
TRITA-EPP-89-07

DYNAMIC TRAPPING OF ELECTRONS

IN SPACE PLASMAS

• N. Brenning, M. Bohm and C.-G. Fälthammar

[ .̂^̂



TRITA-EPP-89-07

DYNAMIC TRAPPING OF ELECTRONS

IN SPACE PLASMAS

N. Brenning, M. Bohm and C.-G. Fälthammar

December 1989

Department of Plasma Physics

Royal Institute of Technology

S-100 44 Stockholm, Sweden



DYNAMIC TRAPPING OF ELECTRONS IN SPACE PLASMAS

Brenning, N., Bohm, M. and Fälthammar, C.-G.

Department of Plasma Physics, the Royal Institute of Technology

S-100 40 Stockholm, Sweden

Abstract

The neutralization of positive space charge is studied in a case where heavy positive ions are added

to a limited region of length L in a collisionfree magnetized plasma. It is found that electrons which

become accelerated towards the positive space charge can only achieve a partial neutralization: they

overshoot, and the positive region becomes surrounded by negative space charges which screen the

electric field from the surroundings. The process is studied both analytically and by computer

simulations with consistent results: large positive potentials (U»kTJe) can be built up with respect

to the surrounding plasma. In the process of growth, the potential maximum traps electrons in

transit so that quasineutrality is maintained. The potential U is proportional to the ambient electron

temperature and the square of the plasma density increase, but independent of both the ion injection

rate and the length L. The pro r a explains several features of the Porcupine xenon beam injection

experiment. It could also h * r lportance for the electrodynamic coupling between plasmas of

different densities, e.g. the t x ion of neutral clouds in the ionosphere of species that becomes

rapidly photoionized, or / J .ration of dense plasma clouds from the solar wind into the

magnetosphere.



1. Introduction.

The natural occurrence of magnetic-field-aligned electric fields in the ionosphere was first

suggested by Alfvén (19S8) but was generally disregarded, because it was contrary to prevailing

theories. When in situ observations in space became possible, the distribution functions of auroral

primary electrons were found to strongly indicate electrostatic acceleration by magnetic-field aligned

electric fields (Mcllwain 1960). Since then the observational evidence has become overwhelming,

and magnetic-field aligned electric fields are now generally recognized to play an important role in

the auroral process. For a review of the evidence and the pro and con arguments, see e. g.

Fälthammar (1983,1988). More recently structures with magnetic-field-aligned electric fields have

also been observed in active injection experiments in the ionosphere. This work was initiated by

such an observation in the CRTTI rocket experiment (Kelley et al., 1990) where two fast jets of

barium were injected at 46 degrees angle to the magnetic field in the Earth's shadow. Full

three-dimensional measurements of the electric field were made inside the jets. In both bursts, the

quasi-dc electric field was initially directed almost directly towards the point of the explosion, i.e.

antiparallel to the barium stream direction. Since the barium jet made a 46 degrees angle to the

magnetic field, there was a strong magnetic-field-aligned electric field component which peaked at

600 mV/m in burst number 1, and 160 mV/m in burst number 2.

Strong magnetic-field-aligned electric fields were also seen in the Porcupine Xe+ beam injection

experiment (Haerendel and Sagdeev, 1981; Häusler et al., 1982,1986) where a charge-neutralized

Xe+ beam was shot into the ambient ionosphere from a spinning sub-payload. A sequence of

observations at increasing distance were made at the main payload while the sub payload moved

away across the magnetic field. The results we will discuss here come from intermediate distances,

35-172 meters, and we will focus on the magnetic-field-aligned electric fields and the variations in

the payload potential which were observed associated with the recurring density maxima as the Xe+

plasma beam swept by the main payload.

