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Physical origin of pickup currents

V. M. Vasyliunas

Annales
Geophysicae

Max-Planck-Institut fir Sonnensystemforschung, 37077 Géttingen, Germany

Correspondence to: V. M. Vasyliunas (vasyliunas@mps.mpg.de)

Received: 4 November 2015 — Revised: 18 January 2016 — Accepted: 19 January 2016 — Published: 1 February 2016

Abstract. So-called pickup electric currents, associated with
the ionization of neutral particles in the presence of a flowing
plasma, are conventionally described as produced directly by
differential displacement of ions and electrons as the result
of acceleration and gyromotion under the action of the elec-
tric field E = —V x B/c. This is not the appropriate physical
description for the case when the electron inertial length of
the background plasma is small in comparison with the spa-
tial scale of the system. The pickup process in this case does
not directly produce a current, except for a small transient on
the electron-gyroperiod timescale, which then decays expo-
nentially at the ionization (momentum-loading) rate, as can
be shown by an explicit solution of the equations. Rather, the
plasma is first slowed down by the momentum loading; the
spatially inhomogeneous velocity change then leads to a per-
turbation of the magnetic field, and the curl of the perturbed
field is the current. The timescale for the development of the
pickup current is not the ion gyroperiod (as the conventional
description might suggest) but rather the Alfvén wave travel
time over the spatial scale of the inhomogeneity.

Keywords. Magnetospheric physics (Magnetosphere inter-
actions with satellites and rings)

1 Introduction

The ionization of neutral particles in the presence of flowing
plasma has long been recognized as an important process in
the interaction of planetary moons with their respective mag-
netospheres as well as of the solar wind with the interstellar
medium (see, e.g., Saur et al., 2004; Thomas et al., 2004; Lee
etal., 2009, and references therein). It is often called a pickup
process because the newly created charged particles are sub-
ject to drift in the motional electric field E =—V x B/c
and hence can be viewed as having been “picked up” by the
perpendicular component of plasma bulk flow V (relative to

neutral gas flow V). The E x B/c drift of the quasi-neutral
plasma carries no net current, but it was pointed out by Go-
ertz (1980) in a widely cited paper (and earlier by Cloutier,
1970) that, at each ionization, the mean position (guiding
center) of the new ion/electron is displaced along +E by a
distance equal to the respective gyroradius; summed over on-
going ionizations, this corresponds to a current density given

by

J 1~ pcPE/B? @)
or
JXxB~pc(V—=Vp, 2

where o is the mass-weighted rate of ion—electron pair cre-
ation per unit volume and E is taken in the frame of reference
of neutral gas flow. Equation (2) states that the Lorentz force
of this current balances the momentum loading of plasma by
ionization.

Following Goertz (1980), J given by Eq. (1) is called the
pickup current and is widely regarded as a physical current
created by the ionization process (e.g., Thomas et al., 2004,
who state that it “flows in direct consequence of the initial
displacement of each new ion and electron”). So described,
the pickup current does not depend on presence or absence
of any spatial variations, and its value is given by Eg. (1)
without mention of the V x B required by Ampére’s law. If
time-varying ionization is considered, the description of the
pickup process suggests that J and the magnetic field pertur-
bation associated with it should evolve on the timescale of
the order of an ion gyroperiod.

Although derived by a seemingly straightforward and con-
vincing argument, this conventional view is not consistent
with the long-established principle in MHD (Cowling, 1957;
Dungey, 1958; Parker, 1996, 2000, 2007) that in plasmas, it
is V x B that determines J, not the other way around; more
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recently, this principle has been formulated on a firm math-
ematical basis, and its physical foundations have been clari-
fied (Vasyliunas, 2001, 2005a, b, 2011, 2012, and references
therein). Here | consider how to resolve this inconsistency.

2 Basic concepts and equations

The essential property that distinguishes cosmic electrody-
namics from the ordinary E&M environment of the elemen-
tary laboratory is the large number (primarily because of the
large spatial scales) of free charged particles and the con-
sequent overriding importance of self-consistency between
their distributions and the electromagnetic fields, the behav-
ior of plasma being strongly constrained by charge quasi-
neutrality. As shown in the references above, this applies to
phenomena on spatial and temporal scales £ and t in the
large-scale limit defined by

where wp = (4rrnee? /me)Y/? is the plasma frequency and
Le = c¢/wp is the electron inertial length (numerical values:
Ae = 5.3km/ /fie, wp/2m = /e x 9.0kHz; ne incm=3).

