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1. Introduction
・土星の環

メインリング

大部分が氷を主成分とする粒子
（1～10 cm）

土星の環の進化には氷粒子の衝突が大きく関係

環がもつ特徴的な構造は衛星
や小型衛星による摂動が関係

軌道が乱されることで離心率や
リングの厚さが増加

この乱れを中和するために低速度（～0.5cm/s）の
非弾性衝突が頻繁に起こり、k.e が散逸する

 

再び軌道が円形化され、厚さは制限される

無数の粒子で構成されている 
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1. Introduction
これまでの研究
Bridges et al.(1984) 氷平板への氷球衝突実験

衝突速度、ターゲット表面の霜の量が
増加するにつれて反発係数が減少

Supulver et al.(1995)
研磨した氷球の斜め衝突実験

Higa et al.(1996,1998)
氷ターゲットへのサイズの異なる
氷球の衝突実験

本研究では
土星環の粒子間で起こる低速度衝突の研究に対して
2つの新しい実験手法を検証する

その他にも、理論・数値シミュレーションが数多く行われてきた

 

・Parabolic-flight experiment
・Drop-tower experiment
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＜Parabolic-flight experiment＞
氷球の二体衝突を低速度で行う
微小重力

重力加速度 - 0.01G0 程度
継続時間 - 22 s

 

2. Experimental setup

the initial flight, but was later replaced by two synchronized
electrical dc motors operating in a master-and-slave configu-
ration !Sec. II C". For the purpose of the experiments, the
functionality of these setups is identical in every way, differ-
ing only in the synchronization design. Both acceleration
systems specify the velocity and trajectory of two separate
dust or ice analogs approaching from opposite directions so
that the projectiles either collide simultaneously with a re-
movable, dual-sided, centrally located dust/ice target !Sec.
II D"—or with one another—within the field of view of a
high-speed, high-resolution imaging and data recording sys-
tem !Sec. II E". Finally, the vacuum chamber and the support
equipment were fit into two separate aluminum-strut support
racks to be placed on board the parabolic flight aircraft, ac-
cording to safety guidelines. A blueprint of the overall ex-
periment design is shown in Fig. 1 and the following sections
describe the separate components and capabilities in greater
detail.

A. Particle storage and cooling

An original design for particle storage was engineered
based on the requirements that the setup is capable of oper-
ating at low and cryogenic temperatures, possesses fast and
controlled collision reloadability, obeys physical size restric-
tions, has maximum sample capacity, and is in accordance
with safety regulations for parabolic flights. The result is a
cylindrical storage device, or particle reservoir, built from
copper !see Fig. 2". It has a diameter of 180 mm and stands
110 mm high. In the upper half of the reservoir we drilled
180 identical, cylindrical compartments !each of diameter 8
mm and depth 9 mm" situated at regular intervals !separated
by a turn of 12.5°" in a double-helix pattern, such that each
hole is aligned exactly opposite a corresponding hole. When
fully loaded in this configuration, 90 separate collisions be-
tween fragile particles !or 180 collisions of particles and cen-
tral target" can be performed. During the 2007 and 2008
follow-up flights, an additional storage chamber of the same

dimensions was conceived to hold 64 compartments of
slightly larger volume !for 32 collision pairs". The 64 holes
have a diameter of 16 mm with a 24° turning separation.
Built this time of aluminum, the new particle storage device
can be easily swapped for the original to probe the collision
properties of larger particles, up to 15 mm.

On the lower half of the copper reservoir exterior, below
the storage compartments, vertical grooves were cut into the
copper !see Fig. 2". This way a small gear !e.g., 20 mm in
diameter and 10 mm high", situated to the side of the storage
unit, and possessing the same groove pattern as the storage
unit, can be used to turn the selected reservoir unit !automati-
cally or manually" with a hand wheel that passes out of the
chamber through the bottom flange. Later, due to difficulties
operating the small gear at cryogenic temperatures !80–250

FIG. 1. !Color online" A computer aided design schematic showing a cut
through the center of the experiment chamber. The particle storage device
!1" sits on top of the thermal reservoir !2" built of copper. The particle
storage unit rises up and down with a cork-screw system !3" to rotate addi-
tional particles into the fixed line of fire. A copper shield !4" protects the
storage device from thermal irradiation. The two “firing” pistons of the
particle acceleration system stretch from opposite sides beginning outside
the side flanges and continuing toward the center of the chamber !5". The
whole system is chilled through contact with a copper tubing !6" that con-
tains a flow of liquid nitrogen. The entire instrument is situated within a
vacuum chamber !7". Collisions are monitored from above with the image
acquisition system via a transparent viewport on the top flange.

FIG. 2. !Color online" !a" The original copper particle storage device with
the storage compartments on the upper half and the vertical grooves to fit a
gear on the lower half. !b" Individual compartments in one row are filled
with the fragile millimeter-sized dust aggregates described in the text !see
Sec. III". !c" The aluminum version with 64 holes for larger particle colli-
sions. The grooves are no longer necessary with the revised hand wheel
system !see Sec. II A".

074501-3 Salter et al. Rev. Sci. Instrum. 80, 074501 !2009"
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the initial flight, but was later replaced by two synchronized
electrical dc motors operating in a master-and-slave configu-
ration !Sec. II C". For the purpose of the experiments, the
functionality of these setups is identical in every way, differ-
ing only in the synchronization design. Both acceleration
systems specify the velocity and trajectory of two separate
dust or ice analogs approaching from opposite directions so
that the projectiles either collide simultaneously with a re-
movable, dual-sided, centrally located dust/ice target !Sec.
II D"—or with one another—within the field of view of a
high-speed, high-resolution imaging and data recording sys-
tem !Sec. II E". Finally, the vacuum chamber and the support
equipment were fit into two separate aluminum-strut support
racks to be placed on board the parabolic flight aircraft, ac-
cording to safety guidelines. A blueprint of the overall ex-
periment design is shown in Fig. 1 and the following sections
describe the separate components and capabilities in greater
detail.

A. Particle storage and cooling

An original design for particle storage was engineered
based on the requirements that the setup is capable of oper-
ating at low and cryogenic temperatures, possesses fast and
controlled collision reloadability, obeys physical size restric-
tions, has maximum sample capacity, and is in accordance
with safety regulations for parabolic flights. The result is a
cylindrical storage device, or particle reservoir, built from
copper !see Fig. 2". It has a diameter of 180 mm and stands
110 mm high. In the upper half of the reservoir we drilled
180 identical, cylindrical compartments !each of diameter 8
mm and depth 9 mm" situated at regular intervals !separated
by a turn of 12.5°" in a double-helix pattern, such that each
hole is aligned exactly opposite a corresponding hole. When
fully loaded in this configuration, 90 separate collisions be-
tween fragile particles !or 180 collisions of particles and cen-
tral target" can be performed. During the 2007 and 2008
follow-up flights, an additional storage chamber of the same

dimensions was conceived to hold 64 compartments of
slightly larger volume !for 32 collision pairs". The 64 holes
have a diameter of 16 mm with a 24° turning separation.
Built this time of aluminum, the new particle storage device
can be easily swapped for the original to probe the collision
properties of larger particles, up to 15 mm.

On the lower half of the copper reservoir exterior, below
the storage compartments, vertical grooves were cut into the
copper !see Fig. 2". This way a small gear !e.g., 20 mm in
diameter and 10 mm high", situated to the side of the storage
unit, and possessing the same groove pattern as the storage
unit, can be used to turn the selected reservoir unit !automati-
cally or manually" with a hand wheel that passes out of the
chamber through the bottom flange. Later, due to difficulties
operating the small gear at cryogenic temperatures !80–250

FIG. 1. !Color online" A computer aided design schematic showing a cut
through the center of the experiment chamber. The particle storage device
!1" sits on top of the thermal reservoir !2" built of copper. The particle
storage unit rises up and down with a cork-screw system !3" to rotate addi-
tional particles into the fixed line of fire. A copper shield !4" protects the
storage device from thermal irradiation. The two “firing” pistons of the
particle acceleration system stretch from opposite sides beginning outside
the side flanges and continuing toward the center of the chamber !5". The
whole system is chilled through contact with a copper tubing !6" that con-
tains a flow of liquid nitrogen. The entire instrument is situated within a
vacuum chamber !7". Collisions are monitored from above with the image
acquisition system via a transparent viewport on the top flange.

