D = 1.38 · 10−16 kg.
(8)

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

Fig. 6. Modeled increase of the mass of the 2-μm grain under the Ar+

bombardment due to the dissolved gas and the sputtering of the material of
the grain. The vertical axis is scaled with respect to the maximum amount of
the gas (7); the scale of the horizontal axis is such that the unit value represents
1/e of total mass. The investigated grain is represented by the curve (2). Time
in hours is shown for the conditions of our measurement.

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 mmax, 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-μm grain. It allowed us to use other parameters from our
experiment (N = 35 000 s−1 and D = 5 · 10−16 cm2/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 (Tbg ≈ 300 K)
and by the laser beam (635 nm, with an approximate beam in-
tensity of 1.7 mW/mm2). 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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Fig. 7. Equilibrium temperature of glassy carbon grain (2 μm in diameter)
illuminated (solid line) by the monochromatic 635-nm light and (dashed
line) by the Sun light.

Fig. 8. Maximum amount of Ar dissolved in the 2-μm grain related to the
original mass of the grain mgrain. Both diffusion and sputtering have been
taken into account.

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 (ε635 nm =
0.264). Equilibrium temperature plotted versus laser intensity
is shown in Fig. 7. We added a similar dependence for the
solar spectrum (εSun = 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.

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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and P. Žilavý, “Mass-loss rate for MF resin microspheres,” IEEE Trans.
Plasma Sci., vol. 32, no. 2, pp. 704–708, Apr. 2004.
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Depth Profiles of Ions Implanted into Spherical Dust
Grains—a TRIM Based Model

M. Vyšinka, J. Vaverka, J. Pavl̊u, Z. Němeček, and J. Šafránková

Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic.

Abstract. Dust in the space and in laboratory experiments is often exposed to
energetic ions. During this process, the ions are implanted into the grain. The
grain can collect a significant charge that is spontaneously released due to ion field
emission. To support the results of laboratory experiments on ion field emission,
we adapted a TRIM-code (developed originally for a study of planar surfaces)
on rotating spherical dust grains. This model modification was verified on glassy
carbon grains. The results indicate that the peak of distribution of implanted ions
is closer to the surface of spherical grains than in planar samples in the case of a
normal angle of incidence. The output of the implantation model should serve as
an input of the diffusion model and, finally, it will be implemented into the model
of the ion field emission.

Introduction

Dust can be found in many environments ranging from the Earth (microchip manufacturing,
dust in the atmosphere, etc.) to the space (surface of cosmic bodies, interplanetary matter,
nebulae, etc.). In such environments, dust grains can be easily charged and their charge than
significantly affects a grain motion as it can be seen, e.g., in plasma crystals [Fortov et al., 2005],
in spokes in Saturn's rings [Mitchel et al., 2006] or in dust storms [Renno and Kok, 2008].

One of the charging mechanisms is ion attachment and corresponding discharging mecha-
nism (at a high electric field intensity) is field ion emission. The field ion emission consists of
three basic processes:

• field ionization (ionization of atoms from the surrounding atmosphere),

• field desorption (ionization of atoms adsorbed on a surface),

• field evaporation (ionization of atoms of the bulk material),

which differ particularly in a source of atoms that are ionized. We suggest that the field
desorption should be considered in a broader context that includes the implantation of energetic
ions into the bulk material. Implanted neutralized ions are driven toward the surface (and
deeper into the dust grain) by diffusion. The diffusing atoms reaching the surface can be
released from the dust grain as neutral atoms (at a low electric field intensity) or as ions (at
a high electric field intensity – above 108 V/m). This process can be identified as a mass
loss during mass measurements [Beránek et al., 2010] or in discharging curves (during field ion
emission experiments) [Jeřáb et al., 2007] because shapes of these curves should depend, among
others, on a depth profile of implanted ions. Thus, as a part of the field ion emission study, we
developed a simple model computing implantation profiles of spherical dust grains.

As there are few models computing implantation range (e.g., [Robinson and Torrens,
1974],[Yamamura and Mizuno, 1985]), we base our model on a TRIM code which is widely
used for studies of ion implantation [Arkush et al., 2000] and target sputtering [May et al.,
2000]. The TRIM code is a part of a SRIM software package concerning the stopping and range
of ions in matter. It is the Monte Carlo simulation of transport of ions through various targets
(elementary/multi-component, one-layered/multi-layered, solid/gas, etc.) based on the theoret-
ical models described in [Ziegler et al., 1985]. Briefly, TRIM simulates the bombardment of a
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planar target by projectiles of given kinetic energy and impact angle. The target is simulated
as amorphous (i.e., given the density, the position of each atom inside the target is random).
The depth inside the material at which the projectile hits a target atom is derived from in-
teratomic potentials dependent on the colliding elements. If an atom in the target receives an
energy larger than a given threshold, it will be able to escape from its position (the lattice site)
and it will lose an amount of energy given by the bulk binding energy. Recoiling atoms may
collide with other target atoms. TRIM follows the whole collision cascade. A depth of the ion
penetration is given by the ion energy, electronic and nuclear stopping, and nuclear deflection.
These three processes depend on target composition (and its properties) and ion species. For
more details, see [Ziegler et al., 2008].

Ion species, ion energy, angle of incidence, target material, target density, width and target
binding energies (displacement energy, surface and lattice binding energies) serve as the TRIM
input. This model was applied in many papers (see e.g., [Bianchi and Ferrara, 2005], [May et
al., 2000], and many others) on processes connected with the ion bombardment of dust grains
but none of them reflected the shape effects because the TRIM simulation is developed for
planar targets only.

TRIM Modification

The core of our modification deals with approximation of the spherical shape of the surface.
The sphere is treated as a regular polyhedron and the number of faces is a free parameter of
our model. We expect that the polyhedron is rotating in the parallel ion beam and thus the
incidence angle, α changes accordingly. The computation methodic of as well as the broad
discussion of errors resulting from our approximation are subjects of the following paragraphs
and Figures 1 and 2.

We compute the implantation profile from 0◦ (normal incidence) to 90◦ (parallel incidence)
of the incident angle with a given angular step (α). The resulting depth profile represents a
histogram with the bin width of 1 Å. Finally, we sum all such histograms together with a certain
weight. This process is illustrated in Figure 1.

Using TRIM, we obtain the depth profile for the i'th angular step:

Pi;j =
xj

N
; (1)

where xj is the number of ions in j'th bin and N is the number of impinging ions. Assuming
the grain rotation in a parallel ion beam, the weight of i'th histogram is given by the surface
area (Si) related to the i'th angular step (as it is shown in Figure 2). The weighted histogram
is then given by:

Pweighted
i = Pi

Si

S
; (2)

where S is the surface area of cross-section of the grain
(
S = πR2

)
. For zero angle, we have

S0 = πR2sin(
α

2
); (3)

and for all subsequent angles

Si = πR2
(

sin2
(

2i + 1

2
α

)
− sin2

(
2i − 1

2
α

))
: (4)

The final implantation profile, P is then given by

P =

nP
i=0

PiSi

S
= P0 sin2

(
α

2

)
+

nX

i=1

Pi

[
sin2

(
2i + 1

2
α

)
− sin2

(
2i − 1

2
α

)]
(5)

196
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Figure 1. Illustration of the method. The spherical grain is substituted by a “polyhedron”
grain (in this illustration with an angular step of 45◦). The implantation profile is computed
for every angle and all profiles are summed together. Edge effects are neglected, only depth
profiles are computed (another directions are not taken into account).

S0

S1

S1

R

D
0˚ α

22.5˚

45˚

67.5˚
90˚

S0 S1 S2

a) b)

Figure 2. Every angle contributes to the final implantation profile according to the area
corresponding to this angle. a) Front view, b) side view with geometry for α = 45◦ (R – radius
of the grain). The surface area S2 in the panel a) is neglected in the model that gives raise an
error described in the text.

where n = 90
α −1 (note that the equation (5) expects that n is an integer and it limits a selection

of the angular step, α). We are neglecting the last angular step (for parallel incidence) that
introduces some error in the results. This error arises with the difference between R and D
(Figure 2 right) and scales up as 1 − cos

(
α
2

)
or 1 − cos2

(
α
2

)
for the diameter and surface area

errors, respectively. For the 5◦ angular step, the error is ≈ 1×10−3 (≈ 2×10−3 for the surface
error) that is in the TRIM accuracy limit. The effect of this error can be later seen in Figure 5.
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Figure 3. Comparison of the implantation profiles obtained by our model (thin black line) and
normal incidence ion beam (thick grey line) for 7 keV argon impinging onto the glassy carbon
grain (density 1.54 g/cm3), 104 ions, the model with an angular step of 5◦).

Figure 4. Comparison of implantation profiles for various numbers of ions. The thin black line
is for 104 ions in all figures. The thick gray lines are for 102 (upper left), 103 (upper right) and
105 (bottom) ions, respectively.

Results

The depth profiles of implanted ions in spherical grains should differ from that in planar
samples at any incidence angle because ions impinge the grain with all incidence angles simulta-
neously. A comparison of our model and the normal incidence ion beam is depicted in Figure 3.

Implantation depth for ions under oblique incidence is smaller than for the normal incidence.
This is the reason why the maximum of implanted ions in our model is closer to surface of the
grain than for normal incidence.