The existence of magnetic-field aligned electric fields requires some mechanism to balance the

momentum impaired to the charged particles by such fields. It has been shown that in the case of

the ionosphere and magnetosphere there are only three possible forces that can achieve this

(Fälthammar, 1978): (1) The magnetic mirror force, (2) the net force from the magnetic-field

aligned components of ac electric fields, and (3) inertia of the current carriers. Electric fields

supported by the mirror force play an important role in the auroral acceleration region, as clearly

borne out by rocket- and satellite-borne observations of precipitationg electrons (Lundin and



Sandahl, 1978; Menietti and Burch, 1981). The second type of force, that from ac electric fields, is

the basis for anomalous resistivity, a phenomenon that has often been invoked in the past but

whose importance is very doubtful (see e.g. Coroniti, 1985). Finally, the inertia of the current

carriers is the basis for various kinds of magnetic-field aligned electric fields, of which the electric

double layer might be the most important. The existence in the ionosphere of numerous weak

double layers, sufficient to account for kilovolt potential drops, have been observationally well

established (Temenn etal. 1982, Mozer and Temerin 1983, 3ostrom etal. 1987,1988). Strong

electric double layers may well also be important, although they are difficult to observe because

they are few and spatially limited (Mozer et al. 1977, Block 1987).

We here propose a new mechanism which applies to situations where there are large density

variations in a collisionless plasma. The mechanism requires ion motion across the magnetic field in

such a geometry that the cross-field ion current has to be neutralized by magnetic-field-aligned

electron currents. One example of such a situation is the front of the barium jets in CRIT I, shown

in Fig. 1. Barium ions that are created out of the neutral jet leave the electrons behind because of the

difference in gyroradius, and the excess positive space charge at the leading front of the stream

attracts electrons along the magnetic field (Brenning et al., 1990).

We will here disregard the mechanisms which drive the ions across the field and focus on the more

general problem of the electron response along a field line where the ion density grows locally over

a limited length L, and where an electron current along the magnetic field is needed to maintain

quasineutrality. In the absence of collisions it is not obvious how the electrons are stopped at the

positive space charge: if an electron falls in along the magnetic field with an initial energy W^ and

the potential grows less than AU= W^e while the electron moves the distance L, then the electron

escapes on the other side. Also, an electrons which is trapped will have some difficulty in stopping

exactly at the positive space charge, and will overshoot before it turns back and then oscillates

around the positive space charge.

In this paper we will study this process of electron trapping. Section 2 contains an analytic study

which shows that large positive potentials {U»kTJe) can built up with respect to the surrounding

plasma. The resulting potential U is found to be proportional to the ambient electron temperature

and the square of the increase in ion density, but independent of both the ion injection rate and the

length L. In sections 3 and 4 we describe a numerical simulation of the same situation which

confirms the results of the analytic theory. In section 5 we discuss the significance of the

mechanism for CRIT I and the Porcupine Xe+ beam experiment. Section 6 contains a discussion of

other possible space applications, and section 7 summary and discussion.



2. Analytic theory of electron trapping.

Fig. 2 illustrates the one-dimensional problem along the magnetic field lines. We start with a

homogeneous thermal plasma with a magnetic field parallel to the z axis. At f = 0 we begin to add

ions at a rate dnjdt between z = -L/2 and z = L/2. We will be interested in cases where (1) the ion

seeding rates are so low that the positive space charge of the ions can be neutralized by

magnetic-field-aligned currents much below the electron saturation current (the "low current case"),

and (2) the time duration of the seeding is so long that the new ion density becomes higher than the

ambient, Ani >

The added ions build up a positive space charge which attracts electrons along the magnetic field.

Some electrons pass through and escape on the other side, while other electrons are trapped. For

an accurate calculation of the trapping rate we should know the potential variation in space, which

will depend on the dynamic mechanism of trapping in a complicated way. However, the aim in this

section is limited: to identify the physical mechanism of electron trapping, and to find an

approximate analytical formula for the potential U as function of the increase in ion density Ani, the

rate dnjdt of ion seeding, and length L of the injection region. We therefore make the following

simplifying assumptions. We consider time scales so short that the new ions stay in the injection

region between z = -L/2 and z = L/2, and assume that the positive potential is confined to the same

region and has a characteristic value U(t). Under these assumptions an electron which comes from

the surrounding plasma with an initial energy W^Q and velocity V^ has inside the injection region a

typical velocity

= /

* V me
(1)

and a transit time t(r = L/Ve. If the potential increases at a rate dU/dt it will, during the electron

transit, increase by AU = (dU/dt)ttr The electron gets trapped if AC/ > VS^/e, which gives the

trapping condition:

We also assume that the potential grows slowly in the sense that AU during a transit time is only a

small fraction of U. In this case only electrons with initial energy much below the potential energy

eU are trapped, W^ « eU, and Eq. 2 simplifies to the velocity limit for trapping



(3)

Now let us calculate the influx of electrons mat will become trapped from a thermal distribution.