FIG. 2. !Color online" !a" The original copper particle storage device with
the storage compartments on the upper half and the vertical grooves to fit a
gear on the lower half. !b" Individual compartments in one row are filled
with the fragile millimeter-sized dust aggregates described in the text !see
Sec. III". !c" The aluminum version with 64 holes for larger particle colli-
sions. The grooves are no longer necessary with the revised hand wheel
system !see Sec. II A".
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氷球の二体衝突を低速度で行う
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the initial flight, but was later replaced by two synchronized
electrical dc motors operating in a master-and-slave configu-
ration !Sec. II C". For the purpose of the experiments, the
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chamber through the bottom flange. Later, due to difficulties
operating the small gear at cryogenic temperatures !80–250
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storage unit rises up and down with a cork-screw system !3" to rotate addi-
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ration !Sec. II C". For the purpose of the experiments, the
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properties of larger particles, up to 15 mm.
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copper !see Fig. 2". This way a small gear !e.g., 20 mm in
diameter and 10 mm high", situated to the side of the storage
unit, and possessing the same groove pattern as the storage
unit, can be used to turn the selected reservoir unit !automati-
cally or manually" with a hand wheel that passes out of the
chamber through the bottom flange. Later, due to difficulties
operating the small gear at cryogenic temperatures !80–250
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the initial flight, but was later replaced by two synchronized
electrical dc motors operating in a master-and-slave configu-
ration !Sec. II C". For the purpose of the experiments, the
functionality of these setups is identical in every way, differ-
ing only in the synchronization design. Both acceleration
systems specify the velocity and trajectory of two separate
dust or ice analogs approaching from opposite directions so
that the projectiles either collide simultaneously with a re-
movable, dual-sided, centrally located dust/ice target !Sec.
II D"—or with one another—within the field of view of a
high-speed, high-resolution imaging and data recording sys-
tem !Sec. II E". Finally, the vacuum chamber and the support
equipment were fit into two separate aluminum-strut support
racks to be placed on board the parabolic flight aircraft, ac-
cording to safety guidelines. A blueprint of the overall ex-
periment design is shown in Fig. 1 and the following sections
describe the separate components and capabilities in greater
detail.

A. Particle storage and cooling

An original design for particle storage was engineered
based on the requirements that the setup is capable of oper-
ating at low and cryogenic temperatures, possesses fast and
controlled collision reloadability, obeys physical size restric-
tions, has maximum sample capacity, and is in accordance
with safety regulations for parabolic flights. The result is a
cylindrical storage device, or particle reservoir, built from
copper !see Fig. 2". It has a diameter of 180 mm and stands
110 mm high. In the upper half of the reservoir we drilled
180 identical, cylindrical compartments !each of diameter 8
mm and depth 9 mm" situated at regular intervals !separated
by a turn of 12.5°" in a double-helix pattern, such that each
hole is aligned exactly opposite a corresponding hole. When
fully loaded in this configuration, 90 separate collisions be-
tween fragile particles !or 180 collisions of particles and cen-
tral target" can be performed. During the 2007 and 2008
follow-up flights, an additional storage chamber of the same

dimensions was conceived to hold 64 compartments of
slightly larger volume !for 32 collision pairs". The 64 holes
have a diameter of 16 mm with a 24° turning separation.
Built this time of aluminum, the new particle storage device
can be easily swapped for the original to probe the collision
properties of larger particles, up to 15 mm.

On the lower half of the copper reservoir exterior, below
the storage compartments, vertical grooves were cut into the
copper !see Fig. 2". This way a small gear !e.g., 20 mm in
diameter and 10 mm high", situated to the side of the storage
unit, and possessing the same groove pattern as the storage
unit, can be used to turn the selected reservoir unit !automati-
cally or manually" with a hand wheel that passes out of the
chamber through the bottom flange. Later, due to difficulties
operating the small gear at cryogenic temperatures !80–250

FIG. 1. !Color online" A computer aided design schematic showing a cut
through the center of the experiment chamber. The particle storage device
!1" sits on top of the thermal reservoir !2" built of copper. The particle
storage unit rises up and down with a cork-screw system !3" to rotate addi-
tional particles into the fixed line of fire. A copper shield !4" protects the
storage device from thermal irradiation. The two “firing” pistons of the
particle acceleration system stretch from opposite sides beginning outside
the side flanges and continuing toward the center of the chamber !5". The
whole system is chilled through contact with a copper tubing !6" that con-
tains a flow of liquid nitrogen. The entire instrument is situated within a
vacuum chamber !7". Collisions are monitored from above with the image
acquisition system via a transparent viewport on the top flange.

FIG. 2. !Color online" !a" The original copper particle storage device with
the storage compartments on the upper half and the vertical grooves to fit a
gear on the lower half. !b" Individual compartments in one row are filled
with the fragile millimeter-sized dust aggregates described in the text !see
Sec. III". !c" The aluminum version with 64 holes for larger particle colli-
sions. The grooves are no longer necessary with the revised hand wheel
system !see Sec. II A".
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2. Experimental setup
＜Drop-tower experiment＞

properties have hardly been investigated in the low velocity re-
gime. Previous experiments carried out by Bridges et al. (1984)
and Hatzes et al. (1988), used a disk pendulum to study central im-
pacts of large ice bodies onto a flat solid ice target, and showed a
decrease in the coefficient of restitution with decreasing impact
velocity and increasing amount of surface frost. The experiments
were extended to include grazing collisions of polished ice spheres
(Supulver et al., 1995). Higa et al. (1996, 1998) conducted impact
experiments of different-sized ice spheres ðr ¼ 0:14—3:6 cmÞ into
a larger ice target. They found that the coefficient of restitution de-
creases with increasing particle size and is independent of
temperature.

A major limitation of all these experimental studies (Bridges
et al., 1984; Hatzes et al., 1988; Higa et al., 1996, 1998) is that they
only treat impacts into a large body of infinite mass and infinites-
imal surface curvature. In the case of the pendulum experiments
an additional problem is that the mass and moment of inertia of
the ice sphere are not realistic as they reflect those of the sam-
ple-pendulum-system instead of that of the individual projectile.
However, the results obtained by Bridges et al. (1984) are com-
monly used in numerical simulations of Saturn’s rings.

In this work we present two novel experimental methods for
investigating collisions of saturnian ring particles. In Section 2
the two experimental setups for collisions of individual ice parti-
cles and ensembles of particles are described. The results of our
microgravity experiment campaigns are presented in Section 3,
and their application to Saturn’s dense rings is given in Section 4.

2. Experimental setup

For our microgravity studies we used two different experimen-
tal approaches. The parabolic-flight setup was designed to study
collisions of pairs of individual ice projectiles, whereas the Bremen
drop tower facility experiment is a prototype, built to study a large
number of low-velocity collisions within an ensemble of particles.

Microgravity is required to be able to investigate low-velocity
pair-collisions of free particles with an arbitrary impact parameter
(i.e. from central to grazing collisions), because it is the only way to
access all the translational and rotational degrees of freedom. Par-
abolic flights offer typically 22 s of weightlessness per parabola
with a residual acceleration of a few times 0.01g0, where g0 is
Earth’s gravitational acceleration. Drop-tower experiments achieve
residual accelerations of better than 10$5g0 for up to 9 s.

2.1. Parabolic-flight experiment

Measurements were conducted on the German Space Agency’s
(DLR) 12th Parabolic Flight Campaign, using a setup consisting of
a cryogenic cooled experiment body, placed inside a high-vacuum
chamber. The experimental apparatus is composed of a massive
copper block which acts as a thermal reservoir, with a rotating
sample repository covered by a copper shield, which plays both a
protective and cryo-cooling role. The entire system is initially
cooled to roughly 77 K with liquid nitrogen ðN2Þ spiraling through
an attached pipe system. Up to 34 pairs of cm-sized ice particles
can be stored in the sample repository, which allows us to collide
approximately one pair per parabola. To accelerate the ice particles
into the collision volume, two diametrically opposed pistons are
used, driven by two synchronized DC motors, which accelerate
the particles to maximum velocities between 3 and 17 cm s$1.
These are positioned outside the cryo-vacuum chamber, and enter
the vacuum by differentially pumped feedthroughs. Since the pro-
jectiles are driven towards each other from exactly opposite direc-
tions, the resulting binary collisions are predominantly centralized,
with normalized impact parameters, b=R, close to zero, where b is

the center-of-mass distance of the two projectiles perpendicular to
the velocity vector, and R is sum of the particles’ radii. The colli-
sions are recorded with a high-speed, high-resolution digital
recording system, operating at 107 frames per second (fps) and
equipped with beam-splitter optics to provide full three-dimen-
sional collision information (i.e. impact parameter and relative
velocity). For a more detailed technical description please refer to
Salter et al. (2009).