The principal consequences on these large scales are as
follows:

1. E is determined by the generalized Ohm’s law (in many
cases, primarily by V x B or V¢ x B);

2. J is determined by V x B;
3. the time evolution of B is determined by V x E;

4. inaquasi-steady state (which in general can exist only if
the system is sufficiently stable), B is determined by the
requirement that the magnetic stress (V x B) x B/4n
balance the mechanical stress.

To understand physical origins and causal relations, how-
ever, the exact equations must be taken as the starting point
and the large-scale approximation invoked afterwards. In par-
ticular, it is necessary to include the displacement-current
term in Maxwell’s equations, which plays a key role in
the relation between current and magnetic field (Vasyliunas,
2005b; Song and Lysak, 2006).

2.1 Simplified key equations

To describe how the ionization process gives rise to a cur-
rent, 1 consider time-dependent evolutionary equations for
J and related quantities, neglecting spatial gradients (these
play no role in the conventional view, in which pickup cur-
rents can be produced even in a quasi-uniform configuration).
In the following, “+...” stands for spatial-gradient terms
not shown explicitly, o is the mass-weighted total ioniza-
tion rate (including photoionization, electron-impact ioniza-
tion, and charge exchange), and 6, = m;n, is the rate for
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charge exchange only. It is assumed that B = Bo + 6B and
|8 B| < |By|, with By a (nearly) constant background field.

dE/dt = -4 J +cV x B 4
(difference between J and (c¢/47)V x B changes E),

aJ /ot = (wp2/4n) (E+V x Bjc)— J x (R — @)
+...—nce(V=Vy) (%)

(deviation of E from the value given by generalized Ohm’s
law changes J, on timescale ~ a)p‘l),

dB/dt = —cV x E (6)
(B changed only by spatial variation V x E # 0),
pdV/dt+...=J xBjc—p(V—=Vy) @)

(bulk flow changed only by stress imbalance).

The last terms in Egs. (5) and (7) represent changes in J
and V, respectively, due to ionization processes; V is af-
fected by ionization of all types, but J is affected, to first
approximation, only by charge exchange (which changes the
velocity of an ion but not an electron, whereas photoioniza-
tion or electron-impact ionization produces an ion—electron
pair, both moving at nearly the same velocity).

2.2 Solution for average current

Differentiating Eq. (5) and using Egs. (4) and (7) to eliminate
time derivatives of E and V gives

020 /12 + (wp? + Qe ) T
+(p/p)Qud x B+ (0J/31) x (e — Ri)
2 [(5/0) QB x+ (pr/0?) eV =Vo),  @®

which is a harmonic-oscillator equation for J, with an oscil-
lation frequency of ~ wp (£ gyrofrequency corrections, e.g.,
Vasyliunas, 2001) and source terms proportional to 5. Av-
eraging Eq. (8) over the oscillations to lowest order in p/p
gives J for timescales that are long compared to a)p_l but
short compared to long-term evolution:

(J1) = (5/p) QB xne(V— Vi) / (wp? +2e)

~ (5 E/B2)[Val/ (2 +Va?)] ©
or equivalently
(JYX B~ pc(V—=Vp) [VAZ/ (c2 n VAZ)] , (10)
values smaller than those in Egs. (1) and (2) by the factor

~ Va2 /c? <« 1. The actual current that results from ioniza-
tion in a quasi-uniform medium is thus much smaller than
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the conventional pickup current, and its Lorentz force does
not balance momentum loading: with Eq. (10) inserted, the
momentum Eg. (7) becomes

pdV /ot =~ _p(V_Vn)[CZ/(CZ—G—VAZ):I
~ —p(V=Vn), (11)

showing that V — V|, and therefore also, from Eq. (9), (J))
both decay at the rate 5/p.

The equations of the ionospheric neutral-wind dynamo
problem, which describe the dynamics of ionospheric plasma
interacting with neutrals by collisions, are identical with
Eqgs. (4)—(7) for the pickup-ion problem (dynamics of plasma
interacting with neutrals by ionization) if one replaces colli-
sion frequencies with ionization rates

vin — p/p (momentum loading)

v — /o~ pu/p  (massloading) (42

(Vasyliunas, 2012). (“Mass loading” is commonly used to
denote all ionization processes other than charge exchange
which add net mass to the plasma; since all ionization pro-
cesses affect plasma momentum as long as Vi, # V, mass
loading is actually a subset of “momentum loading.”) The
mathematical problem is thus the same for pickup currents
and for currents created by neutral winds. For the latter, Va-
syliunas (2012) obtained a solution of the initial-value prob-
lem for the counterpart of Egs. (4)-(7) and showed that a
small transient J appears on a timescale O(Qe—l) but then
decays with time as described by Eq. (11).

