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Determining the equilibrium charge of conducting spheres in plasmas is important for interpreting Langmuir probe
measurements, plasma surface interactions and dust particle behaviour. The Monte Carlo code Dust in Magnetised
Plasmas (DiMPl) has been developed for the purpose of determining the forces and charging behaviour of conducting
spheroids under a variety of conditions and benchmarked against previous numerical results. The floating potentials
of spheres in isothermal, collisionless, hydrogen plasmas as a function of magnetic field strength and size relative to
Debye length are studied using DiMPl and compared with new results from the N-body tree code (pot) and recent
particle in cell measurements. The results of all three simulations are similar, identifying a small range at modest
ion magnetisation parameters over which the electron current is reduced relative to the ion current. The potential as
a function of magnetic field strength is found to be relatively insensitive to dust size for dust smaller than the Debye
length. The potential of large dust is found to depend less strongly on flow speed for modest magnetic field strengths
and to decrease with increasing flow speed in the presence of strong magnetic fields for smaller dust. A semi-empirical
model for the potential of small dust in a collisionless plasma as a function of magnetic field strength is developed
which reproduces the expected currents and potentials in the high and low magnetic field limit.

A long-standing theoretical problem in plasma physics is
the determination of the floating potential of a conducting ob-
ject immersed in a plasma1. Plasma-surface interactions are
of crucial importance in space plasmas due to the ubiquitous
dust component2. These theories also underpin the interpreta-
tion of Langmuir probe diagnostics which are routinely used
in making measurements of the plasma density and tempera-
ture3. This essential feature of plasmas is fundamental to our
understanding of solid and liquid particle dynamics in plas-
mas4,5, spacecraft6,7 and dust transport in the scrape off layer
in tokamaks8.

Controlling the accumulation and mobilization of dust in
magnetic confinement fusion devices is acutely important for
safely achieving the goal of stable power production9. Prin-
cipally, the accumulation of high Z impurities in the core
plasma, which is enhanced by tungsten dust ablation, must
be avoided due to the strong bremstrahhlung losses10 and the
potential to cause disruptions11. Dust inventory in tokamaks
presents a biological hazard due to the toxicity of materials
used such as beryllium12, with their small size creating the
possibility for inhalation in a loss of vacuum event. The activ-
ity of machines must also be minimised which is particularly
difficult with tungsten plasma facing components and carbon
dust which can easily capture tritium due to it’s chemical re-
activity13.

Fundamental to understanding dust motion in plasmas is
modelling their equilibrium charge. To attain tractable ana-
lytic expressions, approximations must be introduced for the
magnetic or electric field, the plasma Debye length, λd , and
the plasma drift velocity relevant to the regime of interest.
The elementary model for predicting the equilibrium poten-
tial is the Orbital Motion Limited (OML) theory, which as-
sumes a sphere of radius ad in a collisionless, plasma with no
drift or external electromagnetic field in the limit ad� λd

1,14.
In the opposite case, ad � λd , for very large dust relative to
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Debye length, a Modified (OML) theory (MOML) is used15.
These can be trivially extended to include an arbitrary ion
flow velocity by assuming ions a large distance away have
a shifted Maxwellian velocity distribution16, theories known
as Shifted OML (SOML) and Shifted MOML (SMOML)15.
The SOML theory in particular is frequently used as a bench-
mark for kinetic and fluid plasma codes investigating the float-
ing potential of solid surfaces17–19. An alternative solution
for the potential distribution surrounding the dust can be ac-
quired through the orbital motion approach14,20–22. This pro-
vides estimates for the floating surface potential of dust grain
of any size and is often used for validation. For dust in contact
with a high temperature plasma such as is found in a toka-
mak, the charging is complicated further by electron emis-
sion processes23,24 through thermal25 and secondary electron
emission26, ion impact27 and photon absorption28 which can
contribute significantly to the charging process29. A combina-
tion of SOML and a number of these electron emission pro-
cesses constitutes the standard charging model employed in
most simulations of dust transport in laboratory and tokamak
plasmas23,29–35. In all cases, the influence of the magnetic
field on charging for the purpose of tracking motion is ne-
glected despite the fact that the magnitude of magnetic fields
present in many of these environments significantly alter the
charging characteristics of dust36–40.