For energies much below die thermal energy, the density in velocity space is constant:

(4)
2nkTe

The number dNe trldt of electrons (per m2 and second) that will become trapped is found by

integration from zero to V|r :
v

dN" - - - ( 5 )

The factor 2 appears because electrons come from both directions along the magnetic field. The

average rate of increase of die trapped electron density over die length L is

(6)
dt L dt '

We solve dne tr /dt from Eq:s 5 and 6, put in the value of V^ 2 from Eq. 3, and obtain

1
(7)

After integrating, and squaring of the result, we get

nkT n 2
l ( f £ )

Ae
(8)

This deduction does not give a self-consistent relation between U and neJ[r but only the density of

electrons that will become trapped in a growing potential which is prescribed. The reverse problem,

to determine what potential will arise if the density increase is prescribed, is more complicated to

treat analytically. However the following observation can be made. From Liouvilles theorem, the

phase space density along a dynamic trajectory is constant in the absence of collisions. For the

trapped electrons, an upper limit to the velocity space density dnJdVz is therefore given by Eq. 4,

since all electrons come out of the surrounding thermal distribution. We also have an upper limit to

the velocity for a given potential: the velocity must be between Vz = -(2eU/me)
1^- and Vz =

(2eU/me)W, otherwise the electrons are not trapped. Consequently, for a given potential U we can

get an upper limit to the trapped electron density by integrating Eq. 4 between these limits. This

yields Eq. 8 again. Thus, a growing potential such as we have studied here automatically traps



electrons at the highest rate that is physically possible. In the absence of collisions there is no way

that a potential U traps more electrons than the number given by Eq. 8. Therefore, Eq. 8 gives a.

lower limit to the potential for a given number of trapped electrons, i.e., for a given density

increase.

Now let us turn to the free electrons. Their density is lower in the region of positive potential than

in the ambient plasma, because the electrons are accelerated through that region. At the potential U,

the electrons which started into the injection region with velocity Vx have a velocity

v*̂ -vl/= IK+-. (9)

Their density is reduced by a factor V^VzU. For an estimate of this factor, we take the average

velocity in the in-falling electron population,

|>= / 1. (10)

This gives the reduction in the free electron density at potential U:

- - "* . (ID

The electron density is ne = ne^ee + neJtT where nejTte is given by Eq. 11 and netr by Eq. 8:

na nkTe
 kT

e

Since quasineutrality requires that dn{- * ng - n^, Eq. 12 gives the desired relation between the ion

density increase and the potential. Notice that both L and dn/dt disappear in the final result. For

high potentials, U » kTJe, the free electron density is small, nejree « ne0. Almost all the

electrons are then the trapped electrons and the potential is close to proportional to the square of the

density:

fty <12b)
In the presence of collisions the situation would be completely different. If the electrons are in

thermal equilibrium with panicles of temperature T, then the potential follows from the Boltzmann

relation ne = ne(pxp(eU/kT). Solving for U gives
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e nt0

Eq:s. 12 and 12b give dramatically higher potentials than 13 when A / i , » / ! ^ For density increases

A/ij = n^Q, the difference is smaller but at the same time the approximation of Eq. 11. becomes less

valid. This case is studied in a separate publication (Bohm et al., 1990).

One might ask whether instabilities can not fill the role of collisions and spread the electron

distribution. After all, electrons are accelerated along the magnetic field from both sides into the

injection region, and two-stream instabilities seem likely to arise. That this is not the case can be

seen directly from the discussion of the electron distribution below Eq. 8: the trapped electrons

have a constant density in phase space, and the free electrons are just the tail ends of the in-falling

half-Maxwellians. Such a distribution is stable against two-stream instabilities.

3. The numerical model.

The code used in this simulation was constructed in a workshop at the University of California at

Berkeley in 1983 and is called PDW1 (£lasma Device Workshop). PDW1 is a magnetized,

non-periodic, electrostatic particle-in-cell code with one spatial coordinate and up to three velocity

coordinates. The equations solved in the code are

where z,-, <7; and m{- are the position, charge and mass sheet densities of the i'th particle,

L / Ä , (15)
dz e io

where 5{- is the shape factor for the i'th particle, and

^ § (16)

where L, R and C are the inductance, resistance and capacitance of the external circuit, <PQ is a

source voltage, <T> is the voltage across the plasma region, and / and Q are the current and charge

associated with the external circuit.