To check how the chosen model inputs and parameters affect the resulting profiles, we run
several simulations with different input conditions – various numbers of impinging ions, angular
steps, target densities, and ion energies. A standard setting was: ions – argon, 7 keV, 104 ions,
5◦ angular step; target – carbon, density 1.54 g/cm3 (glassy carbon), displacement energy 28 eV,
surface binding energy 7.43 eV, and lattice binding energy 3 eV (default values in TRIM).

Figure 4 shows comparisons of implantation profiles for various numbers of impinging ions
ranging from 102 to 105 ions. A better statistics and smoother implantation profile need to use
more ions, but, on the other hand, many ions slow down the simulations. In Figure 4 bottom, we
can see that 104 ions represent a reasonable number of ions and a relatively short computation
time (in the range of minutes per angular step for a standard PC).

Comparisons of implantation profiles for various angular steps in the range of 45◦ – 0:5◦
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Figure 5. Comparison of implantation profiles for various angular steps. The thin black line
is for the 5◦ angular step in all figures. The thick gray lines are for 45◦ (upper left), 30◦ (upper
right), 10◦ (middle left), 1◦ (middle right) and 0:5◦ (bottom) angular steps, respectively.

a

c
b

a

b
c

Figure 6. Comparison of the implantation profiles for various target densities: a – 3.5 g/cm3

(diamond), b – 2.253 g/cm3 (graphite), c – 1.54 g/cm3 (glassy carbon) with 7 keV ion beam
energy (left) and various ion beam energies: a – 1 keV, b – 3 keV, c – 7 keV with density
1.54 g/cm3.

are plotted in Figure 5. It is evident that the 5◦ angular step is good enough for a reasonable
sphericity and a relatively short computation time. It should be mentioned that refinement of
the angular step is combined with the increasing number of ions, i.e., when certain amount of
ions for every angle is used, more angles mean more ions.

In Figure 6 left, comparisons of implantation profiles for targets with various densities are
shown. In our laboratory experiments [Vaverka et al., 2009], we are using the glassy carbon
dust with density of 1.54 g/cm3, but carbon exists in many modifications with different densities.
The most common is graphite (2.253 g/cm3) and the densest one is diamond (3.5 g/cm3). The
density, even in this relatively small range, has a significant effect on the implantation profile. It
should be stressed out here that this effect is only due to the density, as TRIM does not account
for a crystal structure. In Figure 6 right, comparisons of implantation profiles for various ion
energies (1, 3 and 7 keV) are displayed. One can note the significant change of the depth profile
with the ion energy, that is important in our charging experiment. The dust grain potential
reaches charges very quickly the surface potential around 6 kV under bombardment of the 7
keV Ar+ beam (if the charge is not compensated by the electron beam) and thus the relative
energy is only about 1 keV for most of impinging ions.
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15 % 0 %0 % 0.45 0.87 1.33 1.67 1.81 1.68 1.34 0.83 0.30 0.05 0.00

Figure 7. Comparison of implantation profiles for damaged and undamaged dust grains. The
black curves are for the undamaged grain (no implanted argon) and the gray curves are for
damaged grains (left: 3-layer model, right: 11-layer model). The numbers above the graphs are
percentages of argon in a given layer.

The last studied effect is the influence of implanted ions on the implantation profile. TRIM
cannot calculate with target damaged by the implanted ions, but these ions could change a local
density in the dust grain and, as it can be seen in Figure 6 left, the density significantly affects
the implantation profile.

Figure 7 shows comparisons of implantation profiles for targets with various amount of
implanted argon. In the left panel, there is a model with 3 layers (0–30 Å without argon,
30–150 Å with 15% of argon and from 150 Å without argon). From this panel we can see that
implanted ions could influence the implantation profile, but the amount of argon is unreasonable
high. In the right panel, there is a similar model consisting of 11 layers with amount of argon
based on the simulated profile for dust grain without argon and a rough estimation of total
argon amount from the experiment [Beránek et al., 2010]. The difference in implantation
profiles between the dust grain without argon (black curve) and dust grain with implanted
argon (gray curve) can be hardly seen.

Discussion

Our model based on the TRIM code contains two main parameters: the number of ions
and the angular step. These parameters have a similar effect; the increasing number of ions
improves statistics and reduces noise in the depth profile histogram, but, on the other hand, it
extends the simulation time and memory requirements. From Figure 4, it can be seen that 104

ions is sufficient number to know the shape of the depth profile. Refinement of the angular step
also reduces noise in histograms of the implantation profile and extends the simulation time.
The shape of the depth profile does not change from the 5◦ (and finer) angular step (Figure 5),
so this value is also sufficient for our simulations. It should be mentioned that the refinement
of the angular step is combined with the increasing number of ions, i.e., when certain amount
of ions for every angle is used, more angles mean more ions. The implantation profile depends
on the ion beam energy and target density. The similarity of these dependences that can be
seen in Figure 6 left and right is only accidental (differences are in the height and width of
profiles). Implanted ions can affect the dust grain properties via the density change, but we
do not implant enough ions to affect the shape of the implantation profile (Figure 7) in our
experimental conditions.

Implantation profiles are calculated under assumption that dust grains are bombarded by
ions uniformly. That implies a rotation of the dust grain. We do not know the grain rotational
state but we can expect this due to the dust charge–beam interaction and we can thus expect that
each angle contributes to the final implantation profile according to its surface area (Figure 2).

These results are valid for an absolute flat surface. Scanning electron microscopy allows to
check the shape of the real dust grain in the µm range but we are unable to check the surface
shape in the nm range in which these phenomena occur. The surface roughness can significantly
affect the implantation profile, more implanted ions would be closer to the surface.
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Conclusion

We developed a model for computation of the implantation profiles of ions in spherical dust
grains. These profiles are in the range of several tens of nanometers (for carbon target and 7
keV argon ions) and their shapes and deepness depend strongly on the ion beam energy and
target density. For our purposes, sufficient parameters of our model are 5◦ of the angular step
and 104 impinging ions per one angular step. The computed implantation profile will be an
input of the future diffusion model, which should be able to explain some properties of the dust
grain discharging via ion field emission.
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IEEE Trans. Plasma Sci., submitted (2010).

Bianchi, S., and A. Ferrara, Intergalactic Medium Metal Enrichment through Dust Sputtering, Mon.
Not. R. Astron. Soc. 358, 379–396 (2005).
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Sputtering of Spherical SiO2 Samples
Marek Vyšinka, Zdeněk Němeček, Jana Šafránková, Jiří Pavlů, Jakub Vaverka, and Jaroslava Lavková

Abstract— Dust grains in the interplanetary environment can
be basically found in two locations—floating in the free space
or attached to a surface of asteroids, comets, or moons. They
are sputtered by the impacts of energetic ions, and this process
supplies the interplanetary space with heavy elements. The
sputtering yield is generally estimated on the basis of laboratory
investigations of planar samples. We use silica micrometer-
sized spherical grains as a prototype of a space-borne dust,
bombard them by 2-keV Ar ions, and monitor the influences
of simultaneous application of the electron beam as well as
the electric field at the dust surface on the sputtering yield.
We found that the increase in the sputtering yield due to the
electron impact is much larger than expected and it can enhance
the sputtering yield by a factor of 1.6 in a comparison with
the sole ion bombardment. On the other hand, the influence
of the electric field is not so strong (if any) and it is masked by
electron impacts in our experiment. Sputtering of the grains fixed
at a surface by 30-keV Ga ions revealed that the angular profile
of the yield is flatter than that frequently used for a description
of the sputtering process. Finally, we compare these results with
the published sputtering yield values.

Index Terms— Dust charging, dusty plasmas, electron emission,
sputtering.

I. INTRODUCTION

ENERGETIC ions from the solar wind, local pick-up ions,
or magnetospheric plasma ions impact the atmosphere

and surfaces of solar system bodies [1]. These energetic
incident ions deposit the energy in the surfaces of solid objects
or surfaces, and it can lead to the ejection of atoms and
molecules, a process referred to as sputtering.

The lunar surface is composed of rocks and regolith,
i.e., soil-like layer with the grain sizes from centimeters
to submicrometer scales [2]. The dust layer consists of a
nonconducting material chemically composed from a mixture
of oxides (mainly SiO2 and Al2O3). Due to a lack of the
significant atmosphere and strong magnetic field, both the dust
laying on and levitating above the lunar surface are exposed
to direct solar wind and magnetospheric plasma irradiation.
This irradiation leads to sputtering of a surface material, but it
represents only a minor contribution to the lunar exosphere [3].
Wurz et al. [4] found that it is responsible for 107 m−3,
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but the experimentally determined total exospheric density
is about 1012 m−3 and the main contributions are supposed
to be thermodesorption and photodesorption of volatile ele-
ments. Sputtered atoms dominate in the lunar exosphere above
1000 km as they have velocities exceeding the escaping
velocity from the lunar gravity field [4], [5].

The sputtering yield of individual grains (e.g., grains float-
ing above the surface) is enhanced in a comparison with
laboratory experiments for flat bulk targets (see [6], [7]); on
the other hand, the sputtering yield is often reduced due to
recapturing of sputtering products in the cases of dust grains
covering surfaces [8], [9].