Fourty-one image sequences of colliding ice spheres (15 mm
diameter) were recorded during DLR’s 12th Parabolic Flight Cam-
paign in April 2008. The samples were produced by freezing puri-
fied water inside silicone molds in a regular kitchen freezer, to
produce 15 mm-sized, hexagonal-ice spheres. After removing the
molds from the freezer, the spheres were extracted and stored in-
side a bath of liquid N2 from where they were individually loaded
into the sample repository, which had been pre-cooled, and cooled
further to temperatures of %80 K. This procedure is required to
minimize the amount of frost on the samples’ surfaces. Although
the maximum exposure time of the samples to the humid air
was less than 1 min, some experiments show tiny amounts of sur-
face material (which might be frost) chipped off during the
collisions.

Since liquid N2 is prohibited on board the parabolic-flight air-
craft, the cooling procedure had to be stopped before take-off. Con-
sequently, the thermal block warmed slightly prior to take-off, and
subsequently during flight, resulting in sample temperatures rang-
ing from 130 to 180 K.

2.2. Drop-tower experiment

A quasi-two-dimensional rectangular glass box of 150& 150 &
15 mm3 volume (see Fig. 1) was constructed to investigate a large
number of collisions within an ensemble of %100 (cm-sized) parti-
cles. The test-chamber’s walls are made of 2 cm thick glass to
ensure highly elastic collisions between the sample particles and
the walls. Two sets of up to 50 projectiles, stored opposite each
other, were accelerated into the test chamber with an initial

Fig. 1. Single image of an ensemble of cm-sized glass spheres colliding in
microgravity. The black dots on the particles are marks for later use in the
determination of particle rotation (see additional online material).
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velocity of !10 cm s"1 by two motor-driven glass bars that after-
wards seal these entry holes (Fig. 1). During the 9 s of micrograv-
ity,1 the particle positions were recorded by a high-speed, high-
resolution camera operating at 115 fps, and two overview cameras
(25 fps) positioned at an angle of 16.25! relative to the chamber, to
enable three-dimensional trajectory reconstruction.

Here we focus on the results of one out of seven microgravity
experiments conducted at the Bremen drop tower in April 2008.
This was a prototype experiment for future investigations that will
be equipped with cryogenic facilities and therefore use ice parti-
cles. However in this case, the experiment was performed with
92 spherical glass samples of 10 mm diameter, with a slightly
roughened surface. At the beginning of the microgravity period,
two sets of 32 particles were injected into the test chamber where
28 samples were at rest. The experiment chamber was not evacu-
ated, but the influence of the air drag acting on a sample particle
does not significantly affect its velocity. A smooth glass sphere
(10 mm diameter) has a Reynolds number Re # 1:6 at a velocity
of v ¼ 4 mm s"1 and Re # 62 at a velocity of v ¼ 10 cm s"1. From
this the relative velocity loss Dv=v due to air drag between two
consecutive collisions can be estimated to be less than a few times
10"3.

Standard methods of image processing and particle tracking
were used to obtain the particles’ positions from the recorded im-
age sequence. A statistical analysis of all particles’ velocities as a
function of time was performed, which means that – although gen-
erally possible – we did not treat individual collisions but concen-
trated on the velocity development of the entire ensemble. In
future experiments, the individual collisions, their impact parame-
ters and the excitation of rotational motion will be investigated.
The results of our analyses can be found in Section 3.2.

3. Results

3.1. Parabolic-flight experiment

The binary collision experiments performed during DLR’s 12th
Parabolic Flight Campaign occurred in free space and so were truly
three-dimensional events. Thus, data from two projections of each
event captured using beam-splitter optics (at an angular separa-
tion of 48.8!) were used to determine the particle motion (see
Fig. 2). The two sets of two-dimensional coordinates were com-
bined with a transformation algorithm to produce the sample coor-
dinates in three dimensions, and the trajectories were determined
by linear fits to the data. From this, the relative velocities before
and after the collision, v and v 0 respectively, and the normalized
impact parameter, b=R, were calculated. Additionally, the velocity
components normal and tangential to the colliding surfaces (v?

and vk, respectively) could be extracted.
From Fig. 3 it is clear that the impact parameters are restricted

to near-central collisions (due to the limitations of our experimen-
tal setup), ranging from b=R ¼ 0 to 0.5 with a mean value
b=R ¼ 0:16. However, simple geometrical considerations show that
in reality glancing collisions are the most frequent ones. Thus the
captured collisions with impact parameters smaller than
b=R ¼ 0:5 cover only a fraction of P (i.p. <0.5) ¼ ðb=RÞ2 ¼ 0:25 of
the statistically occurring impacts in Saturn’s rings. From the ob-
served impact parameters and coefficients of restitution no evi-
dence for a correlation between these parameters could be found
by linear correlation analysis, in which we computed the linear
correlation coefficient:
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where r2b=R ¼ 0:10 gives the fraction of the data which can be ex-
plained by a linear dependence. Based on a similar analysis of the
coefficient of restitution e and the relative impact velocity v
(r2v ¼ 0:11; see Fig. 4) a correlation of those can also be ruled out.
In a detailed analysis of the coefficient of restitution in normal
ðe?Þ and tangential direction ðekÞ no evidence for a correlation of
these values with the impact parameter or the impact velocity
could be found. Elaborate investigation showed that also a depen-

1 The use of the Bremen drop tower’s catapult facility almost doubled the duration
of microgravity compared to a regular drop without using the catapult.

Fig. 2. Image sequence of two 15-mm-sized ice spheres colliding at a relative
velocity of 14 cm s"1. The temporal separation between two consecutive frames is
4

107 s. The images were captured using a beam-splitter optics. Therefore, each image
frame contains two views of the set of particles, which are separated by an angle of
48.8!.

Fig. 3. Obtained coefficients of restitution for ice-particle collisions at near-central
impact parameters in the range b=R ¼ 0—0:5. There is no evidence of a correlation
between the two variables.
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・衝突パラメーターと反発係数の関係

velocity of !10 cm s"1 by two motor-driven glass bars that after-
wards seal these entry holes (Fig. 1). During the 9 s of micrograv-
ity,1 the particle positions were recorded by a high-speed, high-
resolution camera operating at 115 fps, and two overview cameras
(25 fps) positioned at an angle of 16.25! relative to the chamber, to
enable three-dimensional trajectory reconstruction.

Here we focus on the results of one out of seven microgravity
experiments conducted at the Bremen drop tower in April 2008.
This was a prototype experiment for future investigations that will
be equipped with cryogenic facilities and therefore use ice parti-
cles. However in this case, the experiment was performed with
92 spherical glass samples of 10 mm diameter, with a slightly
roughened surface. At the beginning of the microgravity period,
two sets of 32 particles were injected into the test chamber where
28 samples were at rest. The experiment chamber was not evacu-
ated, but the influence of the air drag acting on a sample particle
does not significantly affect its velocity. A smooth glass sphere
(10 mm diameter) has a Reynolds number Re # 1:6 at a velocity
of v ¼ 4 mm s"1 and Re # 62 at a velocity of v ¼ 10 cm s"1. From
this the relative velocity loss Dv=v due to air drag between two
consecutive collisions can be estimated to be less than a few times
10"3.

Standard methods of image processing and particle tracking
were used to obtain the particles’ positions from the recorded im-
age sequence. A statistical analysis of all particles’ velocities as a
function of time was performed, which means that – although gen-
erally possible – we did not treat individual collisions but concen-
trated on the velocity development of the entire ensemble. In
future experiments, the individual collisions, their impact parame-
ters and the excitation of rotational motion will be investigated.
The results of our analyses can be found in Section 3.2.

3. Results

3.1. Parabolic-flight experiment

The binary collision experiments performed during DLR’s 12th
Parabolic Flight Campaign occurred in free space and so were truly
three-dimensional events. Thus, data from two projections of each
event captured using beam-splitter optics (at an angular separa-
tion of 48.8!) were used to determine the particle motion (see
Fig. 2). The two sets of two-dimensional coordinates were com-
bined with a transformation algorithm to produce the sample coor-
dinates in three dimensions, and the trajectories were determined
by linear fits to the data. From this, the relative velocities before
and after the collision, v and v 0 respectively, and the normalized
impact parameter, b=R, were calculated. Additionally, the velocity
components normal and tangential to the colliding surfaces (v?

and vk, respectively) could be extracted.
From Fig. 3 it is clear that the impact parameters are restricted

to near-central collisions (due to the limitations of our experimen-
tal setup), ranging from b=R ¼ 0 to 0.5 with a mean value
b=R ¼ 0:16. However, simple geometrical considerations show that
in reality glancing collisions are the most frequent ones. Thus the
captured collisions with impact parameters smaller than
b=R ¼ 0:5 cover only a fraction of P (i.p. <0.5) ¼ ðb=RÞ2 ¼ 0:25 of
the statistically occurring impacts in Saturn’s rings. From the ob-
served impact parameters and coefficients of restitution no evi-
dence for a correlation between these parameters could be found
by linear correlation analysis, in which we computed the linear
correlation coefficient:
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where r2b=R ¼ 0:10 gives the fraction of the data which can be ex-
plained by a linear dependence. Based on a similar analysis of the
coefficient of restitution e and the relative impact velocity v
(r2v ¼ 0:11; see Fig. 4) a correlation of those can also be ruled out.
In a detailed analysis of the coefficient of restitution in normal
ðe?Þ and tangential direction ðekÞ no evidence for a correlation of
these values with the impact parameter or the impact velocity
could be found. Elaborate investigation showed that also a depen-

1 The use of the Bremen drop tower’s catapult facility almost doubled the duration
of microgravity compared to a regular drop without using the catapult.