These equations are subjected to the boundary condition



£ ( L ) = - S- (17)
£o

where the charge a on the end-plate at z = L is determined by

A is the area of the plate, Vi is the velocity of the t'th particle and L is the length of the plasma

region. Fig. 3. shows a diagram of the circuit set-up for the simulation.

The injection of the ions is illustrated in Fig 4. The length of the system is 100 Debye lengths. At

the start of the simulation it is filled with a uniform Maxwellian background plasma made up by

electrons and oxygen, with the density ng and the temperature Tg = T, =0.1 eV. The plasma is

bounded at z = 0 and z = L by two endplates with boundary conditions chosen to simulate a

surrounding homogeneous plasma: particles which hit the end plates are lost, and we inject at both

end-plates half-Maxwellians with the same temperature and density as the background plasma. The

external circuit is chosen with 4>0 = 0 and C »I, which gives the same potential 0(0) = <P(L) on

both end plates.

In the injection region with length of £,-„.• = 30A^ centered in the middle of the simulation region at

z = z0 the heavy ions are injected with a spatial distribution shown in Fig. 4a :

*(z)=^f (l+cos( ° )) . (19)
1 Linj

R(z) is the number of ions injected per timestep and gridcell at the coordinate z and RQ the number

of particles injected per timestep and gridcell at z = ZQ. The total number of injected ions per time

unit is determined by RQ, which can be varied in time in the simulation program. A crucial value is

the injection rate RQ = Rmax at which neutralization requires saturation electron current is along the

magnetic field.

The simulation uses the correct charge/mass ratio of the ions both for oxygen and for barium (m =

137 amu) which wai used in the CRITI experiment. By coincidence this is nearly correct also for

xenon (m - 131 amu) which was used in the Porcupine injection experiment. The injected ion

temperature for motion parallel to the magnetic field is kTtjf = 0.3 eV. The exact values of the

mass and temperature of the injected ions are not important, since these heavy ions do not move

significantly during the simulation time. The available memory size of the computer limited the

number of heavy ions that could be injected. This causes the main difference between the
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simulation and the ionospheric applications: in the simulation, L^JXQ = 30. In CRIT I,

»105, and in the Porcupine experiment LjnJX[) =104. However we believe that for the processes

studied here it is only important that L-^JXQ » 1.

We had some numerical difficulties which had to be overcome before the simulation worked

properly. If we started the simulation abruptly with a constant injection rate as shown in Fig. 4b,

then oscillations of large amplitude were excited. At any given time, the electric field in these

oscillations was almost constant in space between the end plates and the injection region, while the

sign and amplitude the electric field oscillated at close to the plasma frequency. Our interpretation is

that the oscillation is started by the sudden onset of the ion injection which makes the electrons

overshoot into the injection region and there build up negative space charge. This negative charge

repels the electrons which overshoot in the other direction, and so the oscillations have started.

They were much reduced when we let the injection rate Ro increase gradually in time as illustrated

in Fig 4c.

Remaining oscillations with the same characteristics were due to the limited size of our computer

The program can only inject an integer number of particles, while the injection rate at different z

coordinates (Eq. 19) is not an integer but a real number with decimals. These oscillations were

minimized when we injected the ions using a random process where the decimal part of the

injection rate determined the probability to inject a particle at each point in space.

4. Results of the computer simulations.

In the following we use the normalized parameters: time t= ta>pe, potential U = e$lkTe, and

distance Z = zlXd. We have made three simulations with different injection rates, Ro IRmax ~

0.16, RrfRfntu = 0.31 and / t y / ? , ^ = 0.63. Fig. 5 shows the spatial and temporal evolution of

the potential forR0/Rmax = 0.31. Between the panels there is a constant time difference Ax= 16.