With the presence of the highly charged ions, the sputtering
yield is enhanced and nanodefects are produced on the surface.
For the insulator, the sputtering yield linearly increases with
the ion potential energy [10]. In the solar wind, except the
proton component that represents about 93% of the charged
particle flux, the remaining 7% is distributed among the
major solar wind heavier ions (He through Ar [11]). These
heavy elements in the solar wind are usually multicharged
(e.g., O6+ and Fe10+), thus their internal energy can enhance
the sputtering yield of nonconducting grains by a potential
sputtering mechanism [11]–[13]. This potential sputtering may
significantly alter the total sputtering yield (e.g., of the lunar
surface oxides) despite their low abundances relative to pro-
tons [4], [14]. When both kinetic and potential sputterings are
taken into account, Barghouty et al. [11] reported that heavy
ions contribute to the lunar regolith sputtering by 26% without
the potential sputtering and by 52% including that.

Hijazi et al. [15] reported sputtering of the anorthite-
like material as a representative of soils found in the lunar
highlands. This material was impacted by singly and multi-
charged ions corresponding to solar wind ions (protons, as
well as singly and multicharged Ar ions as proxies for the
nonreactive heavy solar wind constituents in the charge state
from +1 to +9). Their results show a yield increase by a
factor of about 80 for Ar+ versus H+ and an enhancement
by a factor of 1.67 between Ar9+ and Ar+ that can be an
indication of a potential sputtering effect.

Dust in the space is simultaneously bombarded by
ions and electrons, and electron-stimulated desorption can
enhance the sputtering rate. This effect was investigated by
Yakabe et al. [16] on SiO2 planar targets and they found about
linearly increasing sputtering rate with the electron current
flowing on the surface. The investigations were motivated by
applications in the Auger spectroscopy and thus used electron
current densities were rather high, up to 150 A/m2, whereas
solar wind electrons can provide only several mA/m2 and the
currents in the magnetosphere are even lower.

0093-3813 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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The sputtering yield strongly depends on the incidence angle
having maximum at 70–80◦, and this dependence is especially
important for dust grains. However, experimental data on the
yield angular dependence are rather sparse, namely, for oxides
and compounds (see [17] for a review). Researchers usually
rely on simulated dependences (see [6], [13], [18]), and the
TRIM software package [19], [20] is frequently used for
this purpose (see [21]). However, modeling approaches need
knowledge of input parameters that are quite disputable for
multicomponent targets.

Nietiadi et al. [21] used Monte Carlo simulations for the
determination of the dependence of the sputtering yield of
spherical Si samples on their size. They found the enhanced
yield if a penetration depth of primary ions into the target
material was comparable with the target radius. However, this
effect would be negligible for micrometer-sized samples used
in this paper.

In this paper, we have carried out two different experiments:
1) sputtering of SiO2 spherically shaped grains levitating

in the free space by a 2-keV Ar ion beam;
2) sputtering of the same dust prototypes placed on a

surface and influenced by an intense 30-keV Ga ion
beam.

The aims of these experiments are to test the hypothesis about
an influence of the electric field at the dust grain surface
on the sputtering yield [22] and to determine an angular
dependence of the sputtering yield. We can conclude that
although our results are in a general agreement with already
known values and angular profiles of the sputtering yield for
a pure ion impact, a simultaneous electron bombardment can
enhance the sputtering yield by a factor of 1.6, whereas the
expected dependence of the yield on the surface electric field
was not found. The experiment with the grains fixed at the
surface revealed that the frequently used angular profile of the
sputtering yield would be corrected.

II. EXPERIMENTS WITH A LEVITATING DUST GRAIN

The experiment on sputtering of a levitating dust grain
uses the electrodynamic quadrupole trap inside an ultra-high
vacuum chamber [23]–[25]. The initially charged dust grain
is trapped, and the frequency of its oscillations within the
trap is recorded. This frequency is directly proportional to
charge-to-mass ratio, Q/m, of the grain, and we use it for
the determination of all quantities that are important for the
description of the sputtering process.

1) The grain mass is calculated from a change of the
oscillation frequency corresponding to the change of the
grain charge by one electron (see [23] and the references
therein).

2) The grain size is determined as the diameter of a sphere
with the mass known from 1) using a specific mass of
the silica grain from the manufacturer.

3) The grain surface potential is directly proportional to its
charge. The proportionality constant is a grain capaci-
tance that was calculated as the capacitance of a sphere
with diameter from 2).

4) The ion flux impinging the grain was calculated from
the ion beam current measured by the Faraday cup (FC).
The grain is sputtered by a very small fraction of beam
ions that depends on the position of the grain within
the beam, on the beam spatial profile, and on the grain
surface potential, φ. Since the grain is small and there is
no sheath around it, we can use orbital motion limited
approximation (see [26], [27]) and write the dependence
of a number of ions falling onto the surface Nφ on the
grain potential as

Nφ = N0 ·
(

1 − e · φ

E0

)
(1)

where N0 is the number of impinging ions for the surface
potential of the grain, φ = 0, and E0 is the energy of
impinging ions.

The value of N0 still depends on the beam size, its spa-
tial profile, and the grain diameter. Since the ion source is
equipped with the mass filter, only singly charged ions are in
action. When such ions fall on the grain, they interact with the
grain matter, recombine, and leave the grain as neutral atoms
[28]. The sputtered products are also not charged, and a portion
of electrons emitted by an ion impact with energies above
10 eV is smaller than ≈10−3 (see [29]). For these reasons,
we can assume that the recorded change of the grain charge
expressed in units of the elementary charge is approximately
equal to the number of ions that have fallen onto the grain
surface charged to the potential of 10 V or larger.

In order to determine a portion of ions falling onto the grain,
we made a dynamic calibration. The ion gun is equipped with
a fast sampling system allowing short (1–10 ms) shots. We
have recorded a change of the grain charge, �Q, its potential,
φ, and the integral of the beam current, J , during such shot.
The ratio of B(φ) = �Q/eJ (e is the elementary charge)
can be considered as a proportionality constant between the
integral of the beam current recorded by the FC and a number
of ions impacted the grain during the shot for a given value
of φ. A value, B0, corresponding to φ = 0 can be easily
obtained from (1), and then N0 = B0 · J . It should be noted
that although we use the ion beam energies of 2 or 3 keV,
a determination of B was carried out on only slightly charged
grains (φ ≈ 10 V), and thus a correction on the grain potential
was always lower than 1% in our experiment. Details on the
calibration procedure can be found in [30]. This procedure was
repeated several times prior to each sputtering session using
shots of different durations, and a mean value of the calibration
constant was used in further calculations. Moreover, the beam
profile depends on the gun setting, and thus the calibration
procedure was repeated after each change of the ion energy.

A. Sequence of Measurements

Measurements of the sputtering rate consist of several
repeating steps.

1) The grain released from the dust dropper was initially
charged to a low (≈+7 V) potential by a 1-keV elec-
tron beam. Note that small SiO2 spheres are charged



1038 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 44, NO. 6, JUNE 2016

positively if the electron beam energy exceeds ≈100 eV
because the secondary emission yield exceeds unity
(see [24, Fig. 3] that uses the same samples). The elec-
tron impact causes a desorption of impurities present on
the dust surface that lasts several minutes. This electron-
stimulated desorption can lead to a decrease (usually
nonmeasurable) of the grain mass, but even prolonged
(≈20 h) further electron bombardment does not change
the grain mass.

2) Measurements of the grain mass start with a decrease in
the grain charge by low-energy electrons to about 100
of elementary charges. Such a low charge is needed for
a reliable determination of the grain mass [23].

3) A determination of the calibration constant B0 for the
current ion gun setting.

4) Gradual increasing in an intensity of the ion beam of the
preset energy. The electron beam can be in operation or
it can be switched OFF, depending on the type of the
experiment. The ion impact increases the grain charge,
and it requires changes of the amplitude and frequency
of the HV sources supplying the trap electrodes. All
these changes should be slow and synchronized; oth-
erwise, the grain is lost. The energy of the Ar ion
beam was 2 keV for the sputtering experiment with
simultaneous electron bombardment that keeps the grain
potential at low values. This energy was increased for
the experiments with decreased electron beam intensity
to hold the energy of Ar ions impinging the grain at
about 2 keV.

5) Keeping the energy and intensity of the ion beam and
simultaneous recording of the grain Q/m ratio and FC
current. This sputtering unit lasted usually ≈5 h; it was
followed by the mass measurements (step 2), and the
whole sequence was repeated until the grain was lost
from the trap.

Pavlů et al. [22] used the same setup for sputtering of
Au spherical grains and argued that these samples did not
rotate and that the sputtering shaped them to an ellipsoid of
revolution due to the angular dependence of the sputtering rate.
However, the ions bring their charges to the front side of the
grain. This charge is freely distributed along the conducting
surface, but the dielectric grains are charged unevenly and
the interaction of their dipole moment with the electric field
of the ion beam would lead to their rotation and uniform
bombardment. Consequently, the measured sputtering yield is
averaged across all incident angles.

B. Sputtering Yield

The sputtering yield is usually defined for noncharged
surfaces. Since the charged spherical grain defocusses the ion
beam and decreases a number of ions falling onto its surface,
the situation is more complicated in such a case. Let us assume
that a number of ions falling onto a noncharged grain is N0
and the corresponding number of sputtered atoms is n0. The
sputtering yield is defined as a ratio of n0/N0. Such yield
would be measured for a conducting sphere attached to a
grounded surface. If the grain is levitating in the beam of the
same density, it is charged to a surface potential φ. The number

of ions falling onto its surface decreases to Nφ [see (1)] and the
number of material atoms expelled from the grain is marked
as nφ . The corresponding yield is then given by the ratio
of nφ/Nφ . Under assumption that the sputtering process does
not depend on the grain potential, n0/N0 would be equal to
nφ/Nφ , but the influence of the grain potential is one of the
subjects of this paper.

