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A three-dimensional, self-consistent code is employed to solve for the static potential structure
surrounding a spacecraft in a high photoelectron environment. The numerical solutions show that,
under certain conditions, a spacecraft can take on a negative potential in spite of strong
photoelectron currents. The negative potential is due to an electrostatic barrier near the surface of
the spacecraft that can reflect a large fraction of the photoelectron flux back to the spacecraft. This
electrostatic barrier forms if �1� the photoelectron density at the surface of the spacecraft greatly
exceeds the ambient plasma density, �2� the spacecraft size is significantly larger than local Debye
length of the photoelectrons, and �3� the thermal electron energy is much larger than the
characteristic energy of the escaping photoelectrons. All of these conditions are present near the
Sun. The numerical solutions also show that the spacecraft’s negative potential can be amplified by
an ion wake. The negative potential of the ion wake prevents secondary electrons from escaping the
part of spacecraft in contact with the wake. These findings may be important for future spacecraft
missions that go nearer to the Sun, such as Solar Orbiter and Solar Probe Plus. © 2010 American
Institute of Physics. �doi:10.1063/1.3457484�

I. INTRODUCTION

Spacecraft �SC� charging and wake formation have been
a concern since the launch of the first orbiters. This concern
arises for a variety of reasons including the safety of astro-
nauts and the safeguarding of SC electrical systems.1,2 An
understanding of and, in many cases, the control of SC
charging also can be essential for in situ measurements of
charged particles and electric fields.3–7 For these reasons, the
charging of a body immersed in a plasma has been studied
over the past several decades.1–15 We investigate SC charging
and wake formation under strong photoelectron fluxes. The
primary motivation of this study is that NASA �Ref. 16� and
the European Space Agency17 are actively pursuing in situ
plasma measurements near the Sun.

The nominal solar wind conditions at 1 astronomical unit
�AU� are such that, if a SC were at zero potential ��SC=0�,
the sum of photoelectron current �Iph�, ion current �II�, and
secondary electron current �Ise� would exceed the thermal
electron current �Ithe� to a SC.1,4 Thus, a SC typically settles
to a small positive potential of a few volts, reducing photo-
electron and secondary electron currents so that the net cur-
rent to the SC is zero.

With a small positive potential, the solar wind electron
fluxes can be measured at all energies, although SC potential
corrections are needed for deriving the distribution function,
density, and velocity.6–9,18 Since the solar wind speed is al-
most always supersonic, the ion fluxes have high velocities
with respect to the SC, so the most meaningful part of the ion
distribution can be measured as well.6–9,18 As it turns out,
the positive potential on SC in the solar wind is fortunate
since a negative SC could hamper the measurement of core

electrons. Electric field measurements are somewhat more
difficult in the solar wind since a negative potential well can
form in the ion wake.3,4,8–10 Care must be taken in design of
these instruments and subsequent data analysis.

Nearer to the Sun than 1 AU, the plasma environment
changes considerably. However, the most significant currents
between the ambient plasma and a SC scale roughly as
�1 /R2, where R is the distance from the Sun. If all param-
eters were to scale as 1 /R2, a SC nearer to the Sun would be
expected have, under most conditions, a positive potential as
well. But, there are some parameters between 1 AU and the
near-Sun environment that do not scale as 1 /R2. The plasma
Debye length scales roughly as R and electron and ion tem-
peratures increase nearer to the Sun, so the potential in an ion
wake is larger, whereas the characteristic energy of the pho-
toelectrons and secondary electrons remain the same. These
“higher-order” effects may cause the SC potential to deviate
from the relatively benign potential of a few volts positive.

Analytical and numerical solutions of the charging and
the plasma environment of the HELIOS SC �Refs. 8 and 9�
highlighted some of the differences in SC charging nearer to
the Sun. The numerical solutions show a deeper wake poten-
tial and significant electrostatic barriers produced by the SC
photoelectrons. The studies were verified by examining the
electron fluxes measured on the HELIOS SC.

