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Filtering of the interstellar dust flow near the heliopause:
the importance of secondary electron emission for the grain charging
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The deflection of interstellar dust grains in the magnetic field near the heliopause depends on their surface electric
charge. We study the electric charging of the grains with emphasis on the secondary electron emission because of
its importance in the hot plasma environment near the heliopause. We correct previous models of the secondary
electron emission that overestimate the electric charge of dust near the heliopause. Our model calculations of the
grain charge, when combined with results from in situ measurements of interstellar dust in the heliosphere, place
an upper limit on the magnetic field strength. We find that the detection of interstellar dust with mass of 10−18 kg
indicates the component of the magnetic field perpendicular to the interstellar dust flow to be less than 0.4 nT.

1. Introduction
The interaction between the very local interstellar medium

(VLISM) and the solar wind forms a cavity in the interstel-
lar medium (ISM), which is referred to as the heliosphere
(Axford, 1972; Holzer, 1989; Suess, 1990). The relative
motion between the solar system and the VLISM produces a
flow of interstellar particles towards the heliosphere. While
interstellar neutral gas particles enter the heliosphere, some
components of the ionized gas are deflected at the heliopause,
which is the interface between the VLISM and the helio-
sphere. Furthermore, interstellar dust grains streaming into
the heliosphere along the interstellar downstream direction
have been detected (Grün et al., 1994, 1997; Svedhem et al.,
1996).
It is worth noting that interstellar dust grains are electri-

cally charged by photoelectron emission, sticking and recom-
bination of plasma particles, secondary electron emission,
thermionic emission, and field emission (see Draine (1989)
for a review). The relative importance of each charging pro-
cess depends on the radiation andplasma environment aswell
as on the size and material composition of the grains. Inter-
stellar dust grains enter a zone of increased plasma tempera-
ture between the heliopause and the termination shock, which
characterizes the transition of the solar wind flow from super-
sonic to subsonic (cf. Baranov and Malama, 1993; Pauls and
Zank, 1996, 1997; Zank et al., 1996). The high plasma tem-
perature in this region (heliosheath) raises the surface charge
of grains as a result of the intensive secondary-electron emis-
sion induced by energetic electron bombardment (Kimura
and Mann, 1998a). We therefore expect that smaller grains
are filtered off in the magnetic field near the heliopause be-
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cause of their high charge-to-mass ratios.
For better estimates of the electric charge on the grains

in the high-temperature plasma, this paper presents an im-
proved model of the secondary electron emission from dust
grains. The modeling of the secondary electron emission is
divided into three parts; the physical process of the secondary
electron emission is described along with the energy loss of
primary particles in matter expected from experiments of the
penetration of electrons and ions into solidmaterials; the sec-
ondary electron emission from a semi-infinite slab is utilized
to investigate the validity of the present model by compar-
ison with experiments of the secondary electron emission
from a solid bulk; and the secondary electron emission from
a sphere is given for the application to the electric charging
of interstellar dust near the heliopause. Numerical results
are shown for the secondary electron emission from semi-
infinite slabs and spherical grains as well as for the electric
charge on interstellar dust near the heliopause. Wewill apply
our model calculations of the grain charge to discussions of
the orbital deflection of interstellar dust in the magnetic field
near the heliopause.

2. ModelDescription of SecondaryElectronEmis-
sion

2.1 Elementary theory
We treat the secondary electron emission induced by elec-

trons in parallel to that induced by ions because of the sim-
ilarity in their basic physical processes (see Schou, 1988).
Our modeling of the secondary electron emission applies an
elementary theory, which involves assumptions for the en-
ergy loss of the primaries and the generation and transport of
the secondaries (Bruining, 1954).
First suppose that primary electrons and ions penetrate into

a solid along a straight path and that the number of secondary
electrons is proportional to the energy loss of the primaries.
The number of secondary electrons generated at a distance
x from the entry surface per elementary path length dx is
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expressed as
1

ε

(
−d E

d x

)
dx, (1)

where ε and d E/d x denote the energy deposited by the
primary into the solid target to produce one secondary elec-
tron and the energy loss of the primary per unit path length,
respectively.
Secondly we assume that secondary electrons are gener-

ated isotropically and that the secondary electrons are subject
to exponential absorption with distance in thematter (Jonker,
1952). The probability for secondary electrons to reach the
surface per element of angle, dϕ, in the escape direction at
an angle ϕ from the direction to the nearest surface is given
by