We use this sputtering yield definition throughout this paper,
but we should note that the geometric definition of the yield of
the charged sample, nφ/N0, is also plausible because the grain
potential (and thus the Nφ value) may not be known in some
cases, whereas N0 can be obtained from the beam density and
grain geometric cross section. This geometric yield is always
equal to or lower than the true yield because the grain charge
decreases the number of primary ions falling onto its surface.

The described sputtering experiment uses monodisperse
SiO2 spherical samples. In order to estimate a possible depen-
dence of the sputtering yield on the electric field at the grain
surface, three particular experiments differing by the grain
charge were performed. As it is noted above, the grain charge
(and surface potential) was controlled by the intensity of the
1-keV electron beam.

The first experiment used the grain with the initial mass
of 1.190 × 10−15 kg that corresponds to a grain diameter of
1.01 μm. During 24 sputtering intervals with a total duration
of 101 h, 8.34×10−16 kg of the grain material (i.e., ≈70% of
the initial mass) was sputtered. The grain surface potential
was kept at ≈10 V by the electron beam. An evolution
of the grain mass that was measured at the beginning of
each sputtering interval is shown in Fig. 1(a) as a function
of time. Fig. 1 shows a gradual decrease of the mass-loss
rate that was attributed to a gradually decreasing grain cross
section. To estimate sputtering yield, we have calculated the
cumulative ion dose impinging the grain with an account for
the decreasing grain diameter.

The calculations of a partial ion dose that influenced the
grain during i-th sputtering session proceeded as follows.

1) A determination of the calibration constant B0i and the
grain mass mi . The value of B0i includes the effect of
the decreasing grain diameter due to the sputtering.

2) The value of the grain potential φi was calculated using
the actual grain mass, diameter, and charge. It should be
stressed out that the value of the potential is given by
a balance of charging and discharging currents and all
of them are proportional to the grain surface area, and
thus this potential did not change notably from one to
another session.

3) The integral of the FC current Ji over the ses-
sion was recalculated to the partial dose, Nφi =
B0i (1 − e · φi/E0) · Ji . This recalculation accounts for
a decrease of the affected grain surface caused by the
repulsion of the beam ions.

The ion dose in Figs. 1 and 2 is a sum of these partial
doses.

An evolution of the grain mass with the cumulative ion
dose is demonstrated in Fig. 1(b). As it can be seen, this
dependence can be fitted by a straight line with a very
reasonable accuracy. The slope of this line is the sputtering
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Fig. 1. (a) Temporal evolution of the grain mass during sputtering by 2-keV Ar ions and 1-keV electrons. (b) Dependence of the grain mass on the ion
dose. The line in (b) shows a linear fit. Error bars are given by the errors of the mass measurements.

Fig. 2. Dependence of the grain mass on the number of impinging ions during sputtering at (a) high (1.3 kV) and (b) varying surface
potentials: 0.8 kV—red line, 1.4 kV—blue line, and 9 V—black line. All lines represent linear fits of data points.

yield that was determined as Y = (90.2 ± 0.3) amu/ion =
(1.501 ± 0.004) SiO2/ion. The sputtering rate is usually given
in numbers of molecules per incident ion, but the sputtering is
not necessarily stoichiometric [31], [32], and thus the number
of amu (atomic mass units) seems to be more informative.

The electron beam was switched OFF during the second
experiment, and thus the grain surface potential reached
≈1.3 kV given by the field emission [33]. It corresponds to the
electric field intensity of 1.7 × 109 V/m at the grain surface.
The initial grain mass was 1.405 × 10−15 kg (diameter of
1.07 μm) at the beginning of the sputtering sequence, and
about 16% of the mass was sputtered during 49 h of the ion
bombardment. The grain mass as a function of the cumulative
ion dose is shown in Fig. 2(a). Although an increase of the
sputtering yield due to the high electric field at the grain
surface was expected, the linear fit to the experimental points
provides the value of Y = (59 ± 5) amu/ion = (0.98 ± 0.09)
SiO2/ion that is significantly lower than the yield determined
for the uncharged sample.

Since the above experiments used two different sam-
ples, we carried out the third experiment with a new grain
(mass 1.358 × 10−15 kg and diameter 1.06 μm). The grain
was initially kept at 0.8 kV of the surface potential by the
electron beam of low intensity, and four sputtering sequences
of about 5 h of duration were realized. The electron beam
was switched OFF for the next four sputtering sequences, and
thus the grain potential was about 1.4 kV. The last sputtering
sequence used the full intensity of the electron beam that
kept the grain at about 10 V of the potential. The results of
this experiment are shown in Fig. 2(b). Resulting sputtering
yields determined from the linear fits shown in Fig. 2 are:
1) Y = (78 ± 11) amu/ion = (1.3 ± 0.2) SiO2/ion for the
surface potential of 0.8 kV; 2) Y = (60 ± 13) amu/ion =
(1.0 ± 0.2) SiO2/ion for the surface potential of 1.4 kV; and
3) Y = 100 amu/ion = 1.66 SiO2/ion for the surface potential
of 9 V. Note that these yields correspond to different energies
of the impinging ions because the beam energy was set to
3 kV for all measurements. The experimental conditions and
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TABLE I

OVERVIEW OF PARTICULAR EXPERIMENT CONDITIONS GIVEN IN THE FIGURES 1 AND 2

results are summarized in Table I. The rows correspond to
particular experiments described above, and they are marked
by references to Figs. 1 and 2 where the results of a particular
experiment are shown. As it can be seen in Table I, the
real ion impact energy, Eφ , varies from 1.6 to 3 keV in
different experiments, and thus the observed changes of the
yield can be (partly) caused by the energetic dependence of
the sputtering yield. Uncertainties given in the yield column
are uncertainties of linear fits shown in the corresponding
figures, and they do not reflect the systematic uncertainties
of the experimental method that can be hardly determined.
We expect that a number of impinging ions is equal to the
number of elementary charges that the grain gained during
calibration shots and neglect a portion of energetic secondary
electrons that would increase the positive charge of the grain.
On the other hand, a very small number of outgoing species
are ionized and this effect decreases the grain charge and these
two effects partly compensate. We believe that the resulting
error is of the order of 1%.

We have developed a routine that uses the SRIM software
package [20] and allows us a computation of the yield from
spherical samples bombarded by a parallel ion beam. The
spherical grain was replaced by a polyhedron of revolution
with a step of 1o, and the sputtering yield was computed as a
weighted sum of partial yields. The results of this computation
are given in the last two columns of Table I. This procedure
uses the real ion impact energy that is equal to Eφ = E0 −eφ,
but it still expects the parallel beam. If the grain is charged,
the ion beam is defocused and the affected area of the grain
decreases, but it can be easily shown that an angular distrib-
ution of the ions falling on the charged surface is conserved.
The software computes probability that the ion falling on the
surface expels a sputtering product, and thus the computed
yield is the true yield in the sense of the definition given
in the first paragraph of this session regardless of the grain
charge (i.e., nφ/Nφ ). To obtain the geometrical sputtering yield
nφ/N0 at a given surface potential, the simulated sputtering
yield should be multiplied by a factor of (1 − e · φ/E0), but
we use the true yield, nφ/Nφ , throughout this paper.

If we compare lines 1 and 2 in Table I, we can note about
50% increase in the measured sputtering yield for the sample
bombarded simultaneously with 1-keV electrons, whereas the
SRIM calculation predicts only 10%. An increase in the
yield for the sample bombarded by a combination of electron
and ion beams can also be seen in lines 3–5 of Table I.
A number of sputtering sequences under given conditions in
the third experiment was lower than that used in the previous

experiments, and thus the error of the yield determination is
higher. Nevertheless, this experiment undoubtedly confirms
a decrease in the sputtering yield for samples charged to
higher potentials that apparently contradicts to the results of
Pavlů et al. [22]. They investigated the sputtering of gold
spherical samples by energetic Ar ions without a compensation
of the ion beam charge and found the yield enhanced by a
factor of two with respect to the data expected for spherical
samples. This effect was ascribed to a possible influence of
the high electric field at the sample surface, and the authors
suggested that such an enhancement would be even more
pronounced for samples from insulators; however, we have
found an opposite effect.

An increase in the sputtering yield observed in the case of
simultaneous electron bombardment could be caused by the
increase in the grain temperature because the electron beam
delivers additional heat to the grain. The grain is levitating in
the vacuum vessel (≈10−8 mbar), and it is heated by the IR
radiation form the vessel walls, by a laser beam used for a
detection, and by ion and electron beams. The heat emitted
by a 1-μm grain at 300 K is ≈1.5 × 10−9 W, and the same
power would receive the grain from the walls of the vessel. The
laser beam heats the grain with ≈1.7×10−11 W, the ion beam
adds ≈7 × 10−12 W, and the electron beam contributes up to
≈1.8 × 10−11 W. It means that the total power added by a
laser and particle beams represents only several percents of
the power received from the vessel walls. A simple estimation
using a black body approximation would lead to several
degrees of the grain temperature increase. A more precise
estimation of a heat balance under very similar conditions
made in [34] led to the grain temperature increase by 30 K.
It means that the observed increase in the yield when the
positive grain charge is compensated for by the electron beam
cannot be connected with the increase in the grain temperature.