We investigate SC charging and wake formation in the
near-Sun environment with a three-dimensional �3D�, self-
consistent code. The code combines a Poisson solver and a
particle tracing routine. We find that the ion wake has a nega-
tive potential that is a significant fraction of the thermal elec-
tron temperature �kTe�. This finding verifies previous
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studies3,8–10 and punctuates that the wake effect near to the
Sun is more significant than at 1 AU. The ion and electron
temperatures are higher and, because the plasma density is
much higher, the wake size is many Debye lengths. Another
important finding is that the SC settles to a negative potential
sometimes in excess of −kTe, as low as �−100 V, in spite of
the high photoelectron currents. �Since there are uncertain-
ties in secondary electron production, the floating potential
of a SC cannot be predicted with high accuracy.� These find-
ings may impact both electric field3–5 and electron6–9 mea-
surements on future missions.16,17

Further analysis shows that the negative SC potential is
primarily due to an electrostatic barrier1,8,9,11,19 which forms
on the Sun-exposed surfaces of the SC. The electrostatic bar-
rier comes from a combination of conditions, which include
a small Debye length of the photoelectrons ��ph� and the high
thermal electron temperatures. Essentially, the thermal elec-
trons can penetrate the electrostatic barrier whereas photo-
electrons and secondary electrons cannot. Furthermore, the
negative potential of the ion wake prevents photoelectron
fluxes and secondary electron fluxes from escaping the sur-
faces of the SC that contact the ion wake.19–21

II. SC CHARGING OVERVIEW

For a conductive SC, charging is generally solved
through balancing of the currents to and from the SC
�Refs. 1 and 22�

Iph��SC� + II��SC� + Ise��SC� + Ithe��SC� + Iother = 0, �1�

where Iother acknowledges that there may be currents not con-
sidered here, for example, thermionic currents. For this
work, we set Iother=0. Each of these currents varies with the
SC potential ��SC�. The roots of the above equation yield
�SC. Generally, there is only one root to this equation but
multiple roots are possible if the electron distribution is non-
Maxwellian and the electron secondary yield is high,1,23 or if
nonmonotonic potentials surround the SC.24 If the SC is non-
conducting or has electrically isolated surfaces, each surface
must be solved separately.

Iph depends on the projected area of the SC that is ex-
posed to sunlight convolved with the photoelectron yield
�Jph0�, which, in turn, depends on the intensity of the sunlight
and the properties of the material. For most SC conducting
materials, Jph0 ranges from �20 to �60 �A /m2 at 1 AU.1,4,5

Often, the photoelectron yield increases after long exposure
to space vacuum over that measured in the laboratory.4,13 We
will use 20 �A /m2 as a low yield and 57 �A /m2 as a high
yield4 at 1 AU. The photoelectron spectrum yields a current
that varies with the SC potential. This relation has been pre-
viously described as a double exponential4

Jph = Jph0��1 − ��e−�SC/V1 + �e−�SC/V2�, �SC � 0, �2�

where V1=2.7 V, V2=10 V, and �=5%. Jph=Jph0 if
�SC�0.

In the solar wind environment, II is insensitive to the SC
potential in all but the most extreme cases. The solar wind
velocity, �300 km /s, is such that ions can penetrate a bar-
rier as high as �1 kV. II is determined from the product of

the projected area of solar wind impact, the solar wind speed,
and the solar wind density. Since little is known about the
absorption efficiency, we assume it to be 100%. We show
later that �SC is only moderately sensitive to the ion absorp-
tion efficiency.

To lowest order, thermal electron current is related to the
thermal flux of electrons impinging on a SC

Jthe0 = en�kTe/�2�me� , �3�

where e is the fundamental charge, n is the plasma density, k
is Boltzmann’s constant, and me is the electron mass. The
thermal electron current is incident to the entire exposed area
of the SC. If the SC is positively charged, the electron cur-
rent can increase due to focusing22

Jthe = Jthe0�1 + �SC/kTe�, 0 	 �SC 
 kTe. �4�

Equation �4� is an approximation for a sphere with a radius
smaller than the Debye length. Otherwise the thermal elec-
tron current decreases

Jthe = Jthe0e�SC/kTe, �SC � 0. �5�

For most materials, the absorption efficiency is nearly 100%
for low-energy ��50 eV� electrons,1 but can decrease above
few hundred eV.