1

2
exp

(
− l

λ

)
sinϕ dϕ, (2)

where l is the distance to reach the surface of the target from
the point where secondary electrons are generated and λ is
the mean free path of the secondaries in the target.
The key parameter to estimate the secondary electron

emission is the secondary electron yield, which is defined
by the number of produced secondary electrons per incident
primary particle. The secondary electron yield is numerically
derived from integrations of Eqs. (1)–(2) over the possible
distance x and angle ϕ depending on the geometry of the
target as well as the incident direction of primary particles.
2.2 Energy loss of primaries
The elementary theory originally relies on a description of

the energy loss of primaries given by Whiddington (1912).
However, Whiddington’s law was confirmed only for the
electron energy range above 10 keV, but not for low energy
(≤10 keV) electrons (Young, 1956; Fitting, 1974). Lye and
Dekker (1957) have suggested that the energy loss of primary
particles is described by the general form,

dE

dx
= −AE1−n, (3)

where Whiddington’s law corresponds to the case of n = 2.
The parameters A and n, which depend on the projectile and
target, may be determined by measurements of the projected
range R as a function of the incident energy E0 given by

R (E0) = (An)−1E0
n. (4)

The definition of the projected range follows as:

R (E0) ≡
∫ E0

0

(
−dE

dx

)−1

dE, (5)

The projected range R indicates the penetration of a primary
particle into matter along the incident direction.
The range-energy relation of electrons in matter for their

energy range 0.1 keV <∼ E0 <∼ 1 MeV can be approximated
by (cf. Fitting, 1974)

R (E0) = 50 nm
(

ρ

103 kg m−3

)−1( E0

keV

)1.5

, (6)

where ρ is the bulk density of the target. Note that only
the bulk density is assumed to influence the range-energy

relation because the quantity ρR for different materials falls
on a single slope as a function of E0.

The projected range of positive ions in the energy range
1 keV <∼ E0/μMA

<∼ 10MeVmay be given by (cf. Andersen
and Ziegler, 1977; Ziegler, 1977, 1980; Santry and Werner,
1986)

R (E0)

μMA

= 10 nm
(

ρ

103 kg m−3

)−1( E0/μMA

keV

)1.35

, (7)

where μMA is the mass of the primary ions expressed in
atomic mass units. The cases of protons and α-particles are
therefore taken to be μMA = 1.007275 and μMA = 4.00140,
respectively. Draine and Salpeter (1979) assume the pro-
jected range for α-particles to be 60% of the proton pro-
jected range at the same energy E0. This is consistent with
Eq. (7) which gives the projected range for α-particles to be
approximately 62% of the projected range for protons.

3. Secondary Electron Emission From a Semi-
Infinite Slab

3.1 Mathematical formulation
The secondary electron yield δ�

∞ (E0) for oblique inci-
dence at an angle � from the normal to the surface is given
by (cf. Jonker, 1952):

δ�
∞ (E0) =

∫ xm

0

1

ε

(
−d E

d x

)
dx

×
∫ ϕc

0

1

2
exp

(
− l

λ

)
sinϕ dϕ, (8)

where xm is the maximum depth of the primary particles
having incident energy E0 and ϕc is the critical angle for
escape. The maximum depth for a semi-infinite slab may be
given by xm = R, as long as the slab is considered to be thick
compared with the projected range R.
In the case of secondary electrons generated at a distance

x from the entry of the primary electron into a semi-infinite
slab, the distance l is given by

l = x
cos�

cosϕ
. (9)

The critical angle ϕc for a semi-infinite slab may be given by

cosϕc ≡
(
W

ε

) 1
2

, (10)

whereW is the potential barrier at the surface. This condition
implies that secondary electrons escape if a component of ki-
netic energy normal to the surface overcomes the potential
barrier (Hachenberg and Brauer, 1959). Nevertheless, here-
after we neglect the surface barrier because it is in general
so small that the secondary electrons are scarcely influenced
(ICRU, 1996).
3.2 Universal yield curve
Measured secondary-electron yields for different types of

metal slab surfaces as a function of the primary electron
energy fall on a single slope, called a universal curve, when
the yield is normalized to themaximumyield and the primary
electron energy to the energy where the yield is maximized
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(Baroody, 1950). Measurements of the secondary electron
emission from polymers induced by electrons are also known
to show a universal yield curve (Burke, 1980).
We shall examine how the universal curve is expressed

within the framework of this study. If Eqs. (3) and (9) are
substituted into Eq. (8), we obtain

δ�
∞ (E0) = 1

ε

(
Anλ

cos�

) 1
n

Gn

([
R cos�

λ

] 1
n

)
, (11)

where

Gn (r) ≡ 1

2

∫ 1

0
z

1
n exp

(
−rn

z

)
dz

∫ r/z
1
n

0
exp

(
yn

)
dy.

