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concentration (2 atomic %) are close to 1 atomic %.

local curvature of planes in the close vicinity
of the end of the extra half-plane, in good
agreement with geometrical descriptions of
edge dislocations.

The B-enriched pipe-shaped zone, parallel
to the dislocation line, is detected in the
vicinity of the extremity of the additional
half-plane (Fig. 3). This image therefore pro-
vides evidence that the B-enriched zone
shown in Fig. 2 is a Cottrell atmosphere.
Interstitial atoms like boron are likely to seg-
regate under the dislocation line, in the dilat-
ed region of the defect. Therefore, a plausible
location of the dislocation could be around 1
nm above the center of the atmosphere (Fig.
3). However, the exact location of the dislo-
cation line in the reconstructed image is dif-
ficult to ascertain with certainty.

The position of the B-rich pipe, slightly to
the right of the apparent position of the dis-
location line, is a priori surprising. However,
reconstructed images must be interpreted
with caution. The applied stress caused by the
high electric field may have led to a partial
breakaway of the dislocation from its atmo-
sphere during the investigation, resulting in a
shift of the line defect by a few atomic planes
toward the specimen surface (left side, Figs. 2
and 3). Preferential retention of boron from
one plane to the next may also shift boron
slightly (0.15 nm) to the left in Fig. 3.

Radial distributions of atomic species
(Fig. 4) with respect to the center of mass of
the atmosphere (that is, the axis of the boron
“finger” shown in Fig. 2) were calculated in
successive shells of equal thickness (0.2 nm).
The maximum concentration of boron Cj is
close to 2 atomic %. The extent of the atmo-
sphere, taken at one-tenth of the maximum
boron concentration (that is, Cy = 0.2 atomic
%), can be estimated at 3 nm.

In a first approximation, the interstitial
concentration Cy, at a given temperature 7 in
the strain field of a dislocation can be written
as Cy = CO° exp(w/kT), where C° is the
nominal boron concentration (400 atomic
ppm), u is the binding energy between the
dislocation and interstitial, and % is the Bolt-
zmann constant. From the present measure-
ments we estimate u ~ 0.2 eV, a reasonable
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value compared to the binding energy of
carbon in iron (~0.5 eV). [A more detailed
interpretation using recent models (71, 12)
has not yet been offered.] One feature in Fig.
4 is unexpected: The Al concentration falls at
the center of the atmosphere (20 atomic %, as
compared to 40 atomic % in the bulk).

Similar atmospheres were encountered
during the systematic experiments that were
carried out. Among the three boron-enriched
clouds that could be found, only one could be
interpreted quantitatively on a sound basis.
This atmosphere appeared as a rod-shaped
zone containing 6 atomic % boron. Similar to
what is shown in Fig. 4, the boron-enriched
zone was Al-depleted (33 atomic %). Its di-
ameter was close to 3 nm. Unfortunately, the
dislocation line associated with this atmo-
sphere could not be imaged.

The information revealed by 3DAP on the

spatial distribution of chemical species near
line defects is important both from an aca-
demic point of view and for applications. The
observed modifications of concentrations
close to dislocation lines evidently alter the
core structure of defects, which in turn has a
great influence on the plasticity behavior of
material. The existence of the unexpected Al
depletion within Cottrell atmospheres is an
intriguing phenomenon that remains to be
explained.
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Deflection of the Local
Interstellar Dust Flow by Solar
Radiation Pressure

M. Landgraf,"?* K. Augustsson,® E. Griin,* B. A. S. Gustafson®

Interstellar dust grains intercepted by the dust detectors on the Ulysses and
Galileo spacecrafts at heliocentric distances from 2 to 4 astronomical units
show a deficit of grains with masses from 1 X 10~"7 to 3 X 107® kilograms
relative to grains intercepted outside 4 astronomical units. To divert grains out
of the 2— to 4—astronomical unit region, the solar radiation pressure must be
1.4 to 1.8 times the force of solar gravity. These figures are consistent with the
optical properties of spherical or elongated grains that consist of astronomical
silicates or organic refractory material. Pure graphite grains with diameters of
0.2 to 0.4 micrometer experience a solar radiation pressure force as meich as

twice the force of solar gravity.