Ise, while important,20,21 is difficult to predict. The emis-
sion of secondary electrons comes from both ion impact and
electron impact. The efficiencies depend on the energy of the
impacting particle and are not well established for many ma-
terials. In the solar wind, the ion impact efficiencies are ex-
pected to be close to 100%, in effect making the secondary
electron current from ion impact nearly equal to II. To derive
the contribution of Ise from electron impact, one must con-
volve the electron fluxes with the secondary yield as a func-
tion of energy. The secondary yield is near zero for low-
energy electrons ��10 eV� but can be greater than unity if
the electron energies are �100 eV, so the net efficiency of
the electron secondary emission can vary between near zero
to greater than 100%.23 The spectrum of secondary electrons
typically has a characteristic energy, Vse�2 eV.1 Thus the
electron secondary currents vary with �SC as

Jse = Jse0��SC�e−�SC/Vse, �SC � 0. �6�

Analytic solutions to Eq. �1� are often not possible, but
simple approximations can be made. For example, in the
1 AU solar wind environment, kTe�V1 and the photoelec-
tron current is larger than all other currents. One can set
Ithe= Ithe0 and assume II and Ise are small

�SC � V1 ln�− Iph/Ithe� , �7�

where, by convention, Ithe is negative and Iph0 is positive
�current to SC is positive�. This approximation yields a few
volts positive potential in the solar wind. In many plasma
environments, this approximation is useful but is not neces-
sarily accurate, particularly if the SC geometry is not
spherical.25

A solution to Eq. �1� would have the underlying assump-
tion that the paths of the charged particles to the SC are not
altered by the surrounding potential as to change the net
current, except as allowed in Eqs. �2�–�6�. Closer to the Sun,
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however, the charge density of photoelectrons is sufficient to
develop nonmonotonic potentials which may significantly
change the currents to the SC. We investigate this behavior
with a numerical code.

III. DESCRIPTION OF NUMERICAL CODE

A fully 3D and a 3D cylindrically symmetric Poisson
solver and electron tracing programs are employed to exam-
ine the potential structure surrounding a SC. The primary
motivation is to determine the error sources in the electric
field and electron measurements from the ion wake and non-
monotonic potential structures from intense photoelectron
currents. The code is a substantially modified version an ear-
lier code used for the Cluster SC.26 It includes the ion wake,
Debye shielding, and secondary electron emission as well as
photoelectrons.

For the fully 3D solutions, a model of a SC is placed in
the center of a 20�20�20 m3 box on a 200�200�200
cubic grid with 10 cm spacing. Another version of the code
has 3D, cylindrically symmetric domain on a two-
dimensional �2D� grid. It allows for finer grid spacing and
has significantly faster convergence. The domain is a 5 m
�in r��10 m �in x� cylinder with 250�500 2D grid. The
grid spacing is 2 cm in both x and r. Particle tracing is in 3D.
Both codes have two parts, which �1� determine the potential
structure ��� surrounding the SC via a Poisson solver �given
a charge distribution� and �2� determine the charge distribu-
tion via particle tracing �given ��. The two parts of the code
are iterated until they converge to a self-consistent solution.
Figure 1 shows the basic algorithm.

We treat the SC as conducting. We can allow for some
nonconduction areas by setting them at a fixed potential, for
example, the front side of the solar arrays in the Solar Probe
Plus SC are assumed to be nonconducting.16 Since the fully

3D SC is constructed of 10 cm cubes, fine detail cannot
be included. A thin appendage has a minimum dimension of
10 cm.