Fig. 2. Image sequence of two 15-mm-sized ice spheres colliding at a relative
velocity of 14 cm s"1. The temporal separation between two consecutive frames is
4

107 s. The images were captured using a beam-splitter optics. Therefore, each image
frame contains two views of the set of particles, which are separated by an angle of
48.8!.

Fig. 3. Obtained coefficients of restitution for ice-particle collisions at near-central
impact parameters in the range b=R ¼ 0—0:5. There is no evidence of a correlation
between the two variables.
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dence of the coefficient of restitution on a combination of the colli-
sion velocity and the impact parameter could be ruled out.

Hence, we can treat the coefficient of restitution data in a statis-
ticalway.Oneway todo this, is to plot the cumulativenumberof col-
lisions with a coefficient of restitution 6e (Fig. 5a). It turns out that
this can be fitted by a uniform distribution (see dashed curve in
Fig. 5a). The fit provides a mean coefficient of restitution of !e ¼
0:45 and an overall range of e ¼ 0:06—0:84 (dotted lines in Fig. 5a).

The obtained normal coefficient of restitution e? was treated in a
similar way. Fig. 5b shows that values of e? fall in the interval
0 " " " 0.82 (dashed lines). The analysis of our dataset yields a mean
value e? ¼ 0:41with an error of themean re? ¼ 0:04 and individual
measurement errors of De? ¼ 0:06. The standard deviation of the
individual measurements from the mean value was calculated to
re? ¼ 0:24 indicating a significant scatter of the values for e? around
e? which is not causedby themeasurementuncertainties.We there-
fore recommend to include a flat statistical distribution of coeffi-
cients of restitution (see insert in Fig. 5b) rather than a single
value to themodels investigating Saturn’s rings. However, it is likely
that thewide range of coefficients of restitution observed in our par-
abolic-flight experiments reflects the anisotropic nature of the ice
samples’ surface properties, especially the surface roughness or pre-
viously slightly melted areas altering the collisional properties.

For the analysis of the tangential component ek only experi-
ments with tangential velocities vk P 5 mm s#1 (36 out of 41
experiments) were taken into account to avoid ek ¼ v 0

k=vk

approaching unrealistically large values when the denominator
vk approaches zero. The mean value of the tangential coefficient
of restitution was measured to be ek ¼ 1:08 with an error of
rek ¼ 0:19 and individual standard deviation of rek ¼ 1:11, which
is in fair agreement with the value found by Supulver et al.
(1995). The large individual measurement errors of Dek ¼ 0:38
(due to the small absolute values of v?) do not allow any secure
interpretation, however. Table 1 summarizes our experimental re-
sults for the normal and tangential coefficient of restitution of bin-
ary collisions between cm-sized ice spheres.

3.2. Drop-tower experiment

To yield the positions of all particles in all image frames, the
images were convolved with an image of a single sphere as kernel.
The probability maxima, which determine the particle positions,
could then be detected automatically. The tracking of all particles

over time allowed the calculation of the individual particle’s mean
velocity2 between consecutive images. The resulting particle veloci-

Fig. 5. (a) Normalized cumulative number of ice-particle collisions with coefficients
of restitution 6e for all captured collisions in the parabolic-flight experiments
(crosses). The distribution of e can be fitted by a uniform distribution which is given
by the dashed curve. The mean coefficient of restitution is at e ¼ 0:45 (denoted by
the dash-dotted line) with an overall range of e ¼ 0:06—0:84 (dotted lines). The
diamonds represent the data obtained from binary collisions of glass beads in the
laboratory mini drop tower. The coefficients of restitution span a range of
e $ 0:35—0:95 (solid curve). (b) Normalized cumulative number of collisions with
normal coefficients of restitution 6e\ for all 41 captured experiments. The normal
component has a mean value of e? ¼ 0:41% 0:04 with a standard deviation of
individual measurements of 0.24. The measurement error of an individual
measurement is 0.06 (indicated by the error bars). The insert shows a schematic
distribution of coefficients of restitution that could be included into numerical
simulations.

Table 1
Summary of the experimental results of the coefficient of restitution of low-velocity
ice-particle collisions. The velocity range was v? ¼ 4 " " " 22 cm s#1 and
vk ¼ 0:5 " " " 8 cm s#1, respectively.

e? ek

e? re? re? De? ek rek rek Dek

0.41 0.04 0.24 0.06 1.08 0.19 1.11 0.38

e?; ek: mean normal/ tangential coefficient of restitution.
re? ;rek : error of mean normal/tangential coefficient of restitution.
re? ; rek : standard deviation of individual measurements of normal/tangential
coefficient of restitution from mean value.
De?; Dek: measurement uncertainty of individual measurement of normal/tan-
gential coefficient of restitution.

Fig. 4. Obtained coefficients of restitution for ice-particle collisions in the velocity
range v ¼ 6—22 cm s#1. A linear correlation analysis shows no evidence for a
correlation between these variables.

2 The reader should note that although the term ‘velocity’ generally describes a
vectorial quantity we use it for the absolute value of the velocity. In all cases treating
the velocity as a vector this is clearly stated.
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衝突速度と反発係数の関係

velocity of !10 cm s"1 by two motor-driven glass bars that after-
wards seal these entry holes (Fig. 1). During the 9 s of micrograv-
ity,1 the particle positions were recorded by a high-speed, high-
resolution camera operating at 115 fps, and two overview cameras
(25 fps) positioned at an angle of 16.25! relative to the chamber, to
enable three-dimensional trajectory reconstruction.

Here we focus on the results of one out of seven microgravity
experiments conducted at the Bremen drop tower in April 2008.
This was a prototype experiment for future investigations that will
be equipped with cryogenic facilities and therefore use ice parti-
cles. However in this case, the experiment was performed with
92 spherical glass samples of 10 mm diameter, with a slightly
roughened surface. At the beginning of the microgravity period,
two sets of 32 particles were injected into the test chamber where
28 samples were at rest. The experiment chamber was not evacu-
ated, but the influence of the air drag acting on a sample particle
does not significantly affect its velocity. A smooth glass sphere
(10 mm diameter) has a Reynolds number Re # 1:6 at a velocity
of v ¼ 4 mm s"1 and Re # 62 at a velocity of v ¼ 10 cm s"1. From
this the relative velocity loss Dv=v due to air drag between two
consecutive collisions can be estimated to be less than a few times
10"3.

Standard methods of image processing and particle tracking
were used to obtain the particles’ positions from the recorded im-
age sequence. A statistical analysis of all particles’ velocities as a
function of time was performed, which means that – although gen-
erally possible – we did not treat individual collisions but concen-
trated on the velocity development of the entire ensemble. In
future experiments, the individual collisions, their impact parame-
ters and the excitation of rotational motion will be investigated.
The results of our analyses can be found in Section 3.2.