Identical dust impact detectors (I, 2) were
installed on the Ulysses spacecraft, which
flies in a polar orbit around the sun, and on
the Galileo spacecraft, which continues to fly
in a jovian orbit. The instruments sense the
plasma cloud generated as individual dust
grains strike a detector plate at high velocity.
Independent impact plasma charge measure-

ments distinguish real events from spurious
recordings and were used to derive the grain
mass and impact velocity (3).

The Ulysses and Galileo dust measure-
ments were mainly designed to reveal the
spatial distribution of interplanetary dust
grains that are released from minor solar
system objects like asteroids and comets (4).
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But in the data transmitted back from the
spacecrafts, two new classes of cosmic dust
in the solar system were discovered: periodic
streams of small grains [diameter 5 to 10 nm
(5)] originating from the jovian system, and a
flow of interstellar grains traversing the solar
system on unbound orbits (6). The in situ
data allow interstellar and interplanetary
grains to be distinguished by their nearly
opposite impact direction (7). The flow of
interstellar grains was found to come from
the same direction [~259° heliocentric eclip-
tic longitude and 8° latitude (8)] as the stream
of neutral interstellar gas, consisting mainly
of hydrogen and helium, that passes by the
sun on its way through the local interstellar
cloud (LIC) (9-12). The interstellar origin of
the newly discovered grain population was
confirmed by an average orbital velocity that
exceeded the local solar system escape veloc-
ity (7) and a nearly constant impact rate at all
ecliptic latitudes (73).

Model calculations accounting for solar
gravitation and the radiation pressure force due
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to sunlight (/4) indicated that interstellar grains
smaller than ~0.04 pm in diameter may be
concentrated in the sun’s wake in the same way
as the gas. However, a concentration of small
interstellar grains could not be detected by the
dust instruments on the Pioneer 8 and 9 space-
crafts (15). The nondetection of such small
interstellar grains in the solar system was ex-
plained by Levy and Jokipii (/6), who pointed
out that the grains acquire a net charge by
photoelectron emission and are dispersed by the
solar wind magnetic field. However, the effects
of the solar wind magnetic field are limited at
low heliographic latitudes as sectors of opposite
polarity sweep by the dust grains. Because
these reversals of the field happen on time
scales of the solar rotation period [average
about 27 days (17)], which is short relative to a
grain’s gyro-period [about 35 years (7)], the
grains’ motion depends on the average rather
than the instantaneous force (/8). At low
heliographic latitudes, sectors of positive and
negative polarity nearly cancel each other
such that the average field is much weaker
than the instantaneous one. This is relevant
because the interstellar stream direction is
within 10° of the solar equatorial plane (/9).
The net effect of the solar wind magnetic
field is either to concentrate grains to the
equatorial plane or to divert them from the
plane, depending on the phase of the 22-year
solar magnetic cycle (18, 20, 21).

We have isolated the interstellar grain pop-
ulation in the Ulysses and Galileo in situ data
and analyzed its properties. The measured mass
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distribution of interstellar grains, as detected by
Ulysses and Galileo, ranges from 107'% to
1072 kg and peaks near 10~ kg (Fig. 1). For
masses larger than 3 X 107! kg, the corre-
sponding cumulative distributions can be de-
scribed analytically using a power-law function
with a negative exponent of —0.90 (22). The
lower cutoff of the measured mass distribution
is determined by the detection threshold of the
Ulysses and Galileo dust detectors, which is
1078 kg at the ~20 km s~! impact speeds of
the interstellar grains.