The ion density is determined by streaming �108 ions
through the box, deriving the density from the integrated
dwell time inside of the grid cubes. The dominant ion motion
is from the solar wind velocity ��300 km /s� and the SC
ram. For example, the Solar Probe Plus SC could have a
velocity up to 180 km/s perpendicular to the solar wind near
perihelion. The ions are initiated with the solar wind and ram
speed, plus a random velocity that emulates a temperature
�Ti�, which ranges from a few eV at 1 AU to nearly 100 eV
at 10 RS �solar radii� from the Sun. Ions that strike the SC are
removed, creating a wake in the antiram side of the SC. This
derived ion density is held fixed when deriving the solutions
���. One can verify a posteriori that ion current to the SC
and the ion density surrounding the SC are not sensitive to
the potential structure ��� surrounding the SC.

The baseline thermal electron density �nthe0� is derived in
a similar fashion, except that the electrons impinge on the SC
from all sides, creating a modest electron well surrounding
the SC. The resulting electron density is smoothed to remove

Define SC Body

Define Photoelectron Surfaces
Define SC Surfaces

Trace Ions

Calculate II
Determine nI(x,y,z)

Thermal Electrons

Calculate Ithe0
Determine nthe0(x,y,z)

Impose Initial Φ(x,y,z)
Impose Initial ΦSC

Trace Photoelectrons
Calculate nsec(x,y,z) and Isec

Trace Secondary Electrons
Calculate nph(x,y,z) and Iph

Poisson Solver
Calculate Φ(x,y,z)

Calculate nthe(x,y,z)
(from nthe0 and Φ)

Calculate Ithe + II + Iph + Isec
Adjust ΦSC. ΦSC also can be set.

Yes. Converged? No.Solution

FIG. 1. The basic architecture of the Poisson/electron tracing code.
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FIG. 2. �Color� �a� A 3D rendering of the ion density surrounding a model
of the Solar Probe Plus SC at 9.5 RS. x is toward the Sun, z is normal to the
ecliptic plane, and y completes the triad. The distances are in meters. The
solar wind speed is 300 km/s in the −x direction and SC is traveling at
180 km/s in the −y direction. The plasma density is 7000 cm−3 and the ion
temperature is set at 82 eV. �b� The electron density: ne=nph+nse+nthe. The
thermal electrons �Te=85 eV� dominate except for a thin layer surrounding
the SC. �c� The self-consistent potential ���. �SC is �−10 V. The potential
well in the bottom left is created by the ion wake. A thin layer if negative
potential is surrounding the SC; it is particularly strong on the sunward side
of the SC. �d� The photoelectron and secondary electron densities. All but
�1% of the photoelectrons are reflected back to the SC. The ion wake
prevents secondary electrons from escaping form the left side.
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noise. Once � is determined, the thermal electron density is
treated as a Boltzmann fluid

nthe = nthe0e�/kTe. �8�

This treatment allows for self-consistent Debye shielding and
is valid as long a � is negative or, if positive, �
Te.

The code then derives the photoelectron density by trac-
ing photoelectrons emitted from the sunlit surfaces in the
surrounding potential structure.26 Photoelectrons ��106 par-
ticles in all� are randomly created on the sunlit surfaces with
isotropic directions and an energy profile of a double expo-
nential with characteristic energies of 2.7 and 10 eV �Eq. �2��
using a root emission of 57 �A /m2 at 1 AU, scaled to the
location of the SC. In some cases, a root emission of
20 �A /m2 is also used for comparison with the higher emis-
sion results. Individual particles are traced by a “leap-frog”
scheme in which the position is advanced then the velocity is
advanced. The density is determined from the accumulated
dwell time of particles within each of the grid cubes. The
tracing continues until the particles either strike the SC or
exit the code’s boundaries. Those that exit the code’s bound-
aries are considered lost and counted in the overall photo-
electron current from the plasma to the SC. The secondary
electron density is derived in a similar fashion, randomly
creating secondary electrons over the SC surface with 2 eV
characteristic energy and an overall production efficiency
sec estimated by convolving the electron flux energy profile
with a published efficiency profile for BeCu.1,23 Again, we
emphasize that the secondary electron production has signifi-
cant uncertainty.

