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Abstract: This paper presents an instrument for the direct experimental determination
of (one component of ) the momentum that is transferred to a target at the interaction with
energetic atoms or ions. Special attention is paid to the case of kinetic energies above the
sputtering threshold. The importance of momentum transfer at gas–surface interactions for
space applications is highlighted, and a direct measurement of atmospheric drag coeﬃcients
by means of a force probe is suggested.
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eﬀective cross-section of an object in orbit
angular acceleration, acceleration at speeding up and slowing down
drag coeﬃcient of an object in orbit
momentum transfer coeﬃcients parallel and perpendicular to the beam
total energy of an object in orbit, energy loss rate due to drag
energy diﬀerence for neighboring orbits
kinetic and potential energies of an object in orbit
force exerted onto a target by a beam
drag force of an object in orbit
ion and total ﬂux densities at distance z from the beam source
moment of inertia
mean free path for charge-exchange collisions
accelerating torque
accelerating torques caused by the beam and friction
momenta of the impinging and the outgoing particles
momenta of the outgoing particles parallel and perpendicular to the beam
distance of the target centers from the rotational axis
mass densities of the rareﬁed atmosphere and an object in orbit
time, time step
velocity of an object in orbit, escape velocity
distance z from the beam source
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I.

Introduction

nteraction of energetic atoms and ions with matter, especially sputtering, is an important phenomenon
Ithrusters
for many space applications. Sputtering causes, as a disadvantageous side eﬀect, grid erosion in ion
Hall thrusters are aﬀected by ceramic erosion.
and determines the life expectancy of the engines.
1, 2

3

4

Sputter erosion might also be important in helicon plasma thrusters like VASIMR. Solar panels suﬀer from
unintentional bombardment with plume ions, because sputtering downgrades the optical transmission of the
cover glass.5 Furthermore, optical devices can be contaminated indirectly by deposition of the sputtered
material. Also natural sources of energetic atoms and ions interact with surfaces of space vehicles, for
example satellites and small objects in low Earth orbits. However, the kinetic energies of the air molecules
with respect to the object in the orbit remain below the sputter thresholds. Therefore, the kind of reﬂection
of the air molecules determines the momentum transfer to the orbiter and the so-called drag coeﬃcient. In
case of a satellite, e.g. the at a height of 270 km operating GOCE, this momentum transfer equals the thrust
needed to counteract the air drag. In case of objects without propulsion, e.g. space debris of diﬀerent sizes,
the drag force is crucial for the orbital life time, i.e. length of time the object remains in orbit.
Recently, several beneﬁcial applications of beam–surface interaction in space were proposed. One of them
is the “ion beam shepherd” concept for space debris removal. A collimated ion beam is to be produced on
a spacecraft ﬂying close to the debris object and directed onto the object in order to modify its orbit.6
As another application, the “ion beam sail” propulsion concept was discussed, where the ion source is not
onboard the propelled space vehicle, but on a space station or the moon, and the beam pushes an electrostatic
sail produced by the vehicle that is to be propelled.7 Authors from the Ad Astra Rocket Company propose
a system of two in opposed directions thrusting VASIMR engines that allows to move a near-Earth asteroid
to a high lunar orbit or to deﬂect a “dangerous” asteroid that could otherwise impact on Earth.8

(a)

(b)

Figure 1. (a) Example of a single sputter event and momenta related to the outgoing particles. (b) Parallel and
perpendicular momentum transfer coeﬃcients (SRIM simulation for 1200 eV argon ions impinging on glass).
The dashed line is a cosine function and corresponds to a perfectly absorbing surface without sputtering.