The shape of the mass distribution of grains
detected by Ulysses outside 4 astronomical
units (AU) (Fig. 1B) is similar to the shape of
the mass distribution of all grains detected in
situ by Ulysses and Galileo (Fig. 1, A and E).
However, grains detected by Ulysses between 2
and 4 AU (Fig. 1C) are less abundant in the
mass range from 1 X 1077 to 3 X 107! kg
(diameter range 0.2 to 0.6 wm for spherical
particles with a mass density of 2500 kg m ™).
To compare the histograms in Fig. 1, B and C,
we corrected (23) for the differences in expo-
sure times and subtracted them from each other
(Fig. 1D). For large grains (mass >3 X 10715
kg), we see no difference between the distribu-
tions, but for grains between 1 X 107!7 and
3 X 107! kg, a depression is evident. We
repeated the analysis for the interstellar grains
detected by the Galileo detector. Unlike. the
Ulysses data, we saw no depression in the mass
distribution of the Galileo data (Fig. 1G) ob-
tained between 2 and 4 AU. However, because
a large number of grains with masses from 3 X
10717 to 1 X 107!6 kg have been detected
outside 4 AU (77 impacts, see Fig. 1F), these
are relatively depleted in the 2- to 4-AU region.
The renormalized difference of the histograms
(Fig. 1H) reveals that grains are indeed missing
from this mass interval. Because the deficiency
is in the same mass interval in both the Ulysses
and the Galileo data, it is not the result of any
special geometry of either of the spacecrafts’
orbit. Although the gap in the Ulysses data
seems to be broader than that in the Galileo
data, the difference in width is not statistically
significant. This gap is not a feature of the
original interstellar grain mass distribution in
the LIC, because it is not present in the data
obtained outside 4 AU. Therefore, the gap is a
local phenomenon.

Mechanisms that can cause the gap fall
into two categories: the destruction of grains
exposed to the solar enviromﬁént, and the
diversion of grains by a repelling force orig-
inating from the sun. Because the LIC is a
warm (I =~ 6900 K) interstellar diffuse cloud,
possible volatile constituents of LIC dust are
returned to the gas phase by thermal sputter-
ing, nonthermal sputtering in interstellar
shock fronts, and sporadic heating by far-
ultraviolet and extreme ultraviolet (FUV and
EUV) photons (24). Therefore, evaporation
upon exposure to sunlight or to solar wind ion
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impacts does not explain the gap in the grain
mass distribution. Although it is possible to
conceive of a reasonable interplanetary dust
distribution that preferentially causes destruc-
tion in the size range of the gap as the two
dust populations collide, the interplanetary
particle number density is several orders of
magnitude too low and causes only a negli-
gible destruction rate (25). We are therefore
left with diversion by a repelling force as the
likely cause of the observed gap.

Given charge levels near +5 V expected on
grains in the solar system (26), interaction be-
tween interstellar grains and the solar wind is
dominated by coupling between grain charges
and the magnetic field carried by the solar wind,
rather than by solar wind ion impacts. The ini-
tially radial field lines wrap into an Archime-
dean spiral as the source region on the sun
rotates underneath the radially expanding solar
wind. Tightly wrapped magnetic field lines thus
become primarily tangential in the outer solar
system. The result of the tangential field com-
ponent carried by the radially expanding wind is
an induced electric field that dominates other
force components acting on the grain charges
(21). The 22-year periodicity of the magnetic
field causes a perturbation of the grain flow of a
magnitude that depends linearly on the charge-
to-mass ratio. Grains are pushed toward the
solar equatorial plane at times when the solar
magnetic field points south, as it did before the
1991 solar maximum. The electric field reverses
and pushes the grains away from this plane in
the following 11 years. The charge-to-mass ra-
tio—dependent solar wind interactions can lead
to complex local distortions of the grain mass
distribution that are further complicated by grain
inertia.

Solar wind interactions, which can cause
either a number enhancement or a deficit,
mostly affect smaller grains (mass < 3 X
10717 kg). If the grains within the mass range
of the gap were removed by this mechanism
alone, then the smaller grains should be less
abundant than grains in the mass range of the
gap. This is not compatible with our obser-
vations (Fig. 1C), which show an abundance
of grains with masses from 1 X 107 ¥to 1 X
10717 kg.