With the introduction of a uniform magnetic field, analytic
solutions for the equilibrium surface potential of dust exist
only in specific limits41. For an uncharged sphere, partial ana-
lytic solutions for the floating potential have been derived42 in
the limit ad � λd . For charged spheres, analytic solutions for
the upper and lower bounds on the floating potential have been
calculated in the limit where ad � λd

37,43 and ad � λd
41.

For the case of ad � λd , the currents of ions and electrons
are most simply conceptualised through the critical fields
which are reached when the thermal gyro-radii of each plasma
species becomes small relative to the dust grain size44. For
magnetic field strengths where the electron gyro-radius, ρ⊥,e,
is comparable to the dust grain size, the motion of electrons
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becomes restricted perpendicular to field lines and their cur-
rent is reduced whilst the ions current remains relatively un-
affected. At larger magnetic field strengths, the ions mo-
tion also becomes restricted as the ion gyro-radius, ρ⊥,i, de-
creases, leading to an increase in the potential. For intermedi-
ate magnetic field strengths, the potential still must either be
calculated through numerical integration of the kinetic equa-
tions41 or estimated based on results of particle-in-cell simula-
tions38,39. Developing a closed form expression for the float-
ing potential which can be solved directly is therefore desir-
able to alleviate the computationally intensive task of it’s nu-
merical solution. Recent progress has been made in this regard
with the development of an analytical solution for large dust
in the scrape-off layer in tokamaks36, when ρ⊥,e� ad ≤ ρ⊥,i
and ad � λd . However this only provides a solution over a
narrow range of particle sizes and plasma conditions.

In this paper, the results of the Dust in Magnetised Plas-
mas (DiMPl) code are presented and used to develop a semi-
empirical model for calculating the floating potential of con-
ducting spheres with ad ≤ λd in collisionless, hydrogen plas-
mas. In section I, the DiMPl Monte Carlo code is presented
and benchmarked against previous numerical solutions. In
section II, the results of DiMPl are presented, studying the
effect of varying magnetic field strength, dust size and flow
velocity on floating potential. The results of these simulations
are used in section III to constrain the theoretically motivated
semi-empirical model for the floating surface potential of con-
ducting dust grains in magnetic fields.

I. DUST IN MAGNETISED PLASMAS (DIMPL)

The Dust in Magnetised Plasma (DiMPl) Code is a Monte-
Carlo code that tracks particles continuously through a cylin-
drical geometry with a spherically symmetric electric and
constant, uniform magnetic field without considering inter-
particle interactions. A schematic for the simulation domain
is shown in figure 1. The sphere is assumed to be a perfectly
conducting spheroid of charge Qd centered on the origin of
the simulation domain. Simulations assume a collisionless,
ion and electron plasma flowing with a velocity parallel to the
magnetic field in the ẑ direction having a collisional length
scale much larger than all other length scales.

A. Boundary Conditions

A cylindrical simulation boundary is the most natural
choice since the spherical symmetry of the problem is bro-
ken by the uniform linear magnetic field and flow. Particles
are injected uniformly over two circular planes perpendicular
to the magnetic field, at a height ±z0ad from the origin. The
infinite planes defined by z = ±z0ad and a spherical surface
of radius ad centered around the origin define the simulation
boundaries.