3. Results

3.1. Parabolic-flight experiment

The binary collision experiments performed during DLR’s 12th
Parabolic Flight Campaign occurred in free space and so were truly
three-dimensional events. Thus, data from two projections of each
event captured using beam-splitter optics (at an angular separa-
tion of 48.8!) were used to determine the particle motion (see
Fig. 2). The two sets of two-dimensional coordinates were com-
bined with a transformation algorithm to produce the sample coor-
dinates in three dimensions, and the trajectories were determined
by linear fits to the data. From this, the relative velocities before
and after the collision, v and v 0 respectively, and the normalized
impact parameter, b=R, were calculated. Additionally, the velocity
components normal and tangential to the colliding surfaces (v?

and vk, respectively) could be extracted.
From Fig. 3 it is clear that the impact parameters are restricted

to near-central collisions (due to the limitations of our experimen-
tal setup), ranging from b=R ¼ 0 to 0.5 with a mean value
b=R ¼ 0:16. However, simple geometrical considerations show that
in reality glancing collisions are the most frequent ones. Thus the
captured collisions with impact parameters smaller than
b=R ¼ 0:5 cover only a fraction of P (i.p. <0.5) ¼ ðb=RÞ2 ¼ 0:25 of
the statistically occurring impacts in Saturn’s rings. From the ob-
served impact parameters and coefficients of restitution no evi-
dence for a correlation between these parameters could be found
by linear correlation analysis, in which we computed the linear
correlation coefficient:
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where r2b=R ¼ 0:10 gives the fraction of the data which can be ex-
plained by a linear dependence. Based on a similar analysis of the
coefficient of restitution e and the relative impact velocity v
(r2v ¼ 0:11; see Fig. 4) a correlation of those can also be ruled out.
In a detailed analysis of the coefficient of restitution in normal
ðe?Þ and tangential direction ðekÞ no evidence for a correlation of
these values with the impact parameter or the impact velocity
could be found. Elaborate investigation showed that also a depen-

1 The use of the Bremen drop tower’s catapult facility almost doubled the duration
of microgravity compared to a regular drop without using the catapult.

Fig. 2. Image sequence of two 15-mm-sized ice spheres colliding at a relative
velocity of 14 cm s"1. The temporal separation between two consecutive frames is
4

107 s. The images were captured using a beam-splitter optics. Therefore, each image
frame contains two views of the set of particles, which are separated by an angle of
48.8!.

Fig. 3. Obtained coefficients of restitution for ice-particle collisions at near-central
impact parameters in the range b=R ¼ 0—0:5. There is no evidence of a correlation
between the two variables.
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velocity of !10 cm s"1 by two motor-driven glass bars that after-
wards seal these entry holes (Fig. 1). During the 9 s of micrograv-
ity,1 the particle positions were recorded by a high-speed, high-
resolution camera operating at 115 fps, and two overview cameras
(25 fps) positioned at an angle of 16.25! relative to the chamber, to
enable three-dimensional trajectory reconstruction.

Here we focus on the results of one out of seven microgravity
experiments conducted at the Bremen drop tower in April 2008.
This was a prototype experiment for future investigations that will
be equipped with cryogenic facilities and therefore use ice parti-
cles. However in this case, the experiment was performed with
92 spherical glass samples of 10 mm diameter, with a slightly
roughened surface. At the beginning of the microgravity period,
two sets of 32 particles were injected into the test chamber where
28 samples were at rest. The experiment chamber was not evacu-
ated, but the influence of the air drag acting on a sample particle
does not significantly affect its velocity. A smooth glass sphere
(10 mm diameter) has a Reynolds number Re # 1:6 at a velocity
of v ¼ 4 mm s"1 and Re # 62 at a velocity of v ¼ 10 cm s"1. From
this the relative velocity loss Dv=v due to air drag between two
consecutive collisions can be estimated to be less than a few times
10"3.

Standard methods of image processing and particle tracking
were used to obtain the particles’ positions from the recorded im-
age sequence. A statistical analysis of all particles’ velocities as a
function of time was performed, which means that – although gen-
erally possible – we did not treat individual collisions but concen-
trated on the velocity development of the entire ensemble. In
future experiments, the individual collisions, their impact parame-
ters and the excitation of rotational motion will be investigated.
The results of our analyses can be found in Section 3.2.

3. Results

3.1. Parabolic-flight experiment

The binary collision experiments performed during DLR’s 12th
Parabolic Flight Campaign occurred in free space and so were truly
three-dimensional events. Thus, data from two projections of each
event captured using beam-splitter optics (at an angular separa-
tion of 48.8!) were used to determine the particle motion (see
Fig. 2). The two sets of two-dimensional coordinates were com-
bined with a transformation algorithm to produce the sample coor-
dinates in three dimensions, and the trajectories were determined
by linear fits to the data. From this, the relative velocities before
and after the collision, v and v 0 respectively, and the normalized
impact parameter, b=R, were calculated. Additionally, the velocity
components normal and tangential to the colliding surfaces (v?

and vk, respectively) could be extracted.
From Fig. 3 it is clear that the impact parameters are restricted

to near-central collisions (due to the limitations of our experimen-
tal setup), ranging from b=R ¼ 0 to 0.5 with a mean value
b=R ¼ 0:16. However, simple geometrical considerations show that
in reality glancing collisions are the most frequent ones. Thus the
captured collisions with impact parameters smaller than
b=R ¼ 0:5 cover only a fraction of P (i.p. <0.5) ¼ ðb=RÞ2 ¼ 0:25 of
the statistically occurring impacts in Saturn’s rings. From the ob-
served impact parameters and coefficients of restitution no evi-
dence for a correlation between these parameters could be found
by linear correlation analysis, in which we computed the linear
correlation coefficient:
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where r2b=R ¼ 0:10 gives the fraction of the data which can be ex-
plained by a linear dependence. Based on a similar analysis of the
coefficient of restitution e and the relative impact velocity v
(r2v ¼ 0:11; see Fig. 4) a correlation of those can also be ruled out.
In a detailed analysis of the coefficient of restitution in normal
ðe?Þ and tangential direction ðekÞ no evidence for a correlation of
these values with the impact parameter or the impact velocity
could be found. Elaborate investigation showed that also a depen-

1 The use of the Bremen drop tower’s catapult facility almost doubled the duration
of microgravity compared to a regular drop without using the catapult.

Fig. 2. Image sequence of two 15-mm-sized ice spheres colliding at a relative
velocity of 14 cm s"1. The temporal separation between two consecutive frames is
4

107 s. The images were captured using a beam-splitter optics. Therefore, each image
frame contains two views of the set of particles, which are separated by an angle of
48.8!.

Fig. 3. Obtained coefficients of restitution for ice-particle collisions at near-central
impact parameters in the range b=R ¼ 0—0:5. There is no evidence of a correlation
between the two variables.

426 D. Heißelmann et al. / Icarus 206 (2010) 424–430

2 = 0.10
線形的な相関はあまり見られない

同様に線形的な相関は
あまり見られない 

2010年4月22日木曜日



3. Results ＜Parabolic-flight experiment＞

dence of the coefficient of restitution on a combination of the colli-
sion velocity and the impact parameter could be ruled out.

Hence, we can treat the coefficient of restitution data in a statis-
ticalway.Oneway todo this, is to plot the cumulativenumberof col-
lisions with a coefficient of restitution 6e (Fig. 5a). It turns out that
this can be fitted by a uniform distribution (see dashed curve in
Fig. 5a). The fit provides a mean coefficient of restitution of !e ¼
0:45 and an overall range of e ¼ 0:06—0:84 (dotted lines in Fig. 5a).

The obtained normal coefficient of restitution e? was treated in a
similar way. Fig. 5b shows that values of e? fall in the interval
0 " " " 0.82 (dashed lines). The analysis of our dataset yields a mean
value e? ¼ 0:41with an error of themean re? ¼ 0:04 and individual
measurement errors of De? ¼ 0:06. The standard deviation of the
individual measurements from the mean value was calculated to
re? ¼ 0:24 indicating a significant scatter of the values for e? around
e? which is not causedby themeasurementuncertainties.We there-
fore recommend to include a flat statistical distribution of coeffi-
cients of restitution (see insert in Fig. 5b) rather than a single
value to themodels investigating Saturn’s rings. However, it is likely
that thewide range of coefficients of restitution observed in our par-
abolic-flight experiments reflects the anisotropic nature of the ice
samples’ surface properties, especially the surface roughness or pre-
viously slightly melted areas altering the collisional properties.

For the analysis of the tangential component ek only experi-
ments with tangential velocities vk P 5 mm s#1 (36 out of 41
experiments) were taken into account to avoid ek ¼ v 0

k=vk

approaching unrealistically large values when the denominator
vk approaches zero. The mean value of the tangential coefficient
of restitution was measured to be ek ¼ 1:08 with an error of
rek ¼ 0:19 and individual standard deviation of rek ¼ 1:11, which
is in fair agreement with the value found by Supulver et al.
(1995). The large individual measurement errors of Dek ¼ 0:38
(due to the small absolute values of v?) do not allow any secure
interpretation, however. Table 1 summarizes our experimental re-
sults for the normal and tangential coefficient of restitution of bin-
ary collisions between cm-sized ice spheres.