In this work, we investigate experimentally the physics behind these phenomena and applications, i.e.
the momentum transfer from energetic ions and atoms to solid targets. Figure 1(a) illustrates an ion impact
event of an argon ion, which produces three sputtered copper atoms. The argon ion itself is inelastically
reﬂected. In this situation, not only the momentum pin of the incident ion is transferred to the surface: The
vector pout is the sum of the momenta of the four outgoing particles, and due to conservation of momentum,
−
pout is transferred to the target, too. The total transferred momentum is therefore the vector pin − pout ,
which in general is oblique to the direction of the beam.
In many situations, 
pin + p , i.e. the component parallel to the direction of the incident particles,
is of primary importance, for example, in the above mentioned proposed concepts. If the perpendicular
components p⊥ of all the surface elements do not cancel out, then the tugged object would experience an
oblique acceleration. The force exerted along the direction of the beam can be measured directly by force
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probes.9–11 The force perpendicular to the direction of the beam can also be measured.12, 13 In this paper,
we describe a device for the measurement of this perpendicular component and compare our measurements
with sputter simulations. Figure 1(b) shows a typical simulation of the two components for diﬀerent angles
pin + p |/|
pin |
of incidence. Instead of the absolute momenta, the scalar momentum transfer coeﬃcients c = |
and c⊥ = |
p⊥ |/|
pin |, i.e. the parallel and perpendicular components of the transferred momenta normalized
to the momentum of an incident particle |
pin |, are shown.
An interesting application is the above mentioned prediction of the orbital life time of small objects
in a low Earth orbit (LEO). We calculate trajectories for spherical model objects based on the empirical
NRLMSIS-00 model of the Earth’s atmosphere14 and an assumption of the momentum transfer from the
atmospheric gas molecules impacting on the objects.

II.

The sputter-propelled instrument

For the measurement of the momentum carried by the released particles in a sputter process, we designed
the “sputter-propelled instrument” (SPIN) that uses this momentum to set a movable target in motion. The
sputter-propelled instrument has a rotor similar to a cross-shaped windmill rotor, however, in this case, the
rotor is oriented horizontally and the ion beam is directed vertically upwards.
laser
target

10 mm

axis of
rotation

detector

beam

Figure 2.
shown.

Drawing of the sputter-propelled instrument (SPIN). The supporting needle on the axis is not

Figure 2 shows the setup with the only 10 g light rotor with a diameter of about 10 cm. Four thin square
target plates, each one with an area of 20 × 20 mm2 , are mounted like the blades of a cross-shaped windmill
rotor. The rotor blades can be tilted in order to adjust the angle of incidence of the beam particles. The
rotor is supported with a bearing with conical cavity resting on a needle tip above its center of mass, which
ensures a stable horizontal equilibrium. A photodiode detects the transits of the ceramic rotor arms through
a light beam for a calculation of the angular acceleration α. The targets are electrically connected by wires
through the ceramic tubes and from there via the bearing and the needle to an external voltage source. This
allows biasing and a measurement of the target current. The targets were biased negatively with −20 V in
the experiments.
The momentum transfer from a particle beam to a target surface can be devided in incoming and outgoing
parts: the ﬁrst one is the momentum of the incident particles, and the second one is the momentum of all
the particles which leave the target, i.e. sputtered target atoms and, much less frequent, “reﬂected” beam
particles. In case of the force probes which measure the force component in the direction of the incident
particles, the sum of the momenta of the incoming and outgoing particles is measured.9–11 In contrast, the
here presented SPIN can react only in a direction perpendicular to the beam, hence, it is sensitive only to
the momentum of sputtered target atoms and reﬂected beam particles, but insensitive to the momentum of
the impinging particles [see Fig. 1(a)]. Only the momentum of the outgoing particles may have a component
in the direction of the degree of freedom.
For a calculation of the accelerating torque M = Iα, the moment of inertia I was determined in a pre-
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liminary torsion pendulum experiment, where the rotor was hanging on a torsion wire. The net accelerating
torque
(1)
M = Mbeam − Mfr
is the torsional moment caused by the force acting on the four targets Mbeam lowered by some friction Mfr .
Assuming kinetic friction in the bearing, Mfr is independent of the sliding velocity and even of the perhaps
variable area of friction. In order to determine the constant friction Mfr , each measurement of the angular
acceleration α = αup > 0 with the beam switched on is supplemented by a measurement of the running
down process, i.e. the angular acceleration α = αdown < 0 is measured when the beam is switched oﬀ [see
Fig. 3(a)]. In the latter case is Mfr = Iαdown , which enables a calculation of Mbeam .
The force on the area of the four targets becomes Fbeam = Mbeam/r, or
Fbeam =

I
(αup − αdown )
r

,

(2)

where r = 41 mm is the distance of the target centers to the rotational axis.