Simultaneous applications of ion and electron beams would
lead to a partial recombination of Ar ions. However, ion and
electron beams are perpendicular in our experiment, and thus
the interaction volume is about 1 mm3 only. It means that
the influence of neutral Ar atoms on the measured sputtering
yield is negligible. The published values of the yield of SiO2
sputtering by 2-keV Ar ions vary from 0.8 to 2 SiO2/ion for
a normal incidence angle (see [35] for a review). The yield
averaged over a spherical sample would be enhanced by a
factor of 1.2–2 due to its angular dependence [22], and thus
our results fit into the published range of values.

Sputtering of oxides often exhibits preferential sputtering
of oxygen by both electron [31] and ion [32] impacts in a
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Fig. 3. SEM images of the glass grain sputtered by a 30-keV Ga+ beam (293 pA, sputtered diameter 1.6 μm) (a) prior to sputtering and
after (b) 4 and (c) 9 s.

comparison with the bombardment by neutral atoms. This
effect was investigated because it could spoil the measure-
ments of a surface composition by widely used Auger elec-
tron spectroscopy. Yakabe et al. [16] found that the electron
bombardment increases the sputtering rate of SiO2 by 1-keV
Ar ions, and this increase is a linear function of the electron
beam current density and it is roughly independent on the
beam energy in the range of 1–5 keV. The authors reported an
increase by a factor of two if the electron current density was
as large as 150 A/m2. Current densities in our experiment are
several orders of magnitude lower (≈2.5 mA/m2), and thus
this effect would be negligible. The other difference is that
they irradiated the sample with ions and electrons sequentially,
but both beams are simultaneously applied in our experiment.
Unfortunately, Yakabe et al. [16] do not give the time delay
between the electron and ion beam applications. Since a major
effect of the electron beam would be connected with the
modification of the crystalline structure of the surface, it is
possible that the time delay between the electron and ion bom-
bardments could be sufficient for a partial reconstruction of the
surface. On the other hand, Yakabe et al. [16] investigated the
sputtering of a planar thin SiO2 film grown on the Si(100)
substrate under normal incidence, whereas we sputtered small
spherical samples. The difference in efficiency of the electron
bombardment on an increase in the sputtering yield can be thus
connected with the angular dependence of both processes; we
will discuss this topic in the next section.

III. SPUTTERING OF GRAINS ATTACHED TO A SURFACE

This experiment utilizes the scanning electron micro-
scope (SEM) with the integrated focused ion beam system that
uses an intense beam of 30-keV Ga ions for a very localized
(≈5-nm spot) sputtering. Since there is a possibility of the
scanning of the ion beam over an area, we have used this
facility for investigations of the angular dependence of the
sputtering yield. The grain was fixed on a carbon tape, and
the SEM image was stored. The ion beam was then scanned
over the area larger than the grain for one or more seconds,

Fig. 4. Sputtering yield of the dust grain on the surface influenced
by 30-keV Ga+ ions as calculated from the size of the grain residual.

and a new image was stored. Fig. 3 shows a series of images
with a time span of about 5 s. By contrast to our previous
experiments, the sputtering is rather fast because the grain
decreases to about one-half of its mass within 5 s. Another
interesting feature is a change in the grain shape from a sphere
to a truncated cone.

The sputtered mass was calculated from the estimated
volume and used for the computation of the sputtering yield.
Note that the images were taken from an angle of 50◦ from
the ion beam axis and we expect rotational symmetry of the
dust grain residuals. The determined yield, Y , as a function
of the ion dose is presented in Fig. 4. Although the yield was
independent on the ion dose in our previous experiments, it
changes from about six to two in the first two steps and it
remains about constant then. We suggest that this change of
the integrated yield is connected with its angular dependence.
The parts of the grain illuminated by the ion beam under an
angle corresponding to the yield maximum are sputtered out
within the first two steps, and the sputtering shapes the grain
residual into a form with about constant sputtering rate along
the surface.
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Fig. 5. (a) Angular profile of the sputtering yield from the TRIM software package (black dots) and our modification (red line). (b) Cross section of the
grain illustrating a change of the grain shape as calculated by TRIM with our modification of the angular yield profile. (c) 3-D view of our simulation
of the sputtering with the angular dependence corresponding to the red line in (a). (d) SEM image of the spherical grain after 60 s of the sputtering by
a 30-keV Ga ion beam with current of 1 pA.

In order to check this suggestion, we developed an iterative
routine for a description of the sputtering process under a
changing shape of the sample that uses the TRIM software
package for a computation of the sputtered volume. The
black dots in Fig. 5(a) show the angular dependence of the
sputtering yield from the TRIM code, and we used it in the
first simulations. However, this angular profile did not explain
the observed changes of the grain shape because the top part
was sputtered too slowly. For this reason, we have increased
the yield at low incidence angles to receive a better matching
of the computation results with the experiment. The modifi-
cation of the yield angular profile is shown by the red line
in Fig. 5(a). Fig. 5(b) shows cross sections of the grain in
several equidistant time steps, and we can note that modeled
shapes correspond well to the photos in Fig. 3. A very good
agreement of the computer model and experiment can also
be inferred from a comparison of Fig. 5(c) and (d). Unfor-
tunately, the errors in estimations of the sputtered volume
from the images are relatively large, and thus we cannot
say if the problem is in underestimation of the yield at low
incidence angles rather than in overestimation of yields for
large angles. Although the resulting shapes of grains after sev-
eral sputtering sessions were qualitatively the same, a notable
difference was observed. For example, the slopes of the cone
in Fig. 3(b) and (c) are steeper than those in Fig. 5(d). We think
that the difference is connected with a slightly different angular
dependence of the sputtering yields for these two samples
rather than with different intensities of the ion beam, but
a nonlinear effect at very large beam intensities cannot be
excluded. Nevertheless, this technique for a determination of
the sputtering rate is completely new and we hope that we
will be able to elaborate it to provide quantitative information
as well.

IV. CONCLUSION

The experiments with levitating SiO2 spherical grains sput-
tered by 2-kev Ar+ ions provided an integrated sputtering yield
of 1.0 SiO2 molecules per incident ion. This yield increases
to 1.6 when the grain is simultaneously bombarded by the
intense 1-keV electron beam. The decreasing in the electron
beam current density to a value comparable with the ion beam
current density (2.5 mA/m2) leads to intermediate value of
the sputtering yield (1.3). The changes of the electron beam

current density were accompanied with the changes of the
electric field at the grain surface from 1.7 × 109 V/m for the
pure ion sputtering to 16 × 107 V/m for the electron current
densities exceeding the ion current. The observed changes
of the sputtering yield cannot be caused by the changes of
the surface electric field because their trend (decrease in the
sputtering yield with an increasing surface electric field) is
opposite to that found in [22]. We suggest that the observed
effect can be caused by a modification of the grain surface by
the electron beam that leads to the weakening of the bonding
forces. This effect is probably strong enough to mask the
dependence of the yield on the surface field. SiO2 is a principal
constituent of dust grains in the space, and these grains are
bombarded by both ions and electrons simultaneously. The
investigated effect thus can lead to a faster destruction of
the small grains than expected. However, we cannot exclude
that the increase in the sputtering yield by an electron impact
depends on the electron energy (1 keV in our case).

The investigation of the sputtering of individual grains
by a parallel beam has shown that it results in a change
of the original spherical shape to the shape resembling a
truncated cone. An attempt to model this process revealed
that the TRIM software package probably underestimates the
sputtering yield for small incident angles or overestimates it
for large angles [Fig. 5(a)]. Note that this software is broadly
used for the calculation of sputtering yields in industrial or
scientific applications where the angular dependence of the
yield can be important.
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Zdeněk Němeček was born in Prague,
Czech Republic, in 1947. He received the
M.S., Ph.D., and D.Sc. degrees from Charles
University in Prague, Prague, in 1971, 1982,
and 1996, respectively.

He has held several leading positions with the
Faculty of Mathematics and Physics, Charles
University in Prague, since 1971. His current
research interests include solar wind interaction
with the Earth’s magnetosphere and the laboratory
simulations of plasma processes.

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

She has held several positions with the Faculty
of Mathematics and Physics, where she is currently
the Head of the Space Physics Laboratory. Her
current research interests include solar wind and
laboratory simulations of elementary processes in
dusty plasmas.
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MF Microspheres: Helping or Puzzling Tool?
Marek Vyšinka, Libor Nouzák, Jiřı́ Pavlů, Zdeněk Němeček, Jana Šafránková, Ivana Richterová

Abstract—Melamine formaldehyde (MF) microspheres are
widely used in dusty plasma experiments for their monodis-
persity, sphericity, low mass density, and well defined sizes.
The paper summarizes problems that were encountered in
numerous applications of these grains in different laboratory
simulations. and the already published results are discussed in
view of new experiments. The main results of this paper are
connected with changes of the grain mass due to the decreased
pressure and/or increased temperature and variations of the grain
dimensions, its shape, and mass density under electron or ion
bombardments. By contrast to the work function estimated from
field emission properties, we have found the photoelectric work
function (4.5 eV) being close to that expected. A sputtering of
the grains using a 30 keV ion beam revealed their unexpected
heterogeneity.