3.2. Drop-tower experiment

To yield the positions of all particles in all image frames, the
images were convolved with an image of a single sphere as kernel.
The probability maxima, which determine the particle positions,
could then be detected automatically. The tracking of all particles

over time allowed the calculation of the individual particle’s mean
velocity2 between consecutive images. The resulting particle veloci-

Fig. 5. (a) Normalized cumulative number of ice-particle collisions with coefficients
of restitution 6e for all captured collisions in the parabolic-flight experiments
(crosses). The distribution of e can be fitted by a uniform distribution which is given
by the dashed curve. The mean coefficient of restitution is at e ¼ 0:45 (denoted by
the dash-dotted line) with an overall range of e ¼ 0:06—0:84 (dotted lines). The
diamonds represent the data obtained from binary collisions of glass beads in the
laboratory mini drop tower. The coefficients of restitution span a range of
e $ 0:35—0:95 (solid curve). (b) Normalized cumulative number of collisions with
normal coefficients of restitution 6e\ for all 41 captured experiments. The normal
component has a mean value of e? ¼ 0:41% 0:04 with a standard deviation of
individual measurements of 0.24. The measurement error of an individual
measurement is 0.06 (indicated by the error bars). The insert shows a schematic
distribution of coefficients of restitution that could be included into numerical
simulations.

Table 1
Summary of the experimental results of the coefficient of restitution of low-velocity
ice-particle collisions. The velocity range was v? ¼ 4 " " " 22 cm s#1 and
vk ¼ 0:5 " " " 8 cm s#1, respectively.

e? ek

e? re? re? De? ek rek rek Dek

0.41 0.04 0.24 0.06 1.08 0.19 1.11 0.38

e?; ek: mean normal/ tangential coefficient of restitution.
re? ;rek : error of mean normal/tangential coefficient of restitution.
re? ; rek : standard deviation of individual measurements of normal/tangential
coefficient of restitution from mean value.
De?; Dek: measurement uncertainty of individual measurement of normal/tan-
gential coefficient of restitution.

Fig. 4. Obtained coefficients of restitution for ice-particle collisions in the velocity
range v ¼ 6—22 cm s#1. A linear correlation analysis shows no evidence for a
correlation between these variables.

2 The reader should note that although the term ‘velocity’ generally describes a
vectorial quantity we use it for the absolute value of the velocity. In all cases treating
the velocity as a vector this is clearly stated.

D. Heißelmann et al. / Icarus 206 (2010) 424–430 427

・反発係数の積算個数分布

反発係数εの積算個数分布
傾きが一定：εは均一な分布をとる

ε ＝ 0.45
ε ＝ 0.06 ～ 0.84

 

反発係数ε　の積算個数分布

ε  ＝ 0.0 ～ 0.82
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e $ 0:35—0:95 (solid curve). (b) Normalized cumulative number of collisions with
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component has a mean value of e? ¼ 0:41% 0:04 with a standard deviation of
individual measurements of 0.24. The measurement error of an individual
measurement is 0.06 (indicated by the error bars). The insert shows a schematic
distribution of coefficients of restitution that could be included into numerical
simulations.
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De?; Dek: measurement uncertainty of individual measurement of normal/tan-
gential coefficient of restitution.

Fig. 4. Obtained coefficients of restitution for ice-particle collisions in the velocity
range v ¼ 6—22 cm s#1. A linear correlation analysis shows no evidence for a
correlation between these variables.

2 The reader should note that although the term ‘velocity’ generally describes a
vectorial quantity we use it for the absolute value of the velocity. In all cases treating
the velocity as a vector this is clearly stated.
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3. Results ＜Drop-tower experiment＞

ties as a function of time show that the system equilibrates very
quickly within the first 1.5 s. After this injection phase, we observed
dissipation of kinetic energy through inelastic collisions and trans-
formation to rotational motion which was visualized by black marks
on the surface of the glass beads (see Fig. 1).

From the analysis of the particle velocities within the last 1.5 s
of experiment time, we obtained a median particle velocity of
3:5 mm s!1 and determined that 50% of the particles are moving
with velocities between 2 and 5 mm s!1 (see dashed and dotted
lines in Fig. 6), which corresponds fairly well to the desired veloc-
ities for studying collisions in Saturn’s dense rings (Esposito, 2002).

The decay of the mean particle velocity of the entire ensemble
during the experiment duration is displayed in Fig. 7a. The individ-
ual measurements were logarithmically binned and the mean
velocity was computed. The error bars denote the standard devia-
tion of the velocity and experiment time measurements, respec-
tively. Assuming a constant coefficient of restitution eðvÞ ¼ const.,
the simple kinetic theory for granular fluids presented by Haff
(1983) indicates that the temporal rms-velocity evolution can be
described by the following function:

vðtÞ ¼ 1
1
v0
þ ð1! eÞ & n & r & t

; ð2Þ

where v0 is the initial injection velocity of the ensemble, n is the
number density and r ¼ 4pr2 is the collisional cross-section. Eq.
(2) can be fitted to the binned velocity data, resulting in a coefficient
of restitution of e ¼ 0:64 (see solid line in Fig. 7a). Thereby, the data
represent an average over all impact parameters (i.e. central to
grazing impacts) and, thus, collisions are only analyzed statistically,
but not as individual binary encounters. The residual of the fit to the
data (Fig. 7b) shows a good agreement of both in the interval from 2
to 7 s experiment duration, meaning that the collisional behavior
follows Haff’s law with e ¼ 0:64. The strong deviation within the
first 2 s is due to the equilibration phase of the ensemble after the
sample injection, whereas the clear change in slope after '7 s is a
real effect that can either be explained by an increased coefficient
of restitution towards low relative velocities or the onset of cluster-
ing (Goldhirsch and Zanetti, 1993; Brito and Ernst, 1998; Miller and
Luding, 2004). However, the investigation of the latter exceeds the
scope of this work.

We performed a detailed analysis of individual binary collisions
among the constituents of the ensemble in the drop-tower exper-

iment as well as of binary collisions of identical glass spheres con-
ducted in a recently built laboratory mini drop tower of 1.5 m
height. In the latter experiments we observed 12 central collisions
in the velocity range 1—4 cm s!1. The measured coefficients of res-
titution span a range from e ( 0:35 to 0.95, are randomly distrib-
uted (see solid curve in Fig. 5a), and show no correlation with
impact velocity.

In the drop-tower experiments with the particle ensemble we
have no information about the three-dimensional motion of the
particles, so that we are forced to restrict ourselves on the mea-
sured two-dimensional projection of the velocity vector before
and after the collisions. Splitting the velocity vectors into two
one-dimensional components, we can describe the distribution of
the absolute velocity values by a one-dimensional Maxwell–Boltz-
mann distribution function (see right curve in Fig. 8 and solid curve
in Fig. 9) with a fixed coefficient of restitution of e ¼ 0:77. Using a
range of coefficients of restitution, i.e. e ¼ 0:2 & & & 0:9, results in a
very similar velocity distribution function (left curve in Fig. 8).
The shaded areas in Fig. 8 are the result of a Monte Carlo simula-
tion of a one-dimensional Maxwell–Boltzmann velocity distribu-
tion and denote the 2r-range.

Fig. 6. Normalized cumulative number of glass particles with velocity 6v in the
time interval of 7–8.5 s of microgravity duration for the drop-tower experiments.
The dashed line denotes the median particle velocity and the dotted lines indicate
the particle velocities covering 50% of all particles.

Fig. 7. (a) Velocity decrease of the glass particles in the drop-tower experiment due
to the dissipation of kinetic energy as a function of experiment duration. The data
was binned in logarithmic intervals. It is clearly visible that after a short period of
equilibration the dissipation is in agreement with Haff’s cooling law for granular
gases (Haff, 1983) between 2 and '7 s experiment duration. The solid line denotes
the relation given in Eq. (2) with a coefficient of restitution of e ¼ 0:64. (b) The
residual between Haff’s law and the data shows a good agreement from 2 to 7 s
experiment time. The strong deviation within the first 2 s is due to the equilibration
phase after the particle injection, whereas the divergence after 7 s can only be
explained by a change of the coefficient of restitution towards low relative
velocities. (c) The scatter of the individual data points around the fitted curve shows
a broad velocity distribution.
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3. Results ＜Drop-tower experiment＞

ties as a function of time show that the system equilibrates very
quickly within the first 1.5 s. After this injection phase, we observed
dissipation of kinetic energy through inelastic collisions and trans-
formation to rotational motion which was visualized by black marks
on the surface of the glass beads (see Fig. 1).

From the analysis of the particle velocities within the last 1.5 s
of experiment time, we obtained a median particle velocity of
3:5 mm s!1 and determined that 50% of the particles are moving
with velocities between 2 and 5 mm s!1 (see dashed and dotted
lines in Fig. 6), which corresponds fairly well to the desired veloc-
ities for studying collisions in Saturn’s dense rings (Esposito, 2002).