III.
(a)

Results from measurements and simulations
(b)

Figure 3. (a) Acceleration and running down processes together with parabolic ﬁts. (b) Measured repulsive
forces due to sputtered atoms and recoil beam particles for two target materials.13

In Fig. 3(b), measurements for two diﬀerent target materials are shown. The beam parameters, in
particular the distance of the targets from the grids of 19, 2 cm, the angle of incidence of 56◦ , and the
gas pressure of 2 × 10−2 Pa, are the same in both cases. The copper target yields a signiﬁcantly higher
accelerating force than the graphite target.
Simulations of the argon impact events are carried out with the SRIM Monte Carlo code for calculations
of the interaction of energetic ions with amorphous targets.15, 16 The code provides energies and directions
of the sputtered atoms and the recoil ions. Summation of the individual momenta17 and projection onto the
horizontal rotor plane allows a comparison with the measured data. The impact rate is obtained from the
current measurement and inclusion of the neutral component according to


z
.
(3)
Γi (z) = Γi+n (z) exp −
λcx
This equation describes, that the ion ﬂux density Γi (z) as a function of the distance z from the ion source
is determined by two factors: the ﬁrst one, Γi+n (z), is the total ﬂux of beam particles regardless of their
charge, i.e. ions and neutral atoms together, and decays due to the geometrical beam expansion. The second
one, exp(−z/λcx ), is the neutralization of the beam due to charge-exchange collisions, where λcx is the mean
free path for charge-exchange collisions. Charge-exchange collisions are the dominating process for kinetic
energies above 100 eV.18 An important feature of charge-exchange collisions is that the original ion loses its
charge, but practically maintains its energy and direction.19 From the point of view of the sputter process,
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the charge state of the impinging atom is of minor importance,15 so that the total beam ﬂux density Γi+n (z)
rather than the ion beam ﬂux density determines the rate at which sputter cascades are initiated.
The sputter-propelled instrument is a straightforward method for an experimental determination of (one
component of) the momentum transferred by a beam of ions and neutral atoms to a surface. The targets
can be replaced by targets of other materials and the angle of incidence can be varied.
However, SPIN measures only the component perpendicular to the incident beam. This is valuable
data for validations of sputter codes and the input parameters used for the codes, e.g. surface binding
energies, displacement energies, and interaction potentials. Especially the surface binding energy has a
crucial inﬂuence on sputtering, not only on the sputter yield. Commonly, the surface binding energy is
estimated by the sublimation heat, typical values used in SRIM are: 1.35 eV for Zn, 2.97 eV for Ag, 3.52 eV
for Cu, 4.34 eV for Fe, 4.46 eV for Ni, and 7.41 eV for C.15 A slight change of these values can cause dramatic
changes in the sputter yields. Comparisons between computer simulations and experiments are often done
with respect to the sputter yield.20–23 However, a bad model can still output a correct sputter yield when
the surface binding energy is tuned appropriately. Since measurements with SPIN deliver a diﬀerent integral
quantity, which is not linearly related to the sputter yield, force measurements can either give enhanced
conﬁdence in a sputter code or reveal that unrealistic calculations are hidden behind a realistic sputter yield.
However, when the force exerted in the direction of the beam is to be measured, force probes like our
previous one for the vertical beam setup,9, 10 or the one for a horizontal beam setup described in another
paper of the proceedings at hand,11 are to be chosen.

IV.

Friction of microparticles and debris objects in a LEO

A microparticle or a heavier object in a low Earth orbit suﬀers friction due to collisions with air molecules
of the rareﬁed atmosphere. This friction determines the residence time of the object in space.
A.

Does sputtering play a role?