(12)
The function Gn (r) of variable r has a single maximum
Gn (rm) at the variable rm. Figure 1 shows the variable rm and
themaximumGn (rm) against the power index n of the range-
energy relation given in Eq. (4). Numerical estimates for
Eq. (12) performed by the Romberg integration bring about
Gn (rm) = 0.167 at rm = 0.898 for electrons (n = 1.5) and
Gn (rm) = 0.174 at rm = 1.09 for positive ions (n = 1.35).
Themean free pathλ and the dissipation energy ε are given

by

λ = (An)−1(Em/rm)n, (13)

ε = (Em/δm) [Gn (rm) /rm] , (14)

where δm is the maximum yield peaking at primary particle
energy Em for normal incidence (i.e., � = 0).

Equation (11) can be turned into the universal yield curve:

δ�
∞ (E0) /δ�

m = Gn

(
E0

E�
m
rm

)
/Gn (rm) , (15)

where δ�
m is the maximum yield at energy E�

m for oblique
incidence with an angle �. The yield δ�

m and the energy

Fig. 1. The variable rm at which Gn (r) given in Eq. (12) is maximized and
its maximum value Gn (rm) are shown as a function of the power index
n.

E�
m are given by δ�

m = δmcos−
1
n � and E�

m = Emcos−
1
n �

respectively.
3.3 Other models for a yield curve
When n = 2 (i.e., Whiddington’s law) is assumed in

Eq. (15), the present model for the universal yield curve is
identical to the theory by Jonker (1952). Sternglass (1957)
constructed another model for the electron-induced yield
curve of metal slab surfaces; δ∞ (E0) /δm = e2 (E0/Em) ·
exp{−2(E0/Em)1/2}. Draine and Salpeter (1979) have pro-
posed an empirical fitting formula for the measured yield
curve: δ∞ (E0) /δm = 4 (E0/Em) /(1 + E0/Em)2. These
two models are often used to estimate the secondary electron
emission from cosmic dust in a high-temperature plasma
(Mukai, 1981; Meyer-Vernet, 1982; Havnes et al., 1992;
Horányi et al., 1995). Jurac et al. (1995) have shown that
experiments with a water ice slab are in good agreement with
the empirical formula of Draine and Salpeter (1979), but not
with the theory of Sternglass (1957).
For the proton-induced yield curve at normal incidence,

Katz et al. (1977) show a simple formula based on a constant
energy loss as δ∞ (E0) /δm = 2(E0/Em)1/2/ (1 + E0/Em).
Draine and Salpeter (1979) suggest another expression
of the proton-induced yield curve as δ∞ (E0) =
0.1 (1 + E0/500 eV) /(1 + E0/35 keV)2, which implies
that the yield is maximized at the same energy Em = 34 keV
to be always δm = 1.775, independent of the material com-
position of the target.
3.4 Electron-induced yield curve
Figure 2 shows the theoretical universal curve of the sec-

ondary electron emission from a semi-infinite slab for nor-
mal incidence of electrons in comparison with experimen-
tal data for silicate and carbon (Salow, 1940; Yong et al.,
1998; Bruining, 1954). While the theory of Jonker (1952)
is lower than experimental results over the entire energy
range, the theory of Sternglass (1957) fails to fit the ex-

Fig. 2. The secondary electron yield from a semi-infinite slab due to normal
incidence of electrons are compared between models and experiments.
Solid, dotted, dashed, and dash-dotted lines indicate present model, the-
ory of Jonker (1952), theory of Sternglass (1957), and empirical formula
of Draine and Salpeter (1979), respectively. Open circles denote exper-
imental data of silicate by Salow (1940) and Yong et al. (1998). Closed
circles denote experimental data of carbon given in Bruining (1954).
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perimental data for E0/Em > 4. The empirical formula
of Draine and Salpeter (1979) shows an overall agreement,
but slightly overestimates experimental data for the energy
range E0/Em > 1. The agreement of the presentmodel curve
with experimental results is fairly good over the whole en-
ergy range of incident electrons, although the present model
tends to underestimate the measured yield values.
3.5 Proton-induced yield curve
Figure 3 shows a comparison between models and mea-