The most promising mass-selection mech-
anism by which our observations can be ex-
plained is the perturbation of dust trajectories
by radiation pressure. This preferentially acts
on grains according to their size. The ratio of
radiation pressure force to gravity, 8, reaches
a maximum near the mass range of the gap
grains (Fig. 2). Mie calculations of 8 as a
function of grain mass for compact spherical
grains that consist of astronomical silicates
depend on their refractive indices (27) and
their density. Because B is inversely propor-
tional to the grain density (28), it affects the
magnitude of B but not the shapes of the
curves shown in Fig. 2. Interstellar polariza-
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tion of starlight shows that the grains causing
extinction of starlight are elongated, probably
by the ratio 2:1 to 3:1 (29). T-matrix calcu-
lations of B for elongated grains represented
by two spheres in contact are in agreement
with the microwave measurements of aggre-
gates at equivalent masses from 107!7 to
10716 kg (30, 31). These calculations show
that the elongation has only a small effect.
Particles in the mass range near the gap are
expected to be repelled by the sun (3 > 1),
whereas grains in all other mass ranges are
attracted to the sun (B < 1) (Fig. 2). Radia-
tion pressure can therefore explain the selec-
tive action on grains in the mass range from
1 X 1077 t0 3 X 10716 kg.

From our interpretation that the deficiency
is caused by radiation pressure effects, we
conclude that § > 1 for grains in the mass
range that exhibits the deficiency. The first
step in estimating the value of B is to assume
that grains with B > 1 can penetrate the solar
system to a specific distance from the sun,

Fooine This minimal distance can be expressed
as
4GB — 1) My
Fimin = 7277 — mma by (1)
vo(1 — cos )

(32), where & is the angle between the down-
stream direction vector and the vector to the
limiting surface (Fig. 3), v, is the initial grain
velocity, G is the gravitational constant, and
M, is the solar mass. This function r_;, de-
fines a rotationally symmetric paraboloid
with the sun at the focus (Fig. 3), with the
axis of symmetry parallel to the upstream
direction of interstellar dust as determined by
Baguhl et al. (19). According to our interpre-
tation, this region around the sun should ex-

hibit the measured deficiency of grains with
masses from 1 X 1077 to 3 X 107!¢ kg.
Because the deficiency is present in the data
obtained between 2 and 4 AU, we conclude
that 2 AU = r,_,. = 4 AU. By inverting Eq.
1, we can estimate 3 to be 1.4 = 3 = 1.8 for
grains in the mass range from 1 X 10717 to
3 X 10716 kg.

The dependency of B on grain mass can
be evaluated for homogeneous spheres and
bispheres, but the dependency on shape or
internal inhomogeneities (including voids) is
much more difficult to evaluate. A consistent
picture is emerging from a combination of
calculations for cases where a solution can be
found and microwave analog laboratory data
for complex structures like aggregates (31).
The geometric cross section/mass ratio dom-
inates the change in  at masses exceeding
~107 ' kg as long as all particle dimensions
exceed a few micrometers. If the wavelength
of the incident radiation is comparable to the
dimension of the grain or constituents of an
aggregate, resonances in the internal electro-
magnetic field can be triggered. This redis-
tributes the scattered light and therefore af-
fects the momentum deposited in the particle.
The result is a radiation force that cdn exhibit
one or several sharp peaks or oscillations near
the masses of the gap grains. Voids and other
inhomogeneities can lead to either an,in-
crease or a decrease in 3. The mass range
below the gap is better understood, and the
asymptotic dependence at low masses is a
constant value that is monotonically ap-
proached from higher values (33). This value
is also relatively insensitive to the shape of
randomly oriented particles, so that the lower
cutoff of the mass gap could indicate the

Fig. 2. Ratio of radiation 10.00¢
pressure force to gravity, B, r
as a function of grain mass. r
The solid curve is for homo-
geneous spherical “astro-
nomical silicate” grains with
an assumed density of 2500
kg m=. The dotted curve is
for two spheres in contact
made of the same material
after averaging over random
orientations. The dashed
curve is for spherical grains
made of an organic refracto-
ry material with an assumed
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density of 1800 kg m™ (see
text). The dash-dot curve is a
random-orientation average
for sets of two spheres made
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of the same organic material. Individual points illustrate the effect of more complex particle
structures. Pluses denote compact aggregates of tens of-spheres made of the "astronomical
silicate.” Star symbols denote microwave analog data on aggregates of several hundred silicate
particles in low-density packing (near 10%) aggregates. The heavy symbols denote the same
low-density aggregates after a coating representing organic refractories had been applied (33). The
data used to produce the curves for homogeneous spheres and bispheres were obtained by
integrating across the solar spectrum. The data for porous structures were obtained using data for
a single wavelength (A = 450 nm) at the peak of the solar spectrum and are added for the purpose