In order to calculate the friction force, one has to consider the impact events of the air molecules on the
surface of the object. The speed of an object in a bound state (in general an elliptic orbit) cannot exceed
the escape velocity vesc ≈ 11 000 m s−1 in the inertial system of the Earth. For a circular orbit in a height
of 200 km, its speed is v = 7 910 m s−1 . The relative velocity between the object and an air molecule is
only negligibly modiﬁed by the rotation of the Earth, wind, and thermal speed of the molecules. In case
of an oxygen atom (most O2 molecule are dissociated by ultraviolet radiation14 ), the upper speed limit vesc
corresponds to the kinetic energy of Ekin = 10 eV (18 eV for N2 , 10 eV for H2 O, and 26 eV for Ar).
These energies are clearly smaller than the sputter thresholds for most materials. For example, according
to SRIM calculations, argon ions with Ekin = 32 eV impacting perpendicularly on a silver surface do not
sputter at all, sputtering begins at approximately 33 eV and reaches a yield of 0.1 at 40 eV. In case of argon
on copper, sputtering starts already at 27 eV, but this is still more than the kinetic energies of air molecules
relative to an object bound to Earth.
Oxygen and nitrogen cannot be treated as diatomic molecules by SRIM, since the code applies the binary
collision approach. The molecular binding energy is very small in comparison to the kinetic energies, so that
the impacting molecules can be considered as two single atoms. However, the collision cascades are entangled
and not independent of each other. This is not a problem in case of oxygen, which is mostly dissociated
above 150 km according to the NRLMSISE-00 empirical atmospheric model.14 To give an example, we
consider atomic oxygen with the kinetic energy of Ekin = 10 eV impacting on a glass surface: according to
the simulation, no sputtering is expected, and even 15 eV would not cause any sputtering.
B.