For sufficiently large z0, the electrostatic potential at the in-
jection surface is comparable to the plasma potential and the

FIG. 1. Schematic of simulation domain in cartesian coordinates
bounded by circular surfaces at ±z0ad of radius Rs and a central
spherical surface of radius ad . The distant plasma has a well defined
ione and electron temperatures Ti, Te and densities ni ∼ ne = n0.

distribution is unaffected by the dust electric field. The sur-
face is then assumed to be a thermalised, collisional source
of ions and electrons denoted by subscript s = i,e, having
well defined temperatures, Ts, masses ms, thermal veloci-
ties, vT,s =

√
kBTs/ms, and equal ion and electron densities,

ni and ne respectively, in accordance with quasi-neutrality
ni ∼ ne = n0. The distribution of particle velocities parallel
to the circular surface fv(vx,vy), with velocity components
vx and vy in Cartersian coordinates, is approximated by a
Maxwell-Boltzmann distribution

fv(vx,vy) =
ms

2πkBTs
e
−

ms(v2
x + v2

y)

2kBTs . (1)

Perpendicular to the plane, the velocity distribution differs
from this due to the preferential passage of particles with
higher velocities through the plane. For this reason, the veloc-
ity probability distribution of vz is calculated from the 1-way
flux, Γs, flowing at velocity U parallel to the magnetic field
following the method of Makkonen45

fv(vz) =
n0vz

Γs(U)

√
ms

2πkBTs
e
−

m(vz−U)2

2kBTs , (2)
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FIG. 2. Normalised velocity distribution of ions injected over the circular boundaries at z = ±z0ad for different normalised drift velocities
u =U/vT,i.

Γs(U) =n0

[√ kBTs

2πms
e
−

msU2

2kBTs ,

+
U
2

(
1+ er f

(
U
√

ms

2kBTs

))]
.

(3)

Figure 2 shows example vertical velocity distributions for in-
jected particles from both the upper and lower plane for dif-
ferent normalised drift velocities, u =U/vT,îz.

When a magnetic field of strength B is present, charged par-
ticles perform gyro-orbits around magnetic field lines, with
a typical, thermal gyro-radius defined by ρT,s = vT,sms/eB.
Only particles with an initial radial position on the order of
the gyro-radius are considered since the majority of particles
with at a larger impact parameter will miss the sphere, in-
curring unnecessary computational expense. This is equiva-
lent to truncating the integral over perpendicular velocity at a
large value. For this reason, the circular injection planes for
ions and electrons are defined with areas As = πR2

s and radii
Rs = ad +b(ρT,s +λd) where b is the impact factor, a simula-
tion parameter. The probability of a particular species being
injected at a particular surface is calculated from the ratio of
the flux of particles of that species through the surface to the
total flux, given by equation (3). The probability of injecting
an ion, P±i , or electron, P±e , at position ±z0ad , from a distri-
bution given by equation 2, through surfaces of areas Ai and

Ae respectively, is

P±i =
Γi(±U)Ai

Ai(Γi(U)+Γi(−U))+Ae(Γe(U)+Γe(−U))
,

P±e =
Γe(±U)Ae

Ai(Γi(U)+Γi(−U))+Ae(Γe(U)+Γe(−U))
.

(4)

After specifying the initial conditions, ions and electrons are
injected at random with probabilities given by equation (4).
Particles are given an initial random velocity following the
distributions in equation (1) and equation (2) and a random
initial position uniformly distributed over the circular areas
As.

B. Solving Equations of Motion

The motion of non-relativistic charged particles with po-
sition r(t) at time t traversing a region with a central elec-
tric field E(r(t)) = E(r(t))̂r due to the charged spherical dust
grain and a constant uniform magnetic field B = Bẑ is given
by the Lorentz force law. Using the initial conditions r(t0)
and v(t0) at t = t0 provided by the boundary conditions, the
position after a time step ∆t0 is calculated via numerical inte-
gration using the Boris algorithm46.