Index Terms—Dust grains, dusty plasma, melamine formalde-
hyde (MF) resin, microspheres.

I. INTRODUCTION

MELAMINE formaldehyde resin spheres are widely used
by the dusty plasma community since they are avail-

able in a broad range of sizes and their low-mass density
and a good optical reflectivity (see Table I adopted from
Microparticles GmbH web pages http://microparticles.de/en/)
facilitate different experimental techniques. Monodispersity
and sphericity make estimations and calculations easier; the
low-mass density enables easy grain levitation and the high
reflectivity implicates easy optical detection. From this point
of view, it seems that MF microspheres are an ideal sample
not only for the dusty plasma research, but for many sorts of
studies involving small particles; even more, they are offered
in numerous alternatives with functional surfaces (dyed, metal
covered, fluorescent, with magnetic layer, etc.).

Numerous dusty plasma experiments over the world used
MF grains: their different sizes were used together onboard
ISS within the PKE-Nefedov, PK-3 Plus, and PK-4 experi-
ments, e.g., [1]–[3]; they were used as a kind of probes in
order to study and to map electric fields (both horizontal and
vertical) [4], [5] in low-pressure gas discharges; or to investiga-
tion of interactions between the plasma and magnetic field [6];
to study dust grains under the influence of crossed electric and
magnetic fields in the sheath of an RF discharge [7]; or dust
charge fluctuations in the sheath and at its boundaries [8], [9];
to determination of levitation limits within the sheath [10]; and
to demonstration of vortex flow turbulence [11] in complex

This work was supported by the Czech Science Foundation project 16-
05762S and LN thanks to the Grant Agency of Charles University for support
by project 728616.

All authors are with the Charles University in Prague, Faculty
of Mathematics and Physics, Prague, Czech Republic. e-mail: (see
http://physics.mff.cuni.cz/kfpp/).

TABLE I
SOME OF THE PROPERTIES OF MF PARTICLES (ADOPTED FROM THE

PRODUCER WEB PAGES).

Property MF particles
Density 1.51 g/cm3

Refractive index 1.68
Particle diameter 0.3–12 µm
Monodispersity CV < 5%
Particle shape spherical
Temperature stability to 250 ◦C
Mechanical strength robust
Stability in solvents water, alcohols,

without swelling all solvents and oils
Structure hydrophilic, non-porous

plasma experiments. Liu et al. [12] reported how the radiation
pressure and gas drag forces act on a single MF microsphere
and quantified the Epstein gas drag force coefficient. In space
applications, Wang et al. [13] discussed a dust transport in the
plasma investigating an origin of the lunar horizon glow.

Above a brief overview of the literature demonstrates how
popular the MF grains are in fundamental laboratory studies.
Nevertheless, many authors have found that some parameters
of MF grains change during experiments and that these vari-
ations depend on types of the plasma environment and on
applications of various diagnostic techniques (e.g., [14]–[16]).
According to these papers, we already know that an exposition
of MF grains to vacuum, plasma, and/or electron or ion beams
can induce changes of the MF grain dimensions, mass density,
shape, and electrical properties that can be attributed to the
modification of the internal structure. Since this knowledge is
spread over different reports, we summarize and comment the
previous results and show the results of new observations with
a motivation to help other experimenters to understand and to
interpret their measurements.

The text is divided into the subsections devoted to different
aspects of MF grains (work function, mass, size, mass density,
adhesiveness of surface layers, etc.) or processes like field
emission or ion sputtering. Each of these subsections starts
with a short overview of already published experiments that
are further discussed from the point of view of properties of
MF grains, and continues with new results. The main attention
is focused on an interaction of MF particles with energetic
electrons or ions using two types of experiments but other
possible sources of particle modifications are discussed as
well.

II. EXPERIMENTAL TECHNIQUES

The paper presents two complementary types of experi-
ments. Scanning Electron Microscopy (SEM) is a widely used

0000–0000/00$00.00 c© 2014 IEEE
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technique for scientific images under an assumption that the
energetic electrons do not change the properties of investigated
samples substantially. For this reason, we have varied the
focus, scanned area, and electron beam intensity in course of
the experiments. High intensities and long expositions were
used to influence the grains, whereas very low intensities
served for consecutive images that permit a quantification of
results of the electron beam–grain interaction. The electron
beam energy was 15 keV and the pressure in the experimental
vessel varied from 10−2 to 10−3 Pa during experiments. The
integrated-in Focused Ion Beam (FIB) operating with 30 keV
gallium ions facilitated sputtering experiments.

A second type of our experimental set-ups is an electrody-
namic quadrupole trap [17] which allows us to catch a single
charged grain and to affect it by different beams of particles
with a tunable energy. This particular experiment is conducted
under ultra-high vacuum conditions (typically 10−7 Pa). The
principles of this technique can be found in [14] and in [18],
respectively, thus we repeat only basic features used in the
present paper.

A single charged MF grain levitates in the effective potential
of the trap and it can be bombarded by beams of UV photons
and/or beams of electrons and/or ions. The only measurable
quantity is a frequency of grain oscillations that is directly
proportional to its charge-to-mass ratio (specific charge here-
after). A determination of all important quantities requires
applications of dedicated techniques:

1) Grain mass: the charge of a slightly charged (about one
hundred of elementary charges) grain is changed by
one elementary charge up or down and a jump of the
oscillation frequency is proportional to the grain mass.

2) Grain charge: it is computed from the specific charge
and grain mass.

3) The surface potential: the grain is charged by the ion
beam to a positive surface potential (that is approxi-
mately equal to the beam energy) and the beam energy
is abruptly decreased. The beam ions are repulsed from
the charged grain but it is gradually discharged by back-
ground electrons (originated mainly due to ionization of
the residual gas in the vessel). When the grain potential
becomes equal to the beam energy, an abrupt change of
the discharging current is observed.

4) Grain specific capacitance: it can be calculated from
its specific charge corresponding to the potential deter-
mined by the point 3).

5) Grain size: it is calculated from the capacitance under
an assumption of the grain spherical shape.

If the mass determined by 1) and the estimated size by 5) do
not match the known mass density, it can be interpreted as a
non-spherical shape of the grain or mass density change.

III. OBSERVATIONS

A. Work function

As a first point, we discuss the work function that is a very
important parameter for any estimation of the charge of illumi-
nated dust grains, nevertheless, its determination is generally
difficult for insulators due to their charging. For this reason,

(a) (b)

Fig. 1. Work functions of the MF grain calculated from identified emission
lines of Ar I, Ar II, He I and He II prior to (left) and after (right) 35-hour
treatment by the 0.4 keV electron beam.

Pavlu et al. [19] tried to estimate the work function of MF
grains from observations of the field emission discharging of
highly charged grains by the Fowler–Nordheim method. Since
the resulting plots were neither linear nor stable, the authors
were able to provide only a very broad range (1.4–7.5 eV)
of work function values. Suggested causes of the spread of
experimental data were variations of the electric capacitance
caused by unpredictable changes of the grain dimensions or
shapes due to a high surface electric field. It was one of the
first experiments showing that the geometry/dimension of MF
grains can be significantly influenced by their charge.

As a range of MF work functions established by [19] was
rather broad, we applied the method based on the photoemis-
sion that was suggested by [20]. Impacts of UV photons lead
to charging of the MF grain by photoelectron emission. The
grain surface potential is given by the photon energy and the
material work function according to Eq. 1.

φ =
1

e
(hν −W ) (1)

where φ is the surface potential, h is the Planck constant,
ν is the photon frequency, W is the work function and e is
the elementary charge. A determination of the work function
would be straightforward if a single UV line would be used.
However, above mentioned problems with the surface electric
field require the measurements with several photon energies.
We used the UV lamp that mixes wavelengths according to dis-
charge conditions and the work function was extrapolated from
the measurements at the emission lines of argon (11.62 eV,
11.83 eV, 13.47 eV, 17.26 eV, and 18.72 eV) and helium
(21.22 eV, 23.08 eV, 40.82 eV and 48.35 eV).

The extrapolated work function of the grain was
W=(4.4 ± 0.2) eV (Fig. 1, left). To check a possible influence
of the electron bombardment on the work function, the grain
was bombarded for 35 hours by the 0.4 keV electron beam
and the work function was determined again (Fig. 1, right).
The observed change of the work function (4.5 ± 0.2) eV
is within the estimated error of measurements. Moreover, the
oscillations of the grain in the trap were stable and it suggests
that a specific capacitance of the grain did not change in course
of the experiments.

B. Mass and mass density changes in vacuum

A MF resin is known to be hydrophilic and the grains
tend to absorb water from the air during their storage. In dry
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Fig. 2. An evolution of the specific capacitance of 10-micron MF grains in
UHV conditions. The arrow marks the time of the grain baking at 240 oC for
6 hours.

environments or at lower pressures, an evaporation of water
or other volatile elements would lead to mass changes [15].
However, it is not clear whether these changes result in a
decrease of the mass density and the dimensions are constant
during the time or not. To clarify this point, we have revisited
first systematic measurements of a evolution of the MF grain
mass in UHV conditions by [14]. The authors carried out two
particular experiments:

• Measurements of the mass loss rate of one weakly
charged MF grain with diameter of 2.4µm that was kept
in UHV conditions (with the pressure of 10−6 Pa) and
the specific charge was recorded for 6 days. Since an
overall change of the specific charge was lower than
that corresponding to one elementary charge, the whole
change should be caused by the decrease of the particle
mass.