Gas–surface interaction without sputtering

As we have shown in the previous subsection, sputtering by atmospheric molecules has no inﬂuence on the
friction of a space debris object. However, in order to know the momentum transfer of an incident molecule
to the surface of the object, an assumption on the kind of reﬂection has to be made. In case of specular
reﬂection, i.e. the angle of incidence equals the angle of reﬂection, an incident atmospheric gas molecule
would transfer twice the component of its momentum perpendicular to the surface to the latter. Such a
model might be appropriate when the gas pressure on a wall is calculated where both the wall and the gas
are in thermal equilibrium. Then the incident molecules keep their average energy when they are reﬂected,
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and the velocity distribution function of the reﬂected particles equals the one for the incident particles when
the sign of the velocity component perpendicular to the wall is inverted. In contrast, when the energy
distribution of the incident particles does not equal the one of the temperature of the surface material, the
average energy of the incident particles and their distribution function will change: an energetic beam would
heat the target, and the released particles carry much less energy and momentum than before the impact.
This eﬀect is known as energy accommodation.
Even though the SRIM code was intended for the calculation of the interaction of ions with matter in
the keV to MeV range, one could be curious and run SRIM for projectiles with the above mentioned kinetic
energies. For example, 10 eV oxygen ions impacting perpendicularly on glass yield about 15 % backscattered
oxygen ions (or atoms), and the remaining 85 % are stopped within 6 Å below the surface. Of course,
the adsorbed oxygen would desorb later with much lower kinetic energy and momentum. The transferred
momentum would be quite close to the momentum of the impinging particles. But this result should not be
taken too seriously, which is shown in the following paragraph.
Tichmann et al. carried out molecular dynamics (MD) simulations for CH3 molecules impinging at
an angle of 38◦ on an amorphous hydrocarbon sample and compared them with results from SRIM.24
Admittedly, this comparison is not fair in that it used SRIM to model a projectile that in reality consists
of four atoms, because the code cannot treat the fragmenting of a projectile that happens at the impact.
However, both simulations were in good agreement for kinetic energies above 50 eV, but showed completely
diﬀerent trends for low energies. While the sticking coeﬃcients calculated by SRIM converged to 1 as Ekin
approached 0, the MD value was about 0.5 for Ekin = 0.
For an estimation of the drag force, we can conclude that the momentum transfer coeﬃcients for the
air molecules impacting on the object will be in the range c = (1 . . . 2) for perpendicular incidence: A
momentum transfer coeﬃcient c = 1 would result from adsorption of all the gas molecules and c = 2 would
require specular and elastic reﬂection. In case of arbitrary angles of incidence, the range is c = (0 . . . 2),
depending on the angle of incidence, the sticking coeﬃcient, and the kind of reﬂection of the projectiles that
do not stick. This extension of the possible values down to the limit c = 0 is due to the molecules which
are reﬂected to behind the object: these molecules transfer less than their initial momentum to the target.
Obviously, a high sticking coeﬃcient yields again a factor close to c = 1.
Usually, instead of the momentum transfer coeﬃcient, the drag coeﬃcient cd is used for orbit analysis.
It is deﬁned by the equation
1
,
(4)
Fd = cd v 2 ρgas Aeﬀ
2
which determines the drag force Fd at the speed v of the object relative to the gas molecules, when ρgas
is the mass density of the atmosphere, and Aeﬀ is the cross-sectional area of the moving object projected
normally to the beam. For a plane target, c and cd /2 in Eq. (4) are obviously the same, since v 2 ρgas Aeﬀ
describes the momentum inﬂux due to the impinging gas molecules. However, the drag coeﬃcient is usually
used as a global parameter which describes the entire object.
Orbit analysts often use a drag coeﬃcient of cd = 2.2 for compact satellites.25 Today, several models
and much data from orbital decay of satellites are available that allow a reﬁned determination of the drag
coeﬃcient for a speciﬁc mission.26 However, many parameters have an inﬂuence on the drag coeﬃcient,
where diﬀerent models make use of their own selection of parameters. Such parameters besides material,
speed, and angle of incidence, are the kind of reemission (diﬀuse, specular, quasi-specular, or other angular
distributions), the energy accommodation, the coating of the surface by air molecules, e.g. physisorbed and
chemisorbed oxygen, and the surface roughness.
If reliable accurate data for the drag coeﬃcient is available, than the friction force exerted on the object
can be calculated with higher precision. For example, in case of a spherical particle, the contributions from
each surface element at the hemisphere exposed to the impacting molecules with its individual angle of
attack have to be integrated to obtain the total friction force. This has been done for microparticles in an
energetic ion beam (Ekin ≤ 500 eV), i.e. in the range where the SRIM code is valid.17 In that situation, a
momentum transfer coeﬃcient of c = 1.05 was obtained for a 400 eV beam, which corresponds to a drag
coeﬃcient of cd = 2.1. For the low energies of impacting air molecules in a LEO, e.g. 5.2 eV for oxygen,
SRIM in its current version is unfortunately not the appropriate tool for generating the required data: nearly
all of the atoms would apparently stick in the surface (even though released later diﬀusively with kinetic
energies essentially accommodated to the target temperature), and the momentum transfer factor would be
very close to cd = 2; actually cd would even be slightly smaller, since some of the few backscattered atoms
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(which occur predominantly at grazing incidence) are left behind the spherical particle and transfer less than
their momentum to the particle. Realistic drag coeﬃcients of spherical objects in low Earth orbits seem to
have a range from cd = 2.1 − 2.4.26

V.

Trajectories of model debris objects with atmospheric friction

In the following, we calculate exemplarily orbital lifetimes of spherical objects of diﬀerent sizes starting
in circular LEOs of diﬀerent heights and assume the standard drag coeﬃcient of cd = 2.2. The particles have
the mass density of ﬂoat glass ρp = 2230 kg m−3 and sizes (diameters) in the range from 1 μm to 10 mm.
The particles start at heights from 150 km to 500 km at orbits with an inclination of 51.6 degrees to Earth’s
equator, which is, without any deeper meaning, the orbital inclination of the International Space Station
(ISS).
The orbital lifetimes were calculated as follows. At ﬁrst, the equation of motion for the particle at
its starting height is integrated. The considered forces acting on the particle are gravity and the friction
according to Eq. (4). The rotation of the atmosphere, wind, and thermal speeds are neglected. The density of
the atmosphere at a given height is obtained from the NRLMSISE-00 empirical atmospheric model,14 namely
for the 172nd day of an undeﬁned year. The lifetime of an object ends when its height drops below 80 km. If
the lifetime exceeds one week, than a faster method is applied in order to avoid too long computation times
and accumulated numerical integration errors. In such cases, the average friction at an orbit of a certain
height is used to calculate the energy loss rate of the object Ė = dE/dt = Fd v, where v is the object’s speed.
The energy of the particle E = Ekin + Epot for a circular orbit is E = −Ekin , where Ekin is the kinetic
and Epot is the potential energy. The algorithm takes the energy diﬀerence ΔE from the current orbit to
a slightly lower orbit and calculates the transition time Δt = ΔE/Ė to that orbit. The time integration is
done by a two-step scheme, i.e. Ė is obtained from the friction Fd and the speed v at an intermediate orbit.
When this coarse integration reaches a height at which the remaining orbital lifetime is already known and
less than one week (one of the previously calculated cases), than this remaining orbital lifetime is used to
complete the total lifetime.