In the limit of small dust where the Debye length is much
greater than the size of the sphere λd � ad , the potential of
the sphere is unshielded and the ions and electrons experience
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a bare Coulomb electric field

E(r(t)) =
Qd

4πε0r2(t)
r̂, (5)

where ε0 is the permittivity of free space. For larger dust sizes,
the dust charge becomes screened by the plasma and the elec-
tric field is approximated instead by a Debye-Huckel potential

E(r(t)) =
Qd

4πε0|r(t)|
e
−
|r(t)|−ad

λd
( 1
|r(t)|

+
1

λd

)
r̂,

λd =

√
ε0kBTe

e2n0
,

(6)

where e is the fundamental charge of an electron. The
presence of a magnetic field and flow can lead to non-
spherically symmetric electrostatic potential distributions
around a charged object. The imposition of these central elec-
tric fields is therefore only strictly valid when |u| ≤ 1 and
ad > ρT,i. Magnetic field strengths are measured in terms of
the magnetisation parameter, which is given by the ratio of the
dust grain radius to mean gyro radius of species s defined by
βs ≡ ad/ρT,s. For typical conditions in the scrape off layer
of a tokamak with B = 5T and T = 10eV , the ion magneti-
sation parameter is βi ' 0.02ad(µm) for a hydrogen plasma.
Dust sizes are characterised by the normalised Debye length
λ̃d ≡ λd/ad .

The system of equations is solved explicitly until one of
three conditions are satisfied. If at any point, |r(t)| ≤ ad ,
then the particle is considered to be collected and contribute
fully their charge and momentum to the dust grain. If a parti-
cle reaches a point where r(t) · ẑ > z0ad , the particle leaves
the simulation domain and the lost momentum and charge
are recorded. A maximum number of reflections parallel to
the magnetic field is defined to improve the performance of
the simulation. This prevents the excessive computational ef-
fort expended on tracking particles which become temporar-
ily trapped in the attractive potential. Particles of the attracted
species which exceed 15 reflections are considered to return
to infinity while for the repelled species, only one reflection
is required. This limit has in previous work been shown to
provide a good estimate of the currents to a sphere41.

C. Method

Each ion or electron trajectory is solved independently in
parallel without a global record of time for an isothermal hy-
drogen plasma with mass ratio µ = mi/me where mi and me
are the hydrogen ion and electron masses respectively. The
default simulation parameters used were b = 5 and z0 = 50
with time step ∆t0 = 0.01eB/me with default plasma parame-
ters Ti = Te = 1eV and n0 = 1018m−3 unless otherwise stated.
When calculating the floating potential of the dust grain, the
potential varies dynamically as charges are collected. After a
transitory equilibration phase, a time independent measure-
ment of the equilibrium charge can be made, as shown in

figure 3 for βi = 0.01. The mean potential is calculated af-
ter reaching equilibrium, indicated by the vertical black line,
from the average normalised charge 〈Q̃〉 where Q = eQ̃. The
uncertainty on the mean decreases with increasing number of
particles collected. The results form a non-Markovian time
series since a given measurement of the equilibrium charge,
Q̃n, is correlated with subsequent and previous measurements
of charge, affecting the interpretation of the standard errors.

FIG. 3. Normalised charge, Q̃d , as a function of number of parti-
cles collected and equilibrium charge measurement 〈Q̃d〉 with a self-
consistent surface potential for βi = 0.01 compared with the theoret-
ical OML value. A vertical dashed line at 6000 collected particles
indicates the start of the equilibrium measurement.

It may appear from figure 3 that a numerical solution of
the time dependent equation I(t) = dQ(t)/dt has been per-
formed. However, because there is no global track of time
and because the rate of particle collection depends upon the
surface potential, the time dependence of the current to the
dust grain cannot be determined. On the other hand, if the
surface potential is fixed, the time averaged flux of particles at
the dust surface will be constant, for a sufficiently large num-
ber of injected particles. By fixing the dust surface potential
in analogy with a biased probe, this was exploited to measure
the time evolution of quantities.