of illustration only.
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particle material. This is illustrated using an
organic refractory material (34) with an ap-
proximate density of 1800 kg m~3 (Fig. 2).
The refractory material was produced from
cosmic abundances condensed on a cold sub-
strate. It was then allowed to evolve in an
ambient UV-light field, leading to modifica-
tion of its chemistry. It is possible that a
material of this type mixed with silicates is
part of a complex mixture producing the as-
tronomical silicates. A B-induced mass gap
would extend to smaller sizes if this material
dominates (Fig. 2).

These calculations of the optical properties
of interstellar grains can be tested against the
range of 3 values that are consistent with the
observed gap in the mass distribution. The av-
erage mass density of the grains is a free pa-
rameter in this comparison. Less dense grains
exhibit a larger optical cross section/mass ratio
than more dense grains of the same size. Astro-
nomical silicate grains have the desired 8 value
of 1.6 if the grain density is 2000 kg m™3
(spherical) or 1700 kg m~3 (elongated). These
grain densities are comparable with the densi-
ties of constituents of cosmic interplanetary
dust particles that were collected in Earth’s
upper atmosphere [2000 to 2500 kg m™3 (35)].
Recently it was found (36) that the infrared
spectrum of one silicate phase of these constit-
uents, called GEMS (glass with embedded met-
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al and sulfides), matches the infrared spectra of
dusty interstellar molecular clouds. GEMS are
believed to be ancient interstellar grains that
were part of the solar nebula in which they were
embedded in interplanetary dust particles. The
maximum 3 values for compact organic refrac-
tory grains (34) are 1.7 (spherical) and 1.9
(elongated). Thus, organic refractory grains are
also good candidates for interstellar grains in
the mass range of the gap.

Burns et al. (28) calculated 8 for compact
spherical grains made of various silicates, water
ice, iron, magnetite, and graphite. They found
B < 1 for all grain sizes for water ice, amor-
phous quartz, obsidian, and basalt. Grains that
consist of these materials can have 8 values of
1.6 only if their density is much lower than that
of the bulk material. However, at low densities
the absorption and scattering efficiency of the
material decreases, and hence 8 cannot be ar-
bitrarily increased by decreasing the grain den-
sity. We conclude that grains consisting of the
above-mentioned materials cannot account for
the observed B-induced deficiency. The maxi-
mum f3 values calculated for compact as well as
fractal (37) graphite grains are greater than 2.
Such high B values create a gap in the grain
mass distribution inside 5.2 AU, but no such
gap is evident in the data obtained outside 4
AU. Outside the mass range of the gap, how-
ever, graphite grains may have lower {3 values.

Fig. 3. Three-dimensional geometry of the “forbidden zone” (gray, semitransparent paraboloid
object with embedded wire frame), the volume that cannot be entered by interstellar grains with
high B values, with respect to the orbits of Ulysses (red) and Galileo (blue) in an ecliptic coordinate
system (white; the tick marks show 0.5 AU intervals, the spring point is to the upper right, and the
sun is at the center). The orbit of Jupiter is shown as an orange line. The high inclination of 79° of
Ulysses’ orbit was achieved by a flyby of Jupiter in February 1992 (sharp bend of Ulysses’ orbit at
Jupiter). The parts of the trajectories that lie inside the forbidden zone are shown as dashed lines.
In the measurements along the dashed parts of the trajectories, grains with high B values should
be missing. The geometry of the forbidden zone can be described analytically (see Eq. 1) by the
distance r_, . as a function of the angle ¢, both indicated in yellow. The yellow arrow on the right
indicates the stream direction of dust from the LIC as determined by Baguhl et al. (79). This
direction is accidentally close to the ecliptic plane.
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