2.3 Root of the inconsistency

What does the conventional derivation of pickup currents
overlook? There is an additional current from polarization
drifts, given by

pdV /3t = Jpol x BJc, (13)
which can also be written as

Too = (¢*/47VaZ) OE /o1 (14)

(mentioned but not further discussed by Goertz, 1980). In-
serting Eg. (13) into the momentum Eq. (7) gives

/f')(V—Vn)=(J—Jp0I)><B/Cv (15)

and inserting 9 E /9t from Eg. (14) into Maxwell’s Eq. (4)
gives

V x B = (4n/c) [J + (VAZ/CZ) Jpol] . (16)

Equation (10) follows from Egs. (15) and (16) when V x B
is negligible.

www.ann-geophys.net/34/153/2016/

155

3 Physical description

The argument of Sect. 2.3 can be restated in simple physi-
cal terms: as long as no sufficient V x B has developed, the
differential displacement of newly created ions and electrons
to produce the pickup current also acts to change E. The re-
sulting d E /9 implies polarization drifts of all the plasma
particles, not just the few newly ionized ones. The polariza-
tion current is thus large enough to (almost) cancel the pickup
current, so that the net current is that given by Egs. (9)—(10)
instead of Egs. (1)—(2).

In more fundamental terms, if a quasi-uniform configura-
tion is assumed and spatial gradients neglected, there is no
external force that can balance momentum loading. The ef-
fect of ionization and consequent momentum loading on an
initially imposed flow of plasma relative to neutrals is then
simply to reduce the difference V — V,, until plasma and
neutrals flow together and electric fields as well as currents
disappear. If this does not happen (and, to my knowledge, it
has never yet been observed to happen in a magnetospheric or
heliospheric context), there must be forces tending to main-
tain the flow difference between plasma and neutrals.

How a sustained current may develop from the pickup
process can be illustrated by an order-of-magnitude argu-
ment (see Vasyliunas, 2005b, 2011, for more detailed dis-
cussion): initially, with | J x B| < p¢V, momentum loading
from pickup slows down the plasma flow:

SV ~—(p/p)Vt. 17

Reduced V implies reduced E. If slowdown varies on the
spatial scale £, outside which there is no slowdown and no
reduced E (because the flow is maintained by other forces),
then V x E # 0 and B changes:

§B~ (BSV/L)t ~ (p/p)t>(VB/L) . (18)

The resulting Lorentz force (V x B) x B /4 increases with
time and balances momentum loading after a time ¢ given by

OV ~ BSB/4n L~ (p/p) i (VBZ/4JT£2) (19)
or
12 ~ (471,0/32) L% = L2/VA2. (20)

Thus, after a time on the order of Alfvén wave travel time,
oV /ot — 0, the Lorentz force balances momentum loading,
and J now has the conventional value given by Egs. (1)—(2).
(In most magnetospheric applications, the Alfvén wave travel
time is much shorter than the momentum-loading timescale

p/p.)
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4 Conclusions

1. Pickup current as a physically distinct kind of electric
current does not exist. The pickup process does not by
itself produce an electric current, except for a small tran-
sient O (Va?/c?) that decays at the rate p/p.

2. The primary direct effect of the pickup process is to
slow down the plasma flow (relative to the neutrals). A
spatial inhomogeneity of the slowdown (e.g., momen-
tum loading confined to the equatorial region) together
with forces tending to maintain the plasma flow else-
where (e.g., corotation imposed at the ionosphere) pro-
duces a deformation of the magnetic field, and the curl
of the deformed field gives the current.

3. The timescale for the development of this current is the
Alfvén wave travel time over the spatial scale of the in-
homogeneity.

4. The J x B/c force opposes the slowdown. If and when
a steady state is reached, J x B/c must balance the sum
of all the mechanical stresses acting on the plasma. The
so-called pickup current corresponds merely to the part
of J x B/c that balances the momentum loading.
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