Figure 4. Calculated orbital lifetimes of spherical glass particles of diﬀerent sizes on circular orbits (colored
lines). For comparison, results from NASA’s Debris Assessment Software are shown (correspondingly colored
squares). The latter outputs only orbital lifetimes up to 100 years, and no times shorter than approximately
nine hours could be retrieved.

The results are shown in Fig. 4. We compared the result with the Debris Assessment Software (DAS)
from the NASA Orbital Debris Program Oﬃce.27 This software uses also a drag coeﬃcient of cd = 2.2,
but a more sophisticated orbit propagator, which accounts also for solar and lunar gravity, solar radiation
pressure, and higher harmonics of the Earth’s gravity ﬁeld. For the solar activity, regularly updated data is
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used; the here presented calculations are for the date “2013.471”, i.e. approximately June 21st, 2013, which
was the 172nd day of this year. The markers in Fig. 4 show the results.
The orbital lifetime calculations by our own model and the DAS show reasonable agreement in case of
the heavier objects (≥ 0.1 mm). The reason for the stronger discrepancies in case of the microparticles could
be search for in the radiation pressure which aﬀects more the smaller particles with bigger surface-to-mass
ratios. The radiation pressure is accounted for only in the DAS model. A more detailed discussion of
the results is beyond the scope of this proceedings paper, that focuses on the measurement of momentum
transfer.

VI.

Conclusion

This paper dealt some aspects of the momentum transfer at gas–surface interactions and its direct
experimental determination by force probes. In space applications, such interactions occur in a variety of
situations, e.g. inside of thrusters, at surfaces of instruments exposed to energetic particles that stem from
thrusters, and at satellite or debris objects passing through the rareﬁed atmosphere in low Earth orbits.
It was pointed out, that the physical mechanisms are diﬀerent above and below the sputtering threshold
energies. We presented the recently in our laboratory developed instrument SPIN for the measurement of
sputtering related momentum transfer.12, 13 The special geometry makes the instrument insensitive for the
momentum of the impinging beam particles themselves and measures only the momentum of the outgoing
atoms. It was highlighted, that the instrument allows testing of sputter simulations beyond the comparison
of sputter yields, since an agreement in the sputter yields is only a necessary, but not a suﬃcient criterion
for the validity of a model. Beside SPIN, we made reference to another kind of force probe that measures
the force component in the direction of incidence and is presented in a companion paper.11
The paper contains exemplary calculations of orbital lifetimes of debris objects. For simplicity, we
assumed spherical glass particles as model debris. The results were compared to calculations with NASA’s
DAS software, which diﬀers from our method in that it uses another atmospheric model for the calculation of
the friction and includes solar radiation pressure for an additional acceleration term. However, the important
drag coeﬃcient of cd = 2.2 was the same in both calculations.
Unfortunately, drag coeﬃcients are not well known. Force probes oﬀer in principal an opportunity
to measure directly the force exerted by the atmospheric gas on a surface. A force probe with suﬃcient
precision aboard a satellite or the ISS could be equipped with targets of diﬀerent materials and provide
directly experimental data for drag coeﬃcients. Such a force probe has to be able to measure pressures
signiﬁcantly below 10−8 N cm−2 . Furthermore, the angle of incidence of the gas molecules onto the target
should be variable. We are currently working on a probe using an interferometric method, which should be
able to fulﬁll such requirements.
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