The SC potential is estimated by balancing the currents.
Once the ion, thermal electron, photoelectron, and secondary

electron densities are established, the potential is derived
from a Poisson solver over the entire grid, holding the SC
surfaces at constant potential and the boundaries at zero. The
process of photoelectron tracing, secondary electron tracing,
thermal electron density derivation, SC potential calculation,
followed by a Poisson solver is repeated until a self-
consistent solution converges �Fig. 1�. The primary conver-
gence criterion is the maximum change in � in the code’s
domain ���max�. Depending on how many particles are
used, ��max ranges from 1 to 25 mV.

The Poisson solvers, both the fully 3D and 3D cylindri-
cally symmetric versions, have a iterative convergence of

�2� = − �/o = − ��ion − �the − �phe − �se�/o, �9�

where �ion, �the, �phe, and �se, are, respectively, the ion charge
density, the thermal electron charge density, the photoelec-
tron charge density, and the secondary electron charge den-
sity. In each iteration, the value of � is set to �av

+��x2 /6o, where �av is the average of � in the surrounding
grids and �x is the grid spacing.

IV. RESULTS

Figure 2�a� displays a 3D rendering of the ion density
and resulting wake �x is toward the Sun, z is normal to the
ecliptic plane, and y completes the triad� from a model of the
Solar Probe Plus SC at 9.5 RS from the Sun. The solar wind
speed is 300 km/s in the −x direction and the SC speed is
180 km/s in the −y direction. Figure 2�b� shows the electron
density �all electron populations�, Fig. 2�c� displays the self-
consistent potential field surrounding the SC and Fig. 2�d�
displays the photoelectron and secondary electron densities

Sun light.
(a) (b)

FIG. 3. �Color� A 3D, cylindrically symmetric solution of a cylindrically shaped SC at 9.5 RS. The photoemission and electron distribution mimic the solar
wind at 9.5 RS, but the ion density is fixed. �a� � surrounding the SC. �SC is �0.85 V. A negative potential envelops the surface of the SC and a barrier is
formed at x=+1.15 m. The �+1 V structure �1 m from the SC comes from a loss of thermal electron density due to partial physical shielding by the SC.
�b� The photoelectron and secondary electron densities. A thin layer of high electron density surrounds the SC.
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as a fraction of the background density �n0�. The plots show
cuts through three planes. The expected plasma conditions at
9.5 RS are n0=7000 cm−3, Te=85 eV, and Ti=82 eV. The
high-yield photoelectron current is used. Scaled to 9.5 RS,
Jph0=29 mA /m2. The average electron absorption efficiency
is set at 85% �estimated from Te�, the ion absorption effi-
ciency is set at 100%, and the electron secondary production
efficiency is estimated at 100% for both ion and electron
impacts.

The potential in the center of the wake is below �60 V
�Fig. 2�c�� due to the ion vacuum �Fig. 2�a��. The deep ion
wake potential is expected since the scale size of the wake,
�2–3 m in diameter, is larger than the thermal electron
Debye length ��D=0.76 m�. The center of the wake is ex-
pected to see potentials on the order of Te. The temperature
of the thermal electrons is such that they easily penetrate the
electrostatic barrier surrounding the SC, but are significantly
altered in the ion wake region �Fig. 2�b��. They also have a
significant shielding effect. The plasma potential �5 m from
the SC is nearly zero.

Figure 2�c� also shows a thin layer of negative potential
surrounding the SC. It is particularly strong on the sunward
side of the SC due to the high photoelectron density
��106 cm−3�, also in a thin layer �Figs. 2�b� and 2�d��. The
nonmonotonic, electrostatic barrier prevents the low-energy
part of photoelectrons and secondary electrons from escap-
ing. On the top of the SC, the electrostatic barrier is
�−8 V and reflects �99% of the photoelectron current and
�99% of the secondary electrons back to the SC. A smaller
��1 V� barrier is seen around the other SC surfaces. These
barriers ultimately cause the SC to have negative potential:
�−10 V.