The time, tG, to generate Gs particles of a particular species
is related to the constant flux at the outer boundary ΓsAs =
Gs/tG. Assuming that for a sufficiently large total number of
collected particles Cs, the ratio Gs/Cs is a constant, we can
then calculate the time to collect Gs particles. In the case
where u = 0,

tG =
Gs

2πb2n0vT,s
, (7)

can be calculated for a given Gs in the simulation, all other
parameters being specified as initial conditions. The currents,
Is, of species s = i,e are calculated by counting the amount
of charge collected by the sphere, eCs, and the time to collect
that many particles tG using equation (7),

Ĩs =
Is

Is,0
=

eCs

tG

1
Is,0

=
Csb2

i
2Gs

. (8)

Where the currents Ĩs are normalised to the thermal current
Is,0 = 4πa2

dn0e
√

kBTs/2πms which is the expected current of
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species s through a spherical surface of radius ad in a field and
flow free plasma. The measurement error is dependent simply
on the number of particles recorded, σIs ∝

√
σ2

Ncoll
s

+σ2
Ngen

s
. In

this mode, the dust grain acts effectively as a biased probe and
can be benchmarked against previous numerical results from
probe theory as discussed in the following section.

D. Verification & Validation

To give assurance to the implementation of the algorithm,
the conservation of energy in simulations is verified. The ion
and electron currents to the sphere in magnetised plasmas are
measured and bench-marked against previous work. The re-
sults for the dependence of the normalised floating potential,
χ = −eφd/kBTe, in an isothermal plasma in the weak and
strong magnetic field limits are reproduced.

Example trajectories in DiMPl in figure 4(a) show ion (red)
and electron (blue) paths close to a negatively charged dust
grain. The smaller inertia of electrons allows them to be sig-
nificantly accelerated by the dust potential, and in many cases
reflected. Figure 4(b) shows the trajectories of ions injected
with a constant velocity vz = −0.2vT,s across a range of im-
pact parameters b = 1.5,2,2.5,3 close to a negatively charged
dust grain from two orthogonal directions, parallel and per-
pendicular to the magnetic field. The red lines show parti-
cles with large impact parameters which are displaced from a
field line by the electrostatic attraction to the dust. For smaller
impact parameters, ions can become transiently trapped, fol-
lowing complex paths as they reflect multiple times inside the
attractive potential. In this way, ions exhibit an E ×B drift
due to the orthogonal electric and magnetic fields present at
the z = 0 plane.

The percentage deviation of the energy of ions in the ab-
sence of any electric fields is found to be of the order of ma-
chine precision 10−15. The change in energy when using the
Boris algorithm is bounded, meaning local truncation errors
dominate in this case. When an electric field is present, the
variance in energy of an ion orbit is sensitively dependent on
the exact particle trajectory however the greatest errors are
found to be smaller than ∼ 1%.

Following the method described in section I C, the cur-
rents of the attracted and repelled species as a function of
probe potential and magnetic field strength were measured
and compared to the previous numerical results of Sonmor
and Laframboise41. The design of DiMPl makes it unsuitable
for validation of the B = 0 case. For an uncharged sphere, the
results in figure 5 shows excellent agreement for both elec-
trons and ions over the full range of magnetic field strengths
using z0 = 1.01 and b = 10.0.

For large dust grain sizes comparable to the Debye length,
the code was tested by comparison to previous numerical so-
lutions47 of orbital motion theory14,20–22, as shown in figure
6. The accuracy of imposing an electric field following equa-
tions 6 for a Debye-Huckel potential was evaluated for dif-
ferent normalised Debye lengths λ̃d with DiMPl in the low
magnetic field limit, βi = 0.01. The parameter λ̃d was var-

(a) Example ion (red) and electron (blue) orbits close to a negatively charged,
spherical dust grain.

(b) Example ion trajectories interacting weakly (red) and strongly (black) with
dust grain with initial velocity vz =−0.2vT,i impact parameters b = 1.5,2,2.5,3

for βi = 0.5 and χ = 2.5 viewed perpendicular and parallel to B̂.

FIG. 4. Plots of particle orbits in DiMPl with a magnetic field in
the vicinity of a negatively charged sphere with randomly directed
velocity (a) and with velocity directed in the ẑ direction from two
orthogonal directions (b).

ied in DiMPl by altering the dust grain size whilst keeping all
other parameters fixed with z0 = 30. The floating potential
calculated using DiMPl for different values of λ̃d shows good
agreement for λ̃d ≥ 0.5, supporting the approximation of a
Debye-Huckel potential following equation 6 in this regime.