The decay of the mean particle velocity of the entire ensemble
during the experiment duration is displayed in Fig. 7a. The individ-
ual measurements were logarithmically binned and the mean
velocity was computed. The error bars denote the standard devia-
tion of the velocity and experiment time measurements, respec-
tively. Assuming a constant coefficient of restitution eðvÞ ¼ const.,
the simple kinetic theory for granular fluids presented by Haff
(1983) indicates that the temporal rms-velocity evolution can be
described by the following function:

vðtÞ ¼ 1
1
v0
þ ð1! eÞ & n & r & t

; ð2Þ

where v0 is the initial injection velocity of the ensemble, n is the
number density and r ¼ 4pr2 is the collisional cross-section. Eq.
(2) can be fitted to the binned velocity data, resulting in a coefficient
of restitution of e ¼ 0:64 (see solid line in Fig. 7a). Thereby, the data
represent an average over all impact parameters (i.e. central to
grazing impacts) and, thus, collisions are only analyzed statistically,
but not as individual binary encounters. The residual of the fit to the
data (Fig. 7b) shows a good agreement of both in the interval from 2
to 7 s experiment duration, meaning that the collisional behavior
follows Haff’s law with e ¼ 0:64. The strong deviation within the
first 2 s is due to the equilibration phase of the ensemble after the
sample injection, whereas the clear change in slope after '7 s is a
real effect that can either be explained by an increased coefficient
of restitution towards low relative velocities or the onset of cluster-
ing (Goldhirsch and Zanetti, 1993; Brito and Ernst, 1998; Miller and
Luding, 2004). However, the investigation of the latter exceeds the
scope of this work.

We performed a detailed analysis of individual binary collisions
among the constituents of the ensemble in the drop-tower exper-

iment as well as of binary collisions of identical glass spheres con-
ducted in a recently built laboratory mini drop tower of 1.5 m
height. In the latter experiments we observed 12 central collisions
in the velocity range 1—4 cm s!1. The measured coefficients of res-
titution span a range from e ( 0:35 to 0.95, are randomly distrib-
uted (see solid curve in Fig. 5a), and show no correlation with
impact velocity.

In the drop-tower experiments with the particle ensemble we
have no information about the three-dimensional motion of the
particles, so that we are forced to restrict ourselves on the mea-
sured two-dimensional projection of the velocity vector before
and after the collisions. Splitting the velocity vectors into two
one-dimensional components, we can describe the distribution of
the absolute velocity values by a one-dimensional Maxwell–Boltz-
mann distribution function (see right curve in Fig. 8 and solid curve
in Fig. 9) with a fixed coefficient of restitution of e ¼ 0:77. Using a
range of coefficients of restitution, i.e. e ¼ 0:2 & & & 0:9, results in a
very similar velocity distribution function (left curve in Fig. 8).
The shaded areas in Fig. 8 are the result of a Monte Carlo simula-
tion of a one-dimensional Maxwell–Boltzmann velocity distribu-
tion and denote the 2r-range.

Fig. 6. Normalized cumulative number of glass particles with velocity 6v in the
time interval of 7–8.5 s of microgravity duration for the drop-tower experiments.
The dashed line denotes the median particle velocity and the dotted lines indicate
the particle velocities covering 50% of all particles.

Fig. 7. (a) Velocity decrease of the glass particles in the drop-tower experiment due
to the dissipation of kinetic energy as a function of experiment duration. The data
was binned in logarithmic intervals. It is clearly visible that after a short period of
equilibration the dissipation is in agreement with Haff’s cooling law for granular
gases (Haff, 1983) between 2 and '7 s experiment duration. The solid line denotes
the relation given in Eq. (2) with a coefficient of restitution of e ¼ 0:64. (b) The
residual between Haff’s law and the data shows a good agreement from 2 to 7 s
experiment time. The strong deviation within the first 2 s is due to the equilibration
phase after the particle injection, whereas the divergence after 7 s can only be
explained by a change of the coefficient of restitution towards low relative
velocities. (c) The scatter of the individual data points around the fitted curve shows
a broad velocity distribution.
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3. Results ＜Drop-tower experiment＞
ties as a function of time show that the system equilibrates very
quickly within the first 1.5 s. After this injection phase, we observed
dissipation of kinetic energy through inelastic collisions and trans-
formation to rotational motion which was visualized by black marks
on the surface of the glass beads (see Fig. 1).

From the analysis of the particle velocities within the last 1.5 s
of experiment time, we obtained a median particle velocity of
3:5 mm s!1 and determined that 50% of the particles are moving
with velocities between 2 and 5 mm s!1 (see dashed and dotted
lines in Fig. 6), which corresponds fairly well to the desired veloc-
ities for studying collisions in Saturn’s dense rings (Esposito, 2002).

The decay of the mean particle velocity of the entire ensemble
during the experiment duration is displayed in Fig. 7a. The individ-
ual measurements were logarithmically binned and the mean
velocity was computed. The error bars denote the standard devia-
tion of the velocity and experiment time measurements, respec-
tively. Assuming a constant coefficient of restitution eðvÞ ¼ const.,
the simple kinetic theory for granular fluids presented by Haff
(1983) indicates that the temporal rms-velocity evolution can be
described by the following function:

vðtÞ ¼ 1
1
v0
þ ð1! eÞ & n & r & t

; ð2Þ

where v0 is the initial injection velocity of the ensemble, n is the
number density and r ¼ 4pr2 is the collisional cross-section. Eq.
(2) can be fitted to the binned velocity data, resulting in a coefficient
of restitution of e ¼ 0:64 (see solid line in Fig. 7a). Thereby, the data
represent an average over all impact parameters (i.e. central to
grazing impacts) and, thus, collisions are only analyzed statistically,
but not as individual binary encounters. The residual of the fit to the
data (Fig. 7b) shows a good agreement of both in the interval from 2
to 7 s experiment duration, meaning that the collisional behavior
follows Haff’s law with e ¼ 0:64. The strong deviation within the
first 2 s is due to the equilibration phase of the ensemble after the
sample injection, whereas the clear change in slope after '7 s is a
real effect that can either be explained by an increased coefficient
of restitution towards low relative velocities or the onset of cluster-
ing (Goldhirsch and Zanetti, 1993; Brito and Ernst, 1998; Miller and
Luding, 2004). However, the investigation of the latter exceeds the
scope of this work.

We performed a detailed analysis of individual binary collisions
among the constituents of the ensemble in the drop-tower exper-

iment as well as of binary collisions of identical glass spheres con-
ducted in a recently built laboratory mini drop tower of 1.5 m
height. In the latter experiments we observed 12 central collisions
in the velocity range 1—4 cm s!1. The measured coefficients of res-
titution span a range from e ( 0:35 to 0.95, are randomly distrib-
uted (see solid curve in Fig. 5a), and show no correlation with
impact velocity.

In the drop-tower experiments with the particle ensemble we
have no information about the three-dimensional motion of the
particles, so that we are forced to restrict ourselves on the mea-
sured two-dimensional projection of the velocity vector before
and after the collisions. Splitting the velocity vectors into two
one-dimensional components, we can describe the distribution of
the absolute velocity values by a one-dimensional Maxwell–Boltz-
mann distribution function (see right curve in Fig. 8 and solid curve
in Fig. 9) with a fixed coefficient of restitution of e ¼ 0:77. Using a
range of coefficients of restitution, i.e. e ¼ 0:2 & & & 0:9, results in a
very similar velocity distribution function (left curve in Fig. 8).
The shaded areas in Fig. 8 are the result of a Monte Carlo simula-
tion of a one-dimensional Maxwell–Boltzmann velocity distribu-
tion and denote the 2r-range.

Fig. 6. Normalized cumulative number of glass particles with velocity 6v in the
time interval of 7–8.5 s of microgravity duration for the drop-tower experiments.
The dashed line denotes the median particle velocity and the dotted lines indicate
the particle velocities covering 50% of all particles.

Fig. 7. (a) Velocity decrease of the glass particles in the drop-tower experiment due
to the dissipation of kinetic energy as a function of experiment duration. The data
was binned in logarithmic intervals. It is clearly visible that after a short period of
equilibration the dissipation is in agreement with Haff’s cooling law for granular
gases (Haff, 1983) between 2 and '7 s experiment duration. The solid line denotes
the relation given in Eq. (2) with a coefficient of restitution of e ¼ 0:64. (b) The
residual between Haff’s law and the data shows a good agreement from 2 to 7 s
experiment time. The strong deviation within the first 2 s is due to the equilibration
phase after the particle injection, whereas the divergence after 7 s can only be
explained by a change of the coefficient of restitution towards low relative
velocities. (c) The scatter of the individual data points around the fitted curve shows
a broad velocity distribution.
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4. Conclusion

In this work, we present first results of two novel experimental
methods to study the collision properties of individual macro-
scopic ice bodies, allowing free encounters without limitations
present in previous experiments.