Figure 2�d� also shows that secondary electrons do not
escape from the areas of the SC that are contacting the ion
wake. The secondary production is smaller since less thermal
electrons reach the surface contacting the wake. More impor-
tantly, the negative wake potential ��60 V� very efficiently
reflects these secondary electrons ��2 eV� back to the SC.
This wake reflection amplifies the negative potential of the
SC.

In the 3D solutions, the electrostatic barrier is mostly
carried in one grid layer, so it is examined further with a
series of 3D, cylindrically symmetric numerical solutions of
a simple, fully conducting cylinder, 1 m in radius and 2 m
long, with one end allowed to emit photoelectrons. This con-
trolled experiment allows us to investigate the conditions
that cause the negative charging.

Figure 3 shows a solution that has no ion wake. The ions

are artificially held at a fixed density. This condition is unre-
alistic, but is useful to examine the effect of the ion wake.
The plasma conditions are otherwise identical to those in
Fig. 2 as are the electron absorption and electron secondary
emission efficiencies. Figure 3�a� displays � and Fig. 3�b�
displays the nph+nse. �SC is �0.85 V. The currents to the SC
are in Table I. In Fig. 3�a�, one can clearly see an electro-
static barrier on the top face of the cylinder, the face that has
photoelectrons. A smaller electrostatic barrier also surrounds
the SC on all sides. This negative barrier comes from the
large nph �1.1�106 cm−3� and nse �2.9�104 cm−3� that
forms in a thin layer around the SC.

Figure 4�a� plots the potential along the r=0 axis of the
solution. The electrostatic potential on the top of the SC
�x=1.15 m� is �6.9 V causing a barrier of approximately
�6.1 V with respect to �SC. Effectively, this electrostatic
barrier reflects 92% of the photoelectrons back to the SC
�Table I�. Figure 4�b� plots nph �red�, nse �purple�, nthe �blue�,
and their sum ne=nph+nse+nthe �black� along the same axis.
The vertical dashed lines are the edges of the SC. The thin
layer of high electron charge is seen at both ends of the SC.
The charge layer at the x=1 m end, is primarily from SC
photoelectrons. Using nph=106 cm−3 and Tph=3 eV, the
photoelectron Debye length is �15 cm, the thickness of the
electrostatic barrier. The location of the barrier, about a pho-
toelectron Debye length from the SC, is roughly that pre-
dicted from analytic solutions of a flat plate.24 The depth of
the electrostatic barrier ��−6 V� is such that the escaping
photoelectrons are from the higher-energy tail �Eq. �2��.

Figure 4�a� also shows a mild electrostatic barrier on the
x=−1 m side of the SC. The minimum potential at

TABLE I. Currents to SC.

No wake
�Figs. 3 and 4�

��SC=0�
Current
�mA� Efficiency

Predicted
current

��SC=0�
Numerical solution

��SC=−0.85 V�

Iph 91.1 29 mA /m2 91.1 7.4

Ithe �18.0 85% �15.3 �15.2

II 1.4 100% 1.4 1.4

Ise 16.7 100% 16.7 6.4

(a)

(b)

ne = nph + nse + nthe

nph

nse

nthe

ne = nph + nse + nthe
nthe

nse

FIG. 4. �Color online� �a� A line plot of ��x� along the r=0 axis of the
solution derived from Fig. 3�a�. The potential of the SC is �0.85 V. A �6 V
�with respect to �SC� electrostatic barrier forms at x=+1.15 m. A smaller
barrier is seen at x=−1.15 m. �b� The electron densities along the r=0 axis.
The lines are labeled on the plot. The vertical dashed lines indicate the top
and bottom surfaces of the SC.
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x=−1.15 m forms a barrier of �−0.3 V. This barrier, due to
secondary electrons, causes approximately a 15% loss of sec-
ondary electron current. Figure 4�a� shows an overshoot of
the potential at x=−2.3 m and x=2.5 m. This overshoot is
due to the shadowing of the thermal electrons by the SC
whereas the ion density is fixed at n0. In the solar wind
environment, a fixed ion density is realistic on the +x side of

the SC, but one would expect an ion wake on the −x side of
the SC.