surements of the secondary electron emission from a slab
under proton bombardment with 1 ≤ E0/Em ≤ 10. The
slope of the yield curve derived from experiments is steeper
than that predicted by the theory of Katz et al. (1977). On
the contrary, experimental data show a gentler slope com-
pared with the yield curve given by the empirical formula of
Draine and Salpeter (1979) for 1 ≤ E0/Em ≤ 4. Clearly, the
experimental data are best fitted by the present model than
by either the theory of Katz et al. (1977) or the empirical
formula of Draine and Salpeter (1979).
The angular variation in the secondary electron yield can

also be compared between themodels and experimental data.
The present model predicts the angular dependence of the
yield to be cos−0.74� for proton impacts. This is consistent
with the experimental yields for a silicate film indicating that
the power of cos� ranges from −0.85 to −0.70 (Jacobsson,
1993; Jacobsson and Holmén, 1993).
3.6 Validity of the present model
In contrast to our assumptions, the power index n and

fitting parameter A of the range-energy relation is, in gen-
eral, not constant over a wide energy range of the primary
particles (see Kanaya et al., 1978). Furthermore, measured
yield data involve the primary electrons reflected at the sur-

Fig. 3. The same as Fig. 2, but for proton impact. Solid, dotted, dash-dotted
lines indicate present model, theory of Katz et al. (1977), and empirical
formula of Draine and Salpeter (1979), respectively. Open circles denote
experimental data of silicate by Jacobsson (1993) and Jacobsson and
Holmén (1994) with assumptions of δm = 4.0 and Em = 90 keV from
the similarity of the slopes between the secondary electron yield and the
stopping power (ICRU, 1993). Closed circles denote experimental data
of carbon by Meckbach et al. (1975) with δm = 4.0 at Em = 20 keV,
Hasselkamp et al. (1990) with δm = 1.7 at Em = 85 keV, Gelfort et
al. (1997) with δm = 3.24 at Em = 70 keV, and Ritzau and Baragiola
(1998) with δm = 2.9 at Em = 85 keV.

face of a slab and those scattered backward in the slab (see
Hachenberg and Brauer, 1959). Themodel yield curve could
be better described by taking into account these two effects.
The present model, however, yields a good fit to the data
within the uncertainties of the experimental results for both
electrons and protons.

4. Secondary Electron Emission From a Spherical
Grain

4.1 Mathematical formulation
Draine and Salpeter (1979) have suggested that the geom-

etry of small particles compared to infinite slabs leads to a
higher emission of secondary electrons, which is referred to
as the small particle effect. The Jonker’s theory (the elemen-
tary theory with the Whiddington’s law) has been extended
to treat the small particle effect of electron impact on small
spherical grains (Chow et al., 1993, 1994; Chow, 1997). We
reconsider the formulation of the small particle effect using
Eqs. (6) and (7), which give a better description of the experi-
mental data, rather than theWhiddington’s law. The elemen-
tary theory has also been used to investigate the influence
of the porosity on the electron-induced secondary-electron
emission (Millet and Lafon, 1995). While the porosity ef-
fect on the secondary electron emission from dust grains can
be revised in the framework of the present model, this is
beyond the scope of this paper.
When a spherical grain with radius a is immersed in an

isotropic flux of electrons or ions, the secondary electron
yield δa (E0) from the grain is given by (cf. Chow, 1997)

δa (E0) =
∫ π/2

0
sin� cos� d�

×
∫ xm

0

1

ε

(
−d E

d x

)
dx

∫ π

0
exp

(
− l

λ

)
sinϕ dϕ,

(16)

where d E/d x , λ, and ε are determined by Eqs. (3), (13), and
(14) respectively on the assumption that these quantities are
independent of the shape and structure of the target. We here
notice that the secondary electron yield for a spherical grain
under a mono-directional flux of electrons or ions is identical
to the case of an isotropic flux because of the symmetrical
shape of a sphere. The distance l to the grain’s surface is
given by

l = a

[√
1 − (u sinϕ)2 − u cosϕ

]
, (17)

where

u =
√
1 + (x/a)2 − 2 (x/a) cos�. (18)

The maximum depth xm of primary is limited by either the
projected range of the primaries or the size of the dust grain,
namely,

xm = min (R, 2a cos�) , (19)

where � is an angle between the incident direction of the
primary and the normal to the surface of the grain.
4.2 Material composition of interstellar dust
The properties of dust grains in the VLISM have been sug-

gested to be similar to those in the diffuse ISM (Reach and
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Fig. 4. The secondary electron yield from a spherical silicate grain by
electron impact is given as a function of incident electron energy ranging
from 0.01 to 1000 keV. The yield curves are shown for grain radius
a = 0.001, 0.004, 0.01, and 0.1μm, separately, and those for a ≥ 1.0μm
converge on the yield curve for the solid slab surface.