The injection rate is gradually increased from T=0toT=40as shown in Fig. 4c. Then it is kept

constant so that there is, after the third panel, a constant increase in the density by approximately

Ant = tigffi between successive panels. At the end of the run, njn^ *> 7 and U * AXkTJe. These

high potentials are contained in the injection region and show no sign of propagating into the

ambient plasma. Consequently there are very strong magnetic-field-aligned electric fields that

surround the injected ions. Apart from the central potential maximum there are two features of

special interest in Fig. 5. At the boundaries there are sheaths with a potential difference AU • 1

kTg/e, directed so that they accelerate electrons away from the boundaries into the simulation

region. The amplitude of these sheaths stays approximately constant during each run with constant
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injection rate, but differs between the different runs: it increases with the injection rate. There is

also a footpoint oscillation of the potential at the edge of the injection region, which is clearly seen

between r = 272 and T = 288. The frequency of this oscillation is not resolved here since it is

higher than the sampling rate between the potential profiles shown in Fig. 5. Although both the

boundary sheaths and the footpoint oscillations have amplitudes much below the central maximum,

they are large enough to modify the electron distribution that enters the injection region. We will

return to this subject below.

Fig. 6 shows detailed simulation results at T = 256. The injection rate is the same as in Fig. 5. The

injected (heavy) ions, which are shown in the top panel, have moved very little during the

simulation time and remain close to their point of injection. The second panel shows the ambient

(oxygen) ions, which at r = 0 had a uniform density. Being lighter than the injected ions, they

clearly arc beginning to move out of the injection region in response to the positive potential. The

electrons (third panel) fill in the injection region so that quasineutrality is approximately maintained.

The net charge is shown in panel number four the positive space charge is incompletely neutralized

and surrounded by negative space charges that screen it from the surroundings. Finally the potential

is shown in the bottom panel. The positive region is closely limited to the region of ion injection.

Fig. 7 shows the potential at z = z0 versus the density njn^, for the tree different injection rates Ro

IRmax = 0.16, RrfRnax =0.31 and R^R^x = 0.63. The thin solid lines show the result of the

analytical theory (Eq. 12) and the Boltzmann relation (FJq. 13) is shown as a thick solid line. There

is a generally fair agreement between simulation and analytic theory. The largest discrepancy is

obtained for the largest density increase, njn^ > 7, where the computed potential exceeds Eq. 12

by typically 30-40 %. One possible reason for this difference is that Eq. 12 was derived under the

approximation that only the central low-velocity part of the infalling electron distribution is trapped

(Eq:s 3 and 4). This approximation becomes less valid for injection rates RtfRmax approaching

unity. Another reason could be that that Eq. 12 was derived under the assumption of infalling

Maxwellian electrons while in the simulation the infalling electron distributions are modified both

by the end-plate sheaths and by the footpoint oscillations seen in Fig. S. Fig. 8 shows the injected

electron distribution at the end plates (the upper panel) and also the distributions both outside the

injection region at Z = 7 (the middle panel) and in the centre of the cloud at Z = Zo (the bottom

yard). These curves were made by division of velocity space into cells with lengths of dV = (ymax

' ^m/fl)/100'and t n e s v s t e m length in t 0 cells with lengths of dz = 4 XD. For Z = 7, the shape of the

distribution varied rapidly in time, possibly due to the footpoint oscillation. In order to show the

average infalling electron distribution towards the injection region we here chose to make an

average over a time A x = 50, centred at r = 336. For Z = Zo, the bottom panel in Fig. 8 shows the
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distribution at one time step, t= 336.

The electron distribution at Z = 7 can be qualitatively understood as a Maxwellian that has been

modified by the end-plate sheaths. The smooth right-hand slope of the distribution consists of

electrons which have recently been injected and accelerated by the left end-plate sheath. The

electrons with lower positive velocity have been reflected against the same sheath after passing

through the injection region once. All electrons with negative velocities have also passed through

the injection region; those with lowest velocity will be reflected off the left-side end-plate sheath,

and eventually become trapped in the injection region. Those with highest negative velocity will

escape to the left end-plate. The irregularities in the distribution function does not depend on

statistics in the particle counting, as shown by the smooth right-hand slope of the distribution. It

could be the effect of the foot point oscillations; electrons which are injected at different phases of

these oscillations will have different time histories, and will therefore be bunched together in a

complicated way. However, the in-falling distribution is still rather close to the Maxwellian

assumed in the analytic theory. Also the trapped distribution shown in the bottom panel

approximately agrees with the expected plateau in velocity space one would expect from the

discussion below Eq. 8. The irregularities again could be due to the footpoint oscillations, which

will modulate the velocity and density of the infdling electrons, and therefore modulate the density

of trapped electrons.