The same solution �as in Fig. 3� is repeated, this time
with an ion wake. Figure 5�a� shows the ion density with an
ion wake on the −x side of the SC. The ion temperature is
ignored, so the wake has a complete ion vacuum. Figure 5�b�
displays the thermal electron density, Fig. 5�c� displays �,

Solar Wind

Sun light

(a) (b)

(c) (d)

FIG. 5. �Color� �a� The ion density. A wake is on the −x side of the SC. The ion temperature is zero. �b� The thermal electron density. �c� The self-consistent
solution of �. �d� The photoelectron and secondary electron densities. Secondary electrons cannot escape from the bottom of the SC.
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and Fig. 5�d� displays nph+nse. The SC potential is �4.15 V.
� reaches �37 V in its center of the ion wake. The second-
ary electrons cannot escape from the −x side of the SC
�Fig. 5�d��, so the secondary electron current is decreased
�Table II�. Comparing the solutions in Figs. 3 and 5, one can
see that the ion wake amplifies the negative charging of the
SC. In this example, the areas of the SC from which second-
ary electrons cannot escape are the top and bottom ends,
which are about 1/3 of the total area of the SC. The ion wake
and the electrostatic barrier in the Solar Probe Plus solution
�Fig. 2� block over one-half of the SC area, causing the �SC

to have a more negative value.
Figure 6 displays the results of a solution with condi-

tions four times farther from the Sun, n0=440 cm−3,
Te=25 eV, and the photoelectron yield reduced by a factor
of 16, to 1.8 mA /m2. The same absorption and production
efficiencies are used. Figure 6�a� displays � and Fig. 6�b�
shows nph+nse. In this case, �SC=2.9 V. The electrostatic
barrier at the top of the SC is much weaker. In particular,
photoelectrons have a clear path radially outward. If
�SC=0, Iph would greatly exceed Ithe, so the SC charges to a
positive potential as is often the case at 1 AU.

As a further test, a solution is found for a 1/4 scale
model of the SC under the same plasma conditions as in Fig.
5. Figure 7 displays the results. The SC is 0.25 m in radius
and 0.5 m long and the code’s domain is also 1/4 in size,
1.25 m in r, and 2.5 m in x. The SC charges to a small,
positive potential �0.3 V�.

V. DISCUSSION AND CONCLUSIONS

The 1/4-scale model of SC floats to a positive potential
in the same plasma conditions that the full-scale model has a
negative potential. This conspicuous difference can be under-
stood by comparing the scale size of the electrostatic barrier
��Dph� with the size of the SC �RSC�. If RSC��Dph, the pho-
toelectron current essentially can be treated as an one-
dimensional �1D� problem.24 Near the center �r=0� of the
top of the SC �x=1 m�, nph�nthe, nI, and nse, causing a high
negative charge layer, so � falls rapidly with distance �along
x� from the SC. Therefore, nph falls rapidly

nph�x� = nph0e���x�−�SC�/kTph, �10�

where Tph is a characteristic temperature of the photoelec-
trons. This decrease in � and nph can occur even if �SC is
negative. This effect is seen in Fig. 4.

��x� continues to decrease with x until, nph=nI−nthe,
assuming nse is negligible. Near the SC, nthe is less than nI

because the electron fluxes are partially physically screened
by the SC whereas the ions fluxes are not screened except in
the ion wake. In an 1D solution, the electrostatic barrier
builds until nph=nI, where �1. Charge balance will occur
at a distance from the SC of several �Dph. If RSC	�Dph, the
problem is treated in 2D or 3D, so nph will naturally fall with
distance from the SC with or without the electrostatic barrier.
For this reason, SC at 1 AU show a much milder barrier.11

TABLE II. Currents to SC.