Boulanger, 1998; Kimura et al., 1999). Although there is
no definite model of interstellar dust up to present, there is
a consensus of the existence of silicate and carbon materi-
als among different component of dust in the diffuse ISM
(Greenberg, 1978; Draine and Lee, 1984; Jones et al., 1987;
Mathis and Whiffen, 1989; see, Dorschner (1996) for a re-
view). Although Frisch et al. (1999) suggest a model of
core-mantle grains with olivine and oxide in the core and
pyroxene in the mantle within a few parsec from the Sun, we
assume silicate and carbon to simulate thematerial properties
of dust in the VLISM.
Thebulk densitiesρ for silicate and carbongrains are given

by ρ = 3.3 × 103 and ρ = 2.25 × 103 kg m−3 respectively.
The yield parameters δm and Em for electron bombardment
on a slabhavebeen experimentally determined tobe δm = 2.4
at Em = 400 eV for silicate and δm = 1 at Em = 250 eV
for carbon (Kollath, 1956; Hachenberg and Brauer, 1959).
Substituting the yield parameters into Eqs. (13) and (14), we
obtain the mean free path λ and the dissipation energy ε for
electron bombardment to be λ = 4.5 nm and ε = 31 eV
for silicate grains and λ = 3.3 nm and ε = 46.5 eV for
carbon grains. Our estimate for the mean free path λ of the
secondary electrons in carbon is in a good agreement with
the experimental value (cf. Voreades, 1976).
4.3 Theoretical yield curve
Figures 4 and 5 show the calculated yield curve of the sec-

ondary electron emission induced by electron impact onto
spherical silicate and carbon grains in comparison to semi-
infinite slabs due to normal incident electrons. Unfortu-
nately, there is no experimental data for the secondary elec-
tron yield of silicate nor carbon grains.
The values of the secondary electron yield from large

spherical grains with a > 1 μm show no further varia-
tion with the size of grains and are identical to those from a
semi-infinite slab due to normal incidence. This is consis-

Fig. 5. The same as Fig. 4 but for a spherical carbon grain with a = 0.001,
0.003, 0.01, 0.1 μm, and ≥ 1.0 μm.

tent with measurements of the secondary electron emission
from polystyrene latex spheres of submicron size, the sec-
ondary electron yield of which has been shown to agree with
the value measured for polystyrene foils (Hall and Beeman,
1976; Ziemann et al., 1995). In contrast, the empirical for-
mula ofDraine and Salpeter (1979) gives a value of two times
higher in the large-size limit.
Grains with a = 0.1 μm show a yield curve similar to,

but slightly higher than that of larger grains with a = 1 μm,
over all energy ranges of primary electrons. Furthermore,
an additional small peak appears in the yield curve at E0 =
5.6 keV for silicate and E0 = 4.3 keV for carbon grains with
a = 0.1μm. Theprojected ranges at these energies are found
for both silicate and carbon grains to be R (E0) = 0.2 μm,
which corresponds to the diameter 2a of the grains. A similar
second peak at E0 > Em has also been found in the yield
curve of the secondary electron emission from surfaces of
thin carbon foils (see Caron et al., 1998). While the energy of
the additional peak decreases with decreasing size of grains,
the yield curve for grains with a ≥ 0.01 μm shows that
the incident electron energy for the additional peak is higher
than Em. The second peak for a = 0.01 μm occurs at E0 =
1.1 keV with δ = 4.3 for silicate and E0 = 0.89 keV with
δ = 1.4 for carbon. The projected ranges for these energies
are given by R (E0) ≈ 0.02 μm for both silicate and carbon
grains. On the other hand, the projected ranges R for Em

amount to 0.0038 μm for silicate grains and 0.0028 μm for
carbon grains. As far as the grain diameter 2a is larger than
the range R(Em), the second peak occurs at the incident
electron energy where the range R reaches the diameter 2a
of the grain.
The small particle effect becomes significant for grains