Figure 7 shows the variation of the normalised attracted
species current for different floating potentials, for three val-
ues of the ion magnetisation parameter βi = 1.0,1.4,3.0.
These results show good agreement with previous numerical
results for the current41. This justifies the use of equation 7 for
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FIG. 5. Normalised ion and electron currents, Ĩs, as a function of the
ion magnetisation parameter, βi, as measured by DiMPl and com-
pared with previous numerical results41 for an uncharged dust grain
with z0 = 1.01 and b = 10.0.

FIG. 6. Normalised potential, χ , as a function of normalised Debye
length, λ̃d , as measured by DiMPl for ion magnetisation parameter
βi = 0.01 and compared with numerical results of Kennedy47 using
z0 = 30.

calculating the current for a fixed surface potential. Results for
the floating potentials and currents were found to agree well
with previous results38,41 over the range 0.3≤ βi ≤ 10.0.

The results of DiMPl for a coulomb potential are expected
to conform with the predictions of SOML theory since they
utilise the same assumptions. Figure 8 shows the normalised
potential as a function of flow speed of DiMPl as compared
with SOML theory. The results presented provide evidence
which support the application of the simulation methodology.

II. SIMULATION RESULTS

Here, the results of DiMPl are compared with measure-
ments made with the Plasma Oct Tree code pot40 and the
previous PIC code results of Lange39. Similar to DiMPl, pot
solves an N-body simulation of electrons and ions in proxim-
ity to a charged, conducting spheroid. The advantage of pot
is that it solves the entire N-body problem, making the result
inherently self-consistent in it’s implementation of collisional
and sheath effects. The principle assumption is that electrons
and ions arrive from the distant plasma uniformly distributed

FIG. 7. The normalised ion current, Ĩi, as a function of the fixed po-
tential bias, χ , for βi = 1.0,1.4,3.0 as measured by DiMPl (markers)
and compared with previous numerical results (dashed line)41 using
b = 3.0.

FIG. 8. The normalised floating potential, χ , as a function of the
normalised flow velocity, u, for βi = 0.01 and z0 = 100.0 as measured
by DiMPl and compared with predictions of SOML theory.

over a spherical surface with a Maxwellian velocity distribu-
tion. Each individual particle is tracked in a constant uniform
magnetic field and an electric field sensitive to the influence
of all other particles in the simulation as well as the central
charged sphere.

In figure 9, measurements of the floating potential made
with DiMPl using a Debye-Huckel electric field from equation
6 with a normalised Debye length λ̃d = 15 and for a coulomb
potential using equation 5 were compared against the results
of pot for λ̃d = 15 and the PIC code results of Lange39 for
the closest value of λ̃d = 9.598. In pot, this value of λ̃d was
attained by changing the plasma density whilst maintaining
ni = ne and Ti = Te. The results of Lange have been plotted
with a 5% error to reflect the reported systematic error and
correction made in plotting here39.

All three codes predict the same qualitative trend for λ̃d �
1, with a slight reduction in potential around βi ' 0.15 fol-
lowed by a gradual increase to much higher potentials for
βi > 1. All three codes reproduce the expected OML result
at low magnetisation βi = 0.01 of χ = 2.50. The uncertainty
in the simulation results of Lange are large enough to account
for the trends seen by all other results. The data of DiMPl
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FIG. 9. Normalised potential, χ , as a function of the ion magneti-
sation parameter, βi, as measured by DiMPl for a Debye-huckel po-
tential (black) using equation (6) and pot40 for a normalised Debye
length of λ̃d = 15 (red), alongside the results of Lange39 for λ̃d = 9.6
(blue) and DiMPl using equation (5) (green).