• Measurements of a evolution of the specific capacitance
of larger (10µm) grains for 40 days that were followed
by 6 hours of baking at 240 oC and by new measurements
of the specific capacitance for next 45 days (see Fig. 2).
During the observations, they used an assemblage of
about 50 particles; each of them was measured only once
to minimize the effects of bombardment with energetic
electrons or ions. We cannot exclude an influence of these
measurements on the grain parameters but this effect
would be the same for each measured grain, thus the
obtained trends are reliable.

Results of these two experiments can be summarized as:
(a) A monotonic increase of the specific charge with
a rate of 0.011% a day that corresponds to the
decrease of the mass of the grain with diameter of
2.4 µm with a rate of 1.2 × 10−18 kg/day (i.e.,
0.015% a day).
(b) A monotonic increase of the specific capacitance
of the 10 µm grain with a rate of about 0.09% a
day during an exposition to UHV and the additional
6.3% increase during baking. The data are shown
in Fig. 2 as squares, the thin straight lines show
the average trend derived in two halves of the plot
(prior to and after the baking), and their distance

corresponds to an uncertainty of the grain diameter
declared by the manufacturer. Note that Fig. 5 in [14]
shows a reciprocal value of the specific capacitance
in arbitrary units, thus the plot exhibits a decreasing
trend of the depicted quantity, nevertheless, the initial
data are the same.

The interpretation of results in terms of the mass density,
volume, etc. requires additional assumptions and their appli-
cation can lead to different results:

1) Assumptions of an unaffected grain diameter and mea-
surements in (a) result in a decrease of the mass density
with a rate of 0.011% a day. On the other hand, the
assumption of a constant diameter (constant capacitance)
and measurements in (b) provide a decrease of the
mass density with a rate of 0.09% a day. An order
of magnitude difference cannot be probably explained
by different grain diameters used for measurements (2.4
and 10 µm, respectively) that could result in a different
relative mass loss rate, thus this assumption should be
abandoned.

2) The specific capacitance is inversely proportional to a
product of the mass density and a square of the grain
diameter. Measurements in (b) show an overall relative
increase of the specific capacitance of about 8% (the
effect of baking is not considered) and the assumption
of the constant mass density thus requires a decrease of
the grain diameter by 4%. Such a decrease is smaller
than that reported by [16] in the discharge plasma but
our assumption of the constant mass density would lead
to the mass decrease to 88% of the original value that
is probably too large if the mass loss rate determined in
the measurements (a) is considered.

3) The principal assumption that the grains conserve their
spherical shape is behind both scenarios discussed
above. It seems to be very natural expectation but, in a
light of phenomena that will be described in the further
text, we should stress it out. For the sake of com-
pleteness, we are showing how the specific capacitance
depends on the grain shape in Fig. 3. The plot depicts
a ratio of capacitances of ellipsoid of revolution and
sphere with the same volume. One can see that this ratio
is always larger than unity. It means that the change of
the grain shape could contribute to the observed increase
of the specific capacitance.

4) Since our above considerations did not lead to a satis-
factory conclusion, we suggest that the results of the ex-
periment should be interpreted as simultaneous changes
of the mass density and a volume of the grain. However,
the data provided by the mentioned experiments are not
sufficient for determination of a proportion of changes
of these two parameters.

Nevertheless, the experiments undoubtedly confirmed a fact
that MF grains loss their mass in the vacuum even if they are
not affected by electron or ion bombardments, and allowed to
determine the mass loss rate. The mass losses are accompanied
with a decrease of grain dimensions and changes of the mass
density. It would be interesting to know if the mass losses are
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Fig. 3. A ratio of capacitances of the ellipsoid of revolution and sphere with
the same volume as a function of the aspect ratio.

proportional to the grain mass or to the grain surface but the
experimental data are not sufficient to answer this question.

C. Evolution of the grain size under electron bombardment
The grains immersed in a plasma are bombarded by plasma

particles. In a majority of applications, the plasma is non-
isothermal and electrons are much hotter than the ions or
neutral atoms that often follow the room temperature. Con-
sequently, the energies of impinging electrons are larger and
thus one would expect that the effects of a grain bombardment
(if any) would be caused by electrons. [21], [22] studied an
oxygen plasma etching and a layer deposition on the MF grain
surface. They observed a grain size linearly decreasing with
the time (in first 23 minutes, 8% reduction of a grain diameter
was recorded). Since most experiments on dusty plasmas use
argon, chemical etching is often neglected. Nevertheless, [16]
observed the 6% size reduction during baking at 120 oC that
is consistent with the results of [14] and about the 18%
size reduction during applications of 4 h of operation of
the RF discharge in argon [16]. Size changes were observed
via evolving Mie scattering signal and also ex situ by the
microscopy. These rates are much larger than those determined
in UHV conditions and thus their enhancement would be
probably attributed to the electron bombardment.

[23] studied the secondary electron emission from MF
grains bombarded by high-energy electrons (5–10 keV) and
observed a sudden change of the surface potential of the grain.
Taken into account charging currents, the authors concluded
that such instantaneous change cannot be caused by an in-
crease of the grain charge and attributed it to a decrease of
the grain effective radius due to a collapse. They speculated
that the observed strange behavior can be caused by a grain
deformation (changing shape and/or size) due to the inner
electric field, resulting in a change of the electric capacitance.
They observed up to about the 25% increase of the measured
charge (Fig. 1, right in [23]), i.e., the capacitance (and thus
a radius) should decrease by the same percentage if the
surface potential and particle mass are expected to remain
constant. These assumptions are well justified because the
surface potential is given by a balance between incoming and
outgoing electrons and ions that would not depend on the grain
size or shape and the mass could not increase in the UHV
conditions.

D = 1973 nm
D = 2139 nm

D = 2207 nm
D = 2168 nm

Fig. 4. Influence of the electron bombardment (the beam of 15 keV, with
the intensity of 71 A/m2) on the MF grain size. (a) prior to bombardment,
(b) after 40-minute bombardment (the grain on the left side of both images
was bombarded, the grain on the right side serves to a comparison).

The size of small grains is usually exactly measured by
electron microscope (EM) techniques. For example, Liu [12]
reported transmission EM observations showing that the MF
grains are smaller than specified by the manufacturer. How-
ever, the grains are bombarded by energetic electrons during
EM measurements, and thus the results of such measurements
should be taken with a care because the electron bombardment
can change the grain diameter as we discussed above.

We have performed a series of SEM measurements in order
to clarify an influence of energetic electrons on MF grain
dimensions. Since the grain obtains a dose of electrons during
measurements of its diameter, we have used two grains to
separate effects caused by imaging from those resulting from
an electron intensive bombardment. Fig. 4a shows these grains
prior to the intensive electron bombardment. Their diameters
are D1 = 2207 nm and D2 = 2168 nm, respectively, but
the diameter would be 2350 nm (± 40 nm) according to the
manufacturer. The difference between measured and declared
diameters cannot be caused by a decrease of the grain size
in the vacuum mentioned above because the image was taken
within first 20 minutes but we cannot exclude the influence of
the electron beam.

After taking this image, the grain on the left-hand side was
bombarded by the high-intensity 15-keV electron beam (its
average current density was ≈ 71 A/m2), the grain on the
right-hand side was left unaffected for a comparison. Both
grains obtained some electron dose during the SEM imaging
but this dose was the same for both grains. SEM images were
taken every 5 minutes of the electron bombardment. During
40 minutes of these operations, the left grain shrinks from
2207 nm to 1973 nm (11%), whereas the right grain shrinks
from 2168 nm to 2139 nm (1.4%) only. The final image is
shown in Fig. 4b.

Fig. 5 illustrates that the shrinking was approximately
saturated after 30 minutes of the electron bombardment. Al-
though the exact mechanism is unknown, it is evident that
the electron bombardment affects the grain size. The black
crosses show the results of measurements described above,
other symbols stand for analogous measurements carried on
different grains attached to Al and carbon substrates. The
profiles in Fig. 5 confirm a decrease of the grain size under
electron bombardments but the reduction rates are different.
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Fig. 6. The MF grain bombarded by 15 keV electrons. (a) SEM image —
upper left quarter of the grain was bombarded by electrons, upper right quarter
is intact; (b) A diameter of the MF grain as a function of the electron dose
(adopted from [24]).

In order to demonstrate a complex character of the inter-
action of MF grains with the electron beam, Fig. 6 shows
the results of Pavlu et al. [24]. This experiment used another
SEM facility allowing much higher beam intensities. The black
points in Fig. 6b were obtained in a similar regime as the
points in Fig. 5. We can see a small initial decrease of the
grain diameter. The decreasing trend is consistent with Fig. 5
but this decrease is followed by a rapid increase for higher
electron doses. Since this result was surprising, the authors
have scanned only left upper quarter of the grain as it is shown
in Fig. 6a and the corresponding red crosses in Fig. 6b belong
to these scans. It can be seen that the increase of the grain
size is strictly localized to the part that was affected by the
electron beam.