with a < 0.1 μm and causes an enhancement in the yield.
Very small grains with a = 0.001 μm have a single peak
in the yield curve, which is δ = 4.2 at E0 = 0.21 keV for
silicate and δ = 2.0 at E0 = 0.17 keV for carbon. The peak
value of the yield attains the highest at radiia ≈ 0.004μmfor
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silicate grains and at radii a ≈ 0.003 μm for carbon grains.
One may notice that the yield curve of a semi-infinite slab
is maximized at the projected range R(Em) = 0.0038 μm
for silicate and R(Em) = 0.0028 μm for carbon. Therefore,
the highest value for the secondary electron yield is obtained
when the radius corresponds to the projected range of the
energy atwhich the yield of a semi-infinite slab ismaximized,
namely, when a ≈ R(Em) is satisfied. The highest yields of
spherical silicate and carbon grains are found to be δ ≈ 6
and δ ≈ 2.5 respectively and are a factor of 2.5 higher than
for large (a ≥ 1 μm) grains.

5. Application to Grain Charging
5.1 Charging processes for interstellar dust
We apply the present model for the secondary electron

emission from a sphere to estimate the electric charge of
dust streaming from the VLISM to the heliosphere. As pos-
sible charging processes, photoelectron emission, sticking of
plasma particles, and secondary electron emission are con-
sidered, while thermionic emission and field emission are
negligible near the heliopause (cf. Kimura andMann, 1999).
Penetration of energetic plasma and the recombination of
ions with electrons on the dust surface are taken into account
for the estimate of the plasma sticking current. The method
of computing each current is described in Kimura and Mann
(1998a), while Eq. (16) is applied to estimate the secondary
electron yield, for comparison to the previously used formula
that is empirically derived byDraine andSalpeter (1979). We
find the dust charge for which the sum of the currents equals
to zero as the equilibrium condition.
Note that not only the secondary electron emission but

also the photoelectron emission weakly reflects dust mate-
rials through the dielectric function and photoelectric yield
of grains (Draine 1978; Draine and Salpeter, 1979; Kimura
and Mann, 1998a). The dielectric functions of silicate and
carbon materials are taken from Laor and Draine (1993) and
the mean free path λ of the secondary electrons is used to
compute the photoelectric yield (Draine and Salpeter, 1979;
Kimura andMann, 1998a). It isworthmentioning that except
for the electron sticking current, the photoelectron current is
known to contribute significantly to the electric charging in
the inner solar system, but the secondary electron current is
predominant near the heliopause.
5.2 Radiation and plasma environments
The photon flux used for calculations of the photoelec-

tron current is given by Mezger et al. (1982) for interstel-
lar background stars and by Heroux et al. (1974), Higgins
(1976), and Vernazza et al. (1976) for the Sun. The ma-
jor constituent of the plasma near the heliopause is protons
with high temperature resulting from their compression at
the termination shock. We adopt np = 1.87 × 103 m−3,
Tp = 2 × 106 K, and vp = 0 km s−1 where np, Tp, and
vp denote the number density, temperature, and heliocentric
radial bulk speed of protons respectively (cf. Pauls and Zank,
1996). Although α-particles are of minor importance for the
electric charging of dust, we assume the number density nα

of the α-particles nα = 0.05np and its temperature and bulk
speed to be the same as those of protons. We do not take into
account the heavier elements because their contributions are
even smaller. Hence the plasma condition ne = np + 2nα

Fig. 6. The equilibrium surface potentials of interstellar dust near the he-
liopause are enhanced for nanometer-sized grains because of the small
particle effect. The dotted and solid curves are numerical potentials of
silicate and carbon grains that use Eq. (16) with the range-energy rela-
tion given in Eq. (6). The dashed and dash-dotted curves indicate the
potentials for silicate and carbon grains calculated with the empirical for-
mula suggested by Draine and Salpeter (1979) for the secondary electron
emission from small spherical particles due to electron bombardment.

determines the electron number density ne, while the tem-
perature and bulk speed of the electrons are assumed to be
identical to Tp and vp respectively.
5.3 Electric charge on interstellar dust
The electric charge Q on the surface of a spherical grain

can be expressed in terms of its surface potential U using
the relation Q = 4πε0aU , where ε0 is the permittivity in
vacuum. Figure 6 shows the calculated surface potentials of
interstellar dust grains based on the discussed assumptions
in comparison to previous calculations. The present model
for the secondary electron emission results in lower surface
potentials over the whole size range. While silicate grains
attain potentials higher than carbon grains, the difference of
the potentials in the present model is smaller (e.g., ∼2 V for
a > 0.1 μm) compared to the previous model (e.g., ∼7 V
for a > 0.1 μm). These results indicate that the effect of the
secondary electron emission on the electric charging is less
significant than previously estimated.
The difference in the surface potentials of grains between