FIG. 10. Normalised potential, χ , as a function of flow velocity as
measured by DiMPl (solid line) for βi = 0.01,0.2,0.7,1.0 as com-
pared with the results of SOML theory (dashed line) with b = 3.0.

and pot are in agreement for λd/ad = 15 over the examined
range. When using a coulomb potential in DiMPl the results
produced are very similar to the case of λ̃d = 15, however in
the high field limit the potential is slightly elevated.

DiMPl has also been employed to investigate the effect
of magnetic fields and flow on the floating potential of dust
grains of a range of sizes. Using a coulomb potential with
b = 3.0 the floating potential of small dust grains, λ̃d � 1,
was measured for a range of flow speeds between u = 0.1 and
u = 1.0 and ion magnetisation parameters between βi = 0.01
and βi = 1.0. The results shown in figure 10, found that the
presence of a magnetic field causes the potential to decrease
with increasing flow speed. This effect is enhanced with in-
creasing magnetisation as the potential is observed to decrease
more rapidly.

Results were gathered for larger dust sizes, λ̃d = 7.4 and
λ̃d = 1.0, for ion magnetisation parameters between βi = 0.01
and βi = 0.2 using z0 = 30.0 and b = 3.0. The results
show that the potential is slightly decreased and depends less
strongly than small dust on flow velocity, as shown in figure
11(a) and 11(b). The surface potential of large dust is found to

(a) λ̃d = 1.0.

(b) λ̃d = 7.4.

FIG. 11. Normalised potential, χ , as a function of flow velocity as
measured by DiMPl for βi = 0.02,0.1,0.2 for large dust λ̃d = 1.0,7.4
for electric fields calculated using equation (6) with z0 = 30.0 and
b = 3.0.

be approximately independent of flow speed for low magnetic
field strengths.

III. SEMI-EMPIRICAL FORMULATION OF FLOATING
POTENTIAL

Guided by the theoretical understanding of the underlying
effect of magnetic fields on the flux of ions and electrons to
the dust44, a semi-empirical formulation for the potential as
a function of ion magnetisation is presented. In an isother-
mal hydrogen plasma, these results and others indicate that
initially the magnitude of the potential becomes more pos-
itive with increasing magnetic field strength as the electron
gyro-radius becomes comparable with the sphere radius, be-
fore then approaching the high field limit as the ions also be-
come strongly magnetised38–40. More formally, in the limit of
ad � λd and ad � ρ⊥,e,ρ⊥,i, we expect to recover the well
known OML result for the ion and electron current to a nega-
tively charged sphere

Ii(β → 0) = Ii,0

(
1+

Z
τ

χ

)
,

Ie(β → 0) = Ie,0e−χ .
(9)
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with mean ionisation Z and temperature ratio τ = Ti/Te. In the
opposite magnetic field limit, ad� λd and ad� ρ⊥,e,ρ⊥,i, we
expect all plasma species to follow trajectories along magnetic
field lines such that only ions incident over the projected area
of the sphere along the z axis are collected. For electrons a
portion of them are reflected following a Boltzmann distribu-
tion, meaning

Ii(β → ∞) =
1
2

Ii,0,

Ie(β → ∞) =
1
2

Ie,0e−χ .

(10)

Combining equations (9) and (10) with parameterised expo-
nential functions,

Ii =
Ii,0

2

[(
1+

2Zχ

τ

)
e−α2β

α3
i +1

]
,

Ie =
Ie,0

2
e−χ

[
e−α1βe +1

]
,

(11)

this formulation has the desired properties of approaching the
current limits Is(βi → 0) and Is(βi → ∞), where α1, α2 and
α3 are free parameters and βe =

√
µτβi. The electron and

ion currents of equation (11) can be fit well to the numerical
results of Sonmor & Laframboise41 over the range 0.3≤ βi ≤
10.0 and 0≤ χ ≤ 5.0.

FIG. 12. Fit to the normalised surface potential, χ , (dashed) as a
function of the ion magnetisation parameter, βi, following equation
(11) as compared with DiMPl with a Coulomb potential.