D. Surface coating and its thickness

MF grains are offered in metal-coated versions (Au, Ni,
Cu, Pt, ...) that would combine advantages of the low mass
and metal surface. Two major problems concerning the metal
layer were identified: (1) it is easily peeled off by energetic
electrons (it can be caused by shrinking of the MF grain
inside the metal crust as Fig. 7 illustrates using grains covered
by the AU layer), and (2) the layer thickness does not meet
expected values as it was shown by [25]. The authors adapted
the secondary electron emission model to allow computations
of the secondary emission from layered grains. They used

MF spheres covered by a nickel layer as an example and a
comparison with measured profiles of the secondary emission
yield revealed that (unlike producer’s expectations of the 100–
200 nm thickness [26]), the thickness of the real Ni coating
cannot exceed 20 nm. This result of computer simulations
was confirmed by precise measurements of the mass distri-
bution [25].

The experiments with Ni coated grains in SEM revealed
another interesting peculiarity. Fig. 8 shows the grain fixed to
a carbon tape prior to and after the bombardment by the 15-
keV electron beam. The grain in the left panel obtained only a
minimum dose of electrons needed for a creation of its image.
The image demonstrates that the surface layer is not smooth
and it is even not continuous. It is in an agreement with a small
layer thickness discussed above. The middle panel presents a
top view of the same grain after 30 minutes of the following
electron bombardment. The grain radius is marked within the
panel but one can note about a 50% particle increase even
without such a tool. However, the grain is not only larger but
its surface is very smooth. Moreover, the grain enlargement is
not a simple inflation but it is connected with the change of
the grain shape as a side view in the right panel shows.

An analysis of this and many other photos suggests that
the grain is covered by a thick layer of a another material.
To confirm this hypothesis, we used the FIB facility and cut
the grain in half. The SEM photo of this cut is depicted in
Fig. 9. Although the contrast of this image is not excellent,
the important features can be identified. The dark core presents
the MF grain with nearly unaffected size (in the horizontal
direction) of L1 = 2165 nm. Its size in the vertical direction
is probably smaller, L1 = 1869 nm. The grain core is bounded
by a light thin layer of the original Ni coat; nevertheless, this
coat seems to be removed at the top part of the grain. The
whole grain is covered with a thick layer of unknown material
but its outer boundary is rather diffusive in this photo.

A grow of a such layer was observed repeatedly for Ni
covered MF grains attached to the carbon tape but we did not
find this effect either for pure MF grains on carbon tape or
for Ni covered grains fixed to an Al surface. Our interpretation
of this observation is that the electron beam releases carbon
atoms from the surface of the carbon tape and (probably) a
volatile component of the MF resin. The catalytic properties
of the Ni coat thus lead to synthesis of a new material that
builds the layer on the grain surface.

E. Sputtering

Impacts of energetic ions lead to sputtering of a dust grain
material. It is well known that the sputtering yield depends
on the energy and mass of the ions and the direction of the
ion velocity with respect to surface. Angular dependence of
the sputtering yield leads to a modification of the shape of the
originally spherical grain attached to a surface [27]. Also the
surface morphology can change under the ion bombardment
and surface ripples can be formed (e.g., [28], [29]).

We used 30 keV Ga ions from the focused ion beam (FIB)
integrated into SEM to sputter MF grains. A sequence of
photos of one grain sputtered with the beam intensity of
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(a) (b)

(c) (d)
Fig. 7. SEM images of Au-coated MF grains: (a) a grain prior to the
bombardment; (b) a detail of one grain after bombardment by 15-keV
electrons (note that the Au layer is detached from the grain); (c) a destruction
of the surface layer (it is rather common); and (d) a portion of grains is
completely peeled off due to the electron bombardment.

D = 2095 nm D = 2847 nm

Fig. 8. An evolution of the grain size and shape during the bombardment
by the 15-keV electron beam. The used sample: MF grain covered by Ni and
fixed to a carbon tape for SEM diagnostics.

1 A/m2 is shown in Fig. 10. A change of the grain overall
shape seen in Fig. 10e is consistent with observations made
on glass grains by Vysinka [27] and can be attributed to the
angular dependence of the sputtering yield. However, this way
of sputtering is not typical as Fig. 10f demonstrates. Moreover,
the surface of the grain becomes rough with many shallow
depressions even in early stages of sputtering (Fig. 10c).

Larger beam intensities amplify this effect as we show
in Fig. 11 that presents the 2.4 µm MF grain prior to (a)
and after (b) ion sputtering. The grain material is expected
to be homogenous but holes through the grain are milled at
some points. A creation of holes is probably connected with a
strong angular dependence of the sputtering yield that can be
inferred from the slope of the flanks of the sputtered particle
in Fig. 11b. This effect seems to be more pronounced at
larger intensities of the ion beam but we did not observe such
behavior on other materials like SiO2 (Fig. 11c) and glassy

D = 1850 nm

L = 2165 nm

Fig. 9. The MF grain covered by Ni and fixed to a carbon tape after cutting
in half by FIB. See the text for the detail explanation.

carbon (Fig. 11d).

IV. DISCUSSION

Despite many believes, the MF microspheres are not so
stable as it is thought. They decrease their mass and diameter
in UHV conditions, at raised temperatures, and under the
influence of the electron beam with a very low intensity and
energy, probably due to heating and evaporation of some
water or other volatile components contained in the grain.
The losses of the mass are as large as 1.2 × 10−18 kg/day
for 2.4-micrometer grains. The spherical shape of the grain is
probably not affected by these agents. On the other hand, larger
energies of beam electrons result to notable, and sometimes
abrupt changes of the grain dimensions. Its bombardment by
energetic electrons usually leads to high surface potentials and
it is not clear, whether the main cause of dimension changes
is a destruction of the internal structure of the grains or the
large electric field at the surface. We think that the small doses
of electrons are probably sufficient to destroy the internal
molecular structure and it results to the initial decrease of
the grain diameter, whereas the large electric field causes a
consecutive inflation of the grain.

However, in a view of new experiments (Figs. 8 and 9), we
cannot exclude another interpretation of the observed grain
growth that is related to the SEM experiments. The pressure
in SEM facilities is usually rather moderate and a residual gas
can contain different hydrocarbons from the pumping system.
The growth of the grain (or its part, Fig. 6) could be thus
caused by the synthesis of a layer of some material at the
affected part of the grain surface. If this interpretation of the
grain growth in Fig. 6 is correct, a role of energetic electrons
in this synthesis is crucial because the growth is limited to the
part of the grain surface that is affected by the electron beam.
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(a) (b)

(c) (d)

(e) (f)

Fig. 10. Sputtering of a spherical MF grain by 30-keV Ga ions (beam
intensity: 1.0 A/m2): (a) prior to sputtering; (b) after 60 s of sputtering; (c)
after 150 s — the view from top by FIB; (d) a detail of (c) by the SEM
image; (e) after 300 s of sputtering; and (f) another grain sputtered for 540 s.

We assume that the observed peeling off metallic surface
layers that cover the MF grains is connected with the changes
of dimensions of the grain inside the layer due to evaporation
of volatile components in vacuum that can be amplified by
energetic electrons that penetrated through the surface layer.
This penetration is rather probable because the surface layers
were found to be much thinner than the manufacturer declares.

We have determined the MF work function (4.5 eV) and its
value was not affected by the bombardment with low-energy
electrons (0.4 keV). The changes of the work function ob-
served in experiments of Pavlu et al. [24] were most probably
caused by the aforementioned effects of the large electric field
at the grain surface and bombardment by energetic electrons.

We did not determine the sputtering yield but a comparison
of photos of the MF grain and the grains from other materials
shows that it would be comparable with the sputtering yield
measured on SiO2 spheres of similar diameter [27] but an

(a) (b)

(c) (d)

Fig. 11. Sputtering of spherical grains by 30-keV Ga ions: (a) the MF grain
prior to; and (b) after 10 s of sputtering (ion beam intensity: 24.3 A/m2); (c)
the SiO2 grain (ion beam intensity: 0.9 A/m2, sputtering time: 90 s); and (d)
the glassy carbon grain (8.8 A/m2, 180 s).

overall shape of partially sputtered MF grains suggests that
the angular dependence of the MF resin sputtering yield
would be stronger. Sputtering is not homogenous; it forms
grains to a cylindrical shape with milled holes throughout
the entire volume. Such effect is observed even for large
grains. Although it is hard to estimate the effect of the low-
energy ion bombardment (e.g., in the discharge plasma), some
peculiarities can be expected.

V. CONCLUSION

Our study and many already published reports have shown
that the MF microspheres cannot to be recommended for
applications where a stability of grain parameters is essential.
SiO2 grains that exhibit similar properties could be considered
as a more suitable solution for dusty plasma experiments.
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“Secondary emission from dust grains with a surface layer: Comparison
between experimental and model results,” Adv. Sp. Res., vol. 38, no. 11,
pp. 2551–2557, 2006.

[26] H. Fiedler, private communication, Volmerstr. 9A, H.3.51, D-12489
Berlin, Germany, 2002/2003.

[27] M. Vyšinka, Z. Němeček, J. Šafránková, J. Pavlů, J. Vaverka, and
J. Lavková, “Sputtering of spherical sio2 samples,” IEEE Trans. Plasma
Sci., vol. 44, no. 6, pp. 1036–1044, 2016.

[28] G. M. McCracken, “The behaviour of surfaces under ion bombardment,”
Rep. Prog. Phys., vol. 38, no. 2, p. 241, 1975.

[29] P. F. A. Alkemade, “Propulsion of ripples on glass by ion bombardment,”
Phys. Rev. Lett., vol. 96, p. 107602, Mar 2006.