silicate and carbon increases at the small size range where
the small particle effect pronounces the contribution of the
secondary electron emission to the grain charging. In the pre-
vious model, the small particle effect considerably enhances
the potentials of small grains for a < 0.01 μm accompa-
nied with a peak at the size where the secondary electron
yield reaches its maximum. In contrast, the present model
indicates a gradual increase in the surface potential for grain
sizes a < 0.1 μm without showing a maximum at the posi-
tion of the maximum secondary-electron yield. The absence
of the peak in the potential curve suggests that the feature
of the secondary electron emission is diluted by the pene-
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tration of the impinging electrons, which becomes effective
monotonically with decreasing size of grains.

6. Discussion
6.1 Filteringof interstellardustflownear theheliopause
The depletion mechanism of grains due to the electric

charges may be less significant than previously expected,
since the presentmodel predicts lower values of grain charges
(see Fig. 6). In order to discuss the deflection of interstellar
dust by the Lorentz force between the heliopause and the
termination shock, we compare the initial momentum of the
grains with the incremental momentum change of grains as
a result of the interaction between the dust charge and the
magnetic field. The condition of mv∞ >

∫
QvBdt may,

therefore, be regarded as an indicator for the undisturbed
flow of interstellar dust with mass m and initial heliocen-
tric speed v∞ (cf. Kimura and Mann, 1998b). We assume
the initial speed of interstellar dust to be v∞ = 26 km s−1,
which was derived from the speed distribution of interstellar
dust detected in the heliosphere (Grün et al., 1994). The
electric charge Q and speed v of the grain relative to the
plasma, and the magnetic field strength B in the direction
perpendicular to the initial dust velocity are in general de-
scribed as a function of time t along the trajectory of the
interstellar dust. However, the electric charges on grains in
the equilibrium state are almost constant in the heliosheath
(Kimura and Mann, 1998a,b; Mann and Kimura, 1999). On
the other hand, the speed of the grains relative to the plasma
increases with time according to the spatial variation in the
solar wind speed varying from 0 km s−1 at the heliopause
to approximately 100 km s−1 at the termination shock. As
interstellar dust grains travel from the heliopause to the ter-
mination shock, the magnetic field strength decreases (cf.
Linde et al., 1998). Assuming a constant dust charge and a
monotonic increase in the relative speed and decrease in the
magnetic field in the time interval 0 ≤ t ≤ L / v∞, one can
obtain the inequality

∫
QvBdt > QvHPBHPL/v∞ where vHP

and BHP denote the dust speed relative to the plasma and the
magnetic field strength at the heliopause and L the distance
between the heliopause and the termination shock. Thus the
condition for the undisturbed flow of interstellar dust can be
transformed into mv∞/Q > BHPL because of vHP = v∞.
Note that the estimates of the grain charge Q for the smallest
grains of mass m detected in the heliosphere determine the
upper limit on BHPL .
Data for in situ dust experiments are available at present

from 1989 to 1995 for Galileo between 0.7–5.3 AU from
the Sun and from 1990 to 1995 for Ulysses between 1.0–
5.4 AU (Grün et al., 1995b,c; Krüger et al., 1999a,b). The
uncertainty of the mass determination may deviate two or-
ders of magnitude from the real value (Göller and Grün,
1989; Grün et al., 1995a). Nevertheless the data analy-
sis indicates the detection of interstellar dust grains with
masses as small as m = 1 × 10−18 kg (Baguhl et al., 1996;
Mann and Kimura, 1999). Since their radii can be in the
range of 0.039–0.062 μm assuming the specific density of
1 × 103 ≤ ρ ≤ 4 × 103 kg m−3, their surface potentials of
U > 3.5 V (see Fig. 6) allow us to derive the heliosheath
condition BHPL < 11.4 nT AU. The distance L between
the termination shock and the heliopause seems to be greater

than 30 AU in the upstream direction with respect to the in-
terstellar wind, based on different models of the interaction
between the solar wind and the VLISM (Whang et al., 1995;
Baranov and Malama, 1996; Washimi and Tanaka, 1996;
Zank and Pauls, 1996; Linde et al., 1998; Ratkiewicz et al.,
1998). This places further constraints of BHP < 0.38 nT
on the perpendicular component of the magnetic field at the
heliopause as far as the condition L > 30 AU is fulfilled.
The value of 0.38 nT can also be regarded as the upper