For the values α1 = 0.23, α2 = 1.56 and α3 = 0.56, equa-
tion 11 fits the DiMPl results with a coulomb potential ex-
tremely well with an R2 = 0.996 and RMSE of 0.006 as shown
in figure 12. For λ̃d =∞, this produces an accurate description
of the surface potential dependence on magnetic field strength
parameterised through βi which, as expected, recovers the ex-
pected potential in the limits βi→ 0 and βi→ ∞.

The semi-empirical model has been applied in predicting
the results of Lange for a mass ratio µ = 100 and for three
values of temperature ratio τ = 1.0, τ = 0.1 and τ = 0.01, as
shown in figure 13. The model accurately predicts the results
for τ = 1.0 and the trend for τ = 0.1 though there is a dis-
crepancy in a small range around βi = 1.0. For τ = 0.01 the
model breaks down and misses the onset of magnetic effects
at βi ≥ 0.1.

FIG. 13. Results for the normalised surface potential, χ , recorded by
Lange39 (markers) fit using equation 11 (dashed) for mass ratio µ =
100 and temperature ratios τ = 1.0, 0.1 and 0.01. The fit recovers the
trend for τ = 0.1 but inaccurately estimates the potential for τ = 0.01.

IV. CONCLUSIONS

Understanding the charging behaviour of conducting dust
grains in magnetised collisionless plasmas is vital to predict-
ing their dynamics and consequently for interpreting astro-
physical measurements and controlling impurity deposition in
tokamaks. The Monte Carlo code DiMPl, designed to sim-
ulate the forces and charge accumulation experienced by a
dust grain in a collisionless magnetised plasma has been pre-
sented. The results have been validated against the full N-
body simulations of pot40, PIC code results39 and other pre-
vious numerical results41. In particular, the dependency of the
ion and electron currents and the floating surface potential χ

on the ion magnetisation parameter βi for small dust grains
with λ̃ � 1 have been found to agree with previous numeri-
cal solutions. In comparison to predictions from OM calcu-
lations, DiMPl was found to deviate in an isothermal plasma
only for λ̃d < 0.5. The measurements of DiMPl for the de-
pendence of the floating potential on magnetic field strength
are in agreement with other PIC and Monte Carlo code sim-
ulations38–40. The results of DiMPl suggest a small region
where the electron current is more significantly influenced by
the magnetic field than the ion current at a magnetisation pa-
rameter of βi ' 0.15, causing a dip in the surface potential
before a gradual increase with magnetic field as the ions be-
come significantly affected. The equilibrium surface potential
with a Debye-Huckel potential for λ̃ = 15.0 was found to fol-
low a similar trend to the results for a coulomb potential, with
a small decrease in potential at high magnetic field strengths
bringing it into better agreement with the results of pot for
the same dust size.

For flowing plasmas, the results of DiMPl are in agreement
with SOML theory in the low field limit. For increasing mag-
netic field strength, the potential decreases in magnitude up
to βi = 0.2 and then increases for βi > 0.2, which is most
likely due to the decrease in ion current. For larger dust with
λ̃d = 7.4,1.0, the presence of a magnetic field was found to re-
duce the dependence on flow and the potential overall was de-
creased with increasing magnetic field strength up to βi = 0.2.

A semi-empirical model for the dependency of the float-
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ing potential on the ion magnetisation parameter βi has been
presented for a collisionless, fully ionised, hydrogen plasma.
The model performs well as compared with available simula-
tion results for τ > 0.01 and recovers the correct theoretical
model in the limit of high and low βi.

The omission of collisional effects and approximation of
spherically symmetric potentials in DiMPl permits far shorter
computation timescales in comparison to pot and PIC code
simulations. The potential formulation in DiMPl does not
provide a solution which is self-consistent with the plasma be-
haviour around a charged conductor. However, the results pre-
sented show surprisingly good agreement with the expected
dependence of the surface potential on magnetic field strength
for a range of dust sizes, suggesting that these assumptions
provide accurate approximations in the regime λ̃d ≥ 0.5.

This work has been supported by the UK’s Engineering and
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