The parabolic-flight setup is suitable for pair-collisions at rela-
tive velocities P6 cm s!1 and near-central impact angles. For nor-
malized impact parameters of b=R ¼ 0—0:5 we could not observe a
correlation between the coefficient of restitution and the impact
parameter nor with the relative impact velocity of ice particles.
The fit of a uniform distribution of the coefficient of restitution re-
sulted in a mean value of e ¼ 0:45, and a range from e ¼ 0:06 to
0.84. The experiments with equal-sized and equal-shaped glass
particles with collision velocities of a few cm s!1 and normal im-
pacts also showed a wide distribution of coefficients of restitution
between e ¼ 0:35 and 0.95. While for the ice particles one could ar-

gue that surface frost might be responsible for the scatter in the
coefficient of restitution this clearly plays no role for the glass
beads. Thus, we expect not a single value for the coefficient of res-
titution for the collisions in Saturn’s rings, but a more or less wide
distribution around a mean value. Thus, also very elastic and very
inelastic collisions concurrently take place in Saturn’s rings. The
experiments performed by Bridges et al. (1984) and Hatzes et al.
(1988) – although investigating central collisions at lower veloci-
ties than we did – showed only a weak velocity dependence of e
above 1 cm s!1 with values of e # 0:2 and e # 0:5, respectively,
and thereby enclose the results obtained from our parabolic-flight
experiments. The experiments by Dilley and Crawford (1996) show
a decrease of the coefficient of restitution with decreasing projec-
tile mass and with increasing impact velocities. These results do
not match those obtained from our parabolic-flight experiments.
Recent works by Grasselli et al. (2009) and Sorace et al. (2009) pre-
senting the investigation of granular cooling and low-velocity bin-
ary collisions of mm-sized spherical particles, respectively, report a
decrease of the coefficients of restitution with decreasing impact
velocities. This finding is supported by the collision model of Bril-
liantov et al. (2007). This means that it is unlikely that the devia-
tion of our data points from Haff’s law (see Fig. 7a) for t > 7 s is
due to an increase in the coefficient of restitution. Clustering seems
to be a plausible explanation, but needs further exploration.

Recent N-body simulations by Porco et al. (2008) were carried
out to create a model of Saturn’s A and C ring. This model was used
as input for numerical light-scattering studies trying to match the
photometric properties observed by Cassini. The authors found
that to reproduce their observations with their numerical codes,
they required a velocity-dependent coefficient of restitution of
$3.5 times lower than that found by Bridges et al. (1984) and five
times lower than those obtained by Supulver et al. (1995). These
results could not be reproduced by our experiments. However,
the presence of surface frost or regolith layers will alter the colli-
sional properties towards more inelastic behavior. A similar trend
is known from impact experiments of cm-sized spheres into lunar
and martian regolith analog material (Colwell and Taylor, 1999;
Colwell, 2003) and low-velocity collision experiments of
high-porosity dust aggregates (see e.g. Blum and Münch, 1993;
Heißelmann et al., 2007; Langkowski et al., 2008).

In a future microgravity campaign the investigation of ice colli-
sions will be extended to impacts onto a solid ice target and at
arbitrary impact angles using a slightly modified parabolic-flight
setup.

Using the setup developed as a feasibility study for drop-tower
experiments, we were able to achieve collisions between cm-sized
glass beads at velocities well below 1 cm s!1, which could be fitted
assuming a mean coefficient of restitution of e ¼ 0:64. The ob-
tained relative velocities are realistic parameters for simulating
the collision processes in Saturn’s dense main rings (Esposito,
2002) so that future drop-tower experiments using a cryogenic set-
up and ensembles of water ice samples will provide further in-
sights into the collision dynamics of icy bodies. These
experiments will also incorporate beam-splitter optics to provide
three-dimensional collision information, which proved to be of ut-
most importance for the analysis.

The observed collisional properties, like the coefficient of resti-
tution e, are crucial parameters for theoretical and numerical stud-
ies (Salo et al., 2001; Schmidt et al., 2001) aiming to explain
observed structures, instabilities and overstabilities in Saturn’s
dense rings. Additionally, the experiments can be utilized to deter-
mine the mechanism of energy equipartition within an ensemble
of interacting macroscopic grains. For the explanation of the extre-
mely confined ring thickness and the means to counteract pertur-
bations and excitation by dissipation of kinetic energy, more
detailed investigations shall be conducted to study the influence

Fig. 8. The coefficients of restitution obtained by analysis of the binary collisions of
cm-sized glass spheres (crosses) can be fitted by a Maxwell–Boltzmann distribution
with a constant coefficient of restitution of e ¼ 0:77 (right shaded area). Using a
range of coefficients of restitution ðe ¼ 0:2 & & &1:0Þ results in a very similar velocity
distribution function (left shaded area). The shaded areas denote the 2r-standard-
deviation derived by a Monte Carlo simulation.

Fig. 9. The obtained absolute values of the one-dimensional velocities of the binary
collisions (histogram with 1r error bars) can be fitted by the positive branch of a
Maxwell–Boltzmann distribution (solid curve).
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senting the investigation of granular cooling and low-velocity bin-
ary collisions of mm-sized spherical particles, respectively, report a
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that to reproduce their observations with their numerical codes,
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In a future microgravity campaign the investigation of ice colli-
sions will be extended to impacts onto a solid ice target and at
arbitrary impact angles using a slightly modified parabolic-flight
setup.

Using the setup developed as a feasibility study for drop-tower
experiments, we were able to achieve collisions between cm-sized
glass beads at velocities well below 1 cm s!1, which could be fitted
assuming a mean coefficient of restitution of e ¼ 0:64. The ob-
tained relative velocities are realistic parameters for simulating
the collision processes in Saturn’s dense main rings (Esposito,
2002) so that future drop-tower experiments using a cryogenic set-
up and ensembles of water ice samples will provide further in-
sights into the collision dynamics of icy bodies. These
experiments will also incorporate beam-splitter optics to provide
three-dimensional collision information, which proved to be of ut-
most importance for the analysis.

The observed collisional properties, like the coefficient of resti-
tution e, are crucial parameters for theoretical and numerical stud-
ies (Salo et al., 2001; Schmidt et al., 2001) aiming to explain
observed structures, instabilities and overstabilities in Saturn’s
dense rings. Additionally, the experiments can be utilized to deter-
mine the mechanism of energy equipartition within an ensemble
of interacting macroscopic grains. For the explanation of the extre-
mely confined ring thickness and the means to counteract pertur-
bations and excitation by dissipation of kinetic energy, more
detailed investigations shall be conducted to study the influence

Fig. 8. The coefficients of restitution obtained by analysis of the binary collisions of
cm-sized glass spheres (crosses) can be fitted by a Maxwell–Boltzmann distribution
with a constant coefficient of restitution of e ¼ 0:77 (right shaded area). Using a
range of coefficients of restitution ðe ¼ 0:2 & & &1:0Þ results in a very similar velocity
distribution function (left shaded area). The shaded areas denote the 2r-standard-
deviation derived by a Monte Carlo simulation.

Fig. 9. The obtained absolute values of the one-dimensional velocities of the binary
collisions (histogram with 1r error bars) can be fitted by the positive branch of a
Maxwell–Boltzmann distribution (solid curve).
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3. Results ＜Drop-tower experiment＞

Maxwell-Boltzmann 速度分布を用いて
計算した反発係数の積算個数分布

右：ε＝0.77（一定）

左：ε＝0.2 ～ 1.0（幅）

 

 

非常に近い形

※cmサイズのガラス球

２体衝突の一次元速度の絶対値は
Maxwell-Boltzmann 速度分布と
フィットする

2010年4月22日木曜日



4. Conclusion
本研究では、微視的な氷物質個々の衝突を研究するために新たな
2つの手法で実験を行った

＜Parabolic-flight experiment＞

相対速度 6cm/s 以上の２体衝突に適している
（near-central impact）

= 0 ～ 0.5

反発係数と衝突パラメーター、相対速度との相関はあまり
見られなかった
反発係数： ε ＝ 0.45 、ε ＝ 0.06 ～ 0.84

・

・

・
＜Drop-tower experiment＞

1cm/s より小さい相対速度での多体衝突を達成できた
速度の時間進化はε=0.64としてHaff(1983)の式で
フィッティングできた
得られたビーズの速度分布は予想される土星環の速度分布に近い

・
・

・
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