limit on the perpendicular component of themagnetic field in
the VLISM, if the magnetic field strength at the heliopause is
stronger than that in theVLISMasderived frommanymodels
and this is true for themagnetic field component (see, Nerney
et al., 1993; Washimi and Tanaka, 1996; Linde et al., 1998).
This is consistent with the value of 0.43 nT that has been
estimated as an upper limit on the magnetic field strength in
the VLISM (see Gloeckler et al., 1997). Our calculations
of the grain charge give us another possibility to estimate
the upper limits of the magnetic field in the heliospheric
boundary and the VLISM.
6.2 Deflection of interstellar dust flow at the bow shock
Depending on the grain charge and the magnetic field, tiny

dust grains could already be depleted near the bow shock,
which can be expected to form outside the heliopause if the
interstellar gas flow is supersonic (cf. Baranov et al., 1976).
Frisch et al. (1999) have recently concluded that interstellar
dust grains with a < 0.01μm are excluded at the bow shock,
based on the condition that the Larmor radius of the grains at
the bow shock is smaller than the distance between the bow
shock and the heliopause. TheLarmor radius (mv / QB) was
derived for graphite grains (ρ = 2.26 × 103 kg m−3) from
roughly estimated surface charge Q and adopted values of
v = 26 km s−1 and B = 0.3 nT. The value for the magnetic
field comes from assumptions of the compression ratio∼2 at
the bow shock and the interstellar magnetic field of 0.15 nT.
Because v ∼ 13 km s−1 for the case of the compression ratio
∼2, the Larmor radius at the bow shock was overestimated.
While Frisch et al. (1999) assume implicitly that the inter-
stellar dust flow is undisturbed outside the bow shock (i.e.,
v = 0 km s−1), it may be worth investigating the probability
for interstellar dust grains with a < 0.01 μm to reach the
bow shock without a significant deflection. The dispersion
speed of grains has been derived from experimental data in
the heliosphere to be 5 km s−1 and the electric charge Q
of grains with a < 0.01 μm is almost constant outside the
heliopause (Grün et al., 1994; Kimura and Mann, 1998a).
If B = 0.15 nT, the derived Larmor radius of the graphite
grains with a < 0.01 μm outside the bow shock is as small
as 58 AU, which is much smaller than the scale of the local
interstellar cloud. Consequently, the assumed values for the
estimate of the Larmor radius would lead to the conclusion
that interstellar dust grains with a < 0.01 μm do not reach
the bow shock as well as the heliopause.
We notice that a comparison of the Larmor radius with the

distance between the bow shock and heliopause is not a good
indicator for the deflection of interstellar dust flow; when the
speed v of interstellar dust grains relative to the interstellar
wind is small, the resulting small value of the Larmor ra-
dius might be misunderstood as the significant deflection of
the grains despite of the ineffective Lorentz force. Instead,
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we apply the inequality mv2
∞ / Qv > BL to investigate the

condition for the undisturbed flow of interstellar dust having
the charge Q in the distance L between the bow shock and
the heliopause. The surface potential of grains with mass
m = 1 × 10−18 kg fulfills U > 2.7 V at the bow shock (cf.
Mann and Kimura, 1999). If L = 150 AU is assumed for the
distance between the bowshock and the heliopause according
to Frisch et al. (1999), the detection of interstellar dust with
m = 1×10−18 kg in the heliosphere would indicate the con-
dition of B < 0.16 nT for the interstellar magnetic strength
at the bow shock. However, the upper limit on the interstellar
magnetic field outside the bow shock is turned out from the
compression ratio ∼2 at the bow shock to be 0.08 nT, which
contrasts with the value of 0.15 nT assumed by Frisch et al.
(1999). It is worth noting that the strength and direction of
the magnetic field in the VLISM are poorly known at present
(Holzer, 1989; Suess, 1990; Frisch, 1995). In addition, the
bow shock may not exist at all because of the subsonic inter-
stellar flow, which seems to be indicated by a comparison of
heliospheric models with the Lyα absorption profile toward
α Cen (Gayley et al., 1997). It can also be dissipated by
collisions between ions and neutrals in the interstellar mag-
netic field or it may disappear during the ascending phase of
the solar cycle (Mullan and Arge, 1996; Richardson, 1997).
In order to answer the question whether the interstellar dust
flow is filtered off at the bow shock or not, further studies of
the interstellar magnetic field along with the existence of the
bow shock are required. In addition, numerical simulations
of dust trajectories compared with measurements of the dust
velocity and mass distributions in the heliosphere may put
constraints on the interstellar magnetic field.
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