Ion wake
�Fig. 5�

��SC=0�
Current
�mA� Efficiency

Predicted
current

��SC=0�
Numerical solution

��SC=−4.15 V�

Iph 91.1 29 mA /m2 91.1 7.8

Ithe �18.0 85% �15.3 �14.6

II 1.4 100% 1.4 1.4

Ise 16.0 100% 16.0 5.4

Solar Wind
Sun light.

Photo-
electron
escape

(a) (b)

FIG. 6. �Color� The solution under conditions four times farther from the Sun. n0=440 cm−3, Te=25 eV, and the photoelectron yield is reduced by a factor
of 16, to 1.8 mA /m2. �a� �. The SC is at 2.9 V. �b� The photoelectron and secondary electron densities.
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Ultimately, if nph is limited to a fraction of nI, the limit-
ing photoelectron current from the SC is JphL=enIvph,
where vph is a characteristic velocity of the photoelectron
flux at the limiting point. With a significant barrier, vph will
be �106 m /s, the speed of a 10 eV electron due to the
high-energy tail in the photoelectron fluxes. Since the ther-
mal electron speed is larger, JphL
Jthe=enIvthe. We conclude
that if �1� RSC��Dph and �2� vthe�vph, the thermal electron
current will exceed the photoelectron current so the SC may
charge to a negative potential. The solution in Fig. 5 has
RSC=1 m and �Dph�0.15 m, whereas the solution in Figs.
6 and 7 have RSC and �Dph nearly equal. The model of the
Solar Probe Plus SC has RSC��Dph.

Interestingly, if RSC��Dph, the escaping photoelectron
current does not strongly depend on the photoelectron yield
at the surface of the SC �Jph0�, as long as it is sufficient to
form an electrostatic barrier. The solution in Fig. 5 is only
slightly different if the low-yield value of Jph0 is used.

The SC will not necessarily charge to a negative poten-
tial if Ise is comparable to Ithe. However, the numerical solu-
tions show that, even under high secondary yields �100%�,
the SC can charge to a negative potential because Ise is re-
duced by �1� the electrostatic barrier on the top of the SC
caused be the photoelectrons, �2� a small barrier caused by
the secondary electrons, and �3� the negative potential of the
ion wake. These reductions cause the model of the Solar
Probe Plus SC to float to �−10 V in our solutions. With
lower secondary yield �50%�, the negative charging becomes
more severe and can be lower than �SC�−kTe ��85 V�.

We examined the possibility of multiple roots1,23,24 in
Eq. �1�. Multiple roots are possible if the electron distribu-
tion is non-Maxwellian and the electron secondary yield is
high,1,23 or if nonmonotonic potentials surround the SC.24 We

used the same Poisson-based code to search for multiple
roots from nonmonotonic potentials by fixing �SC, forcing a
solution, then recording the net current to the SC. �The dis-
tributions are modeled as Maxwellian, so multiple roots due
to non-Maxwellian distributions could not be uncovered.�
We could not find evidence for multiple roots. We, however,
cannot rule out multiple roots since we examined only a
small number of cases. The possibility of multiple roots is a
subject for future research.

In conclusion, numerical solutions show that the SC can
charge to a negative potential in spite of very high photoelec-
tron fluxes. This behavior can be understood by comparing
the size of the SC with the photoelectron Debye length. If
RSC��Dph and Te is significantly larger than the characteris-
tic energy of photoelectrons, an electrostatic barrier can form
on the sunlit surfaces that reflects part of the photoelectron
flux back to the SC. The negative SC potential is amplified
by the fact that the secondary electron fluxes cannot pen-
etrate the same electrostatic barrier and, if an ion wake
forms, they cannot escape from the area of the SC that con-
tacts the ion wake. Depending on the secondary electron
yield, the �SC can range from a few volts negative to as
much as �SC�−kTe on a model of the Solar Probe Plus SC.
This charging could compromise the measurement of the
electron distribution and electric fields.
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