5. Application to CRIT I and the Porcupine Xe+ beam experiment

Eq. 8 can be rewritten into

_££i=(±?JL) . (20)
neo nkTe

In CRIT I, the potential difference along the magnet's field can be estimated to be 200 V in burst 1

and 100 V in burst 2, and the ambient electron temperature was about 0.1 eV. With these values,

Eq. 20 gives a trapped electron density netr = 50ne0 and 36 ne0 in bursts 1 and 2, respectively.

This is much more than the actual density increase which probably was not much greater than unity

(Brenning et al., 1990). We conclude that the dynamic trapping process played no significant role

in maintaining the magnetic-field-aligned electric fields observed in CRIT I. Brenning et al. (1990)

propose that they appear because the field-aligned current is comparable to the electron random

current. In our simulation this would correspond to RrfRmax*> 1. At such high injection rates the

electric field in our computer model extends from the injection region with an almost constant value

into the surrounding plasma and the potential difference to the end plates becomes very high, easily
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103 kTJe. However, these very high potentials might to some extent be an artificial result due to

the one-dimensional simulation; in three dimensions the electric field would fall off more rapidly

with the distance from the injection region, and the potential difference would be lower.

In the Porcupine Xe+ ion beam experiment the situation was much different. Fig. 9 gives the full

data set for one second starting at 131 seconds after launch (from Häusler et al, 1986). The top

panel shows three successive plasma density maxima as the xenon beam swept past the payload.

Panel 5 shows the magnetic-field-aligned electric field, which reached typically SO mV/m in the

rising flank of the density. Taking £ f / ~ SO mV/m and the half-width of the beam to be 37 m, we

get a potential U ~ E^ * 1.8 V. The ambient electron density was n^ = 2xlOn m'3, and the

electron temperature kTe = 0.14 eV (Potelette et al., 1988). With these values, Eq. 20 gives a

density of the trapped electrons netr = 8X1011 m'3. The agreement between this level and the

measured density maxima in the top panel of Fig. 9 is quite good; thus the density increase and the

strength of the magnetic-field-aligned electric field are in agreement with the dynamic trapping

process. There is however a difference in timing: the electric fields occur mainly in the leading flank

of the density maxima. We will return to this below.

The mechanism of current closure in the xenon beam has been discussed in detail by Häusler et al

(1986). They conclude that the ions are largely unaffected by the ambient plasma, so that they move

as individual test particles with gyro radii of several hundred meters. The xenon ion beam therefore

constitutes a region of positive space charge which sweeps around the ion source like a light-house

beacon. In the near zone, closer than 20 m from the source, the azimuthal motion of this positive

space charge can be neutralized by azimuthal Bohm diffusion or by Hall drift of the electrons inside

the beam. Further away from the source, magnetic-field-aligned electron currents from the

surrounding ionosphere are required.

There are two main current systems. The first current system is associated with the outwards ion

current in the stream: the electrons from the source are stripped off the xenon beam in the near zone

and flow out along the magnetic field. This magnetic-field-aligned current towards the source is

continued by the xenon ions in the radial direction, along the xenon beam, and eventually has to

close by attracting electrons from the ionosphere. This current system would probably keep its

characteristics even if the source were not rotating. The rotation introduces another current system

in the azimuthal direction, which is of primary interest for the discussion here. It is schematically

illustrated in Fig. 10: the leading front of the rotating xenon ion beam attracts electrons along the

magnetic field lines, which constitute a current sheet extending along the xenon beam. The

magnetic field at the passage of the beam (middle panels in Fig. 9) shows this current. The
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magnetic signature is that of an upward current sheet corresponding to downward electron fluxes,

which agrees with a picture where the main payload is in the upper half of the beam and electrons

from the top flow into the beam to charge neutralize the ions (Häusler et al 1986).

Consider the situation along a magnetic field line which sees the arrival of the rotating xenon beam,

at the time interval 100-150 ms in Fig. 9. During this time the ion density increases by a factor 4

and ambient electrons flow in along the magnetic field to maintain space charge neutrality. As

shown above (Eq. 20), the magnetic-field-aligned electric field has a strength which is consistent

with the dynamic trapping mechanism. Also the direction of the field is correct: according to

Potelette et al. (1988) it corresponds to an excess positive charge in the region in the front of the

xenon beam. Thus, all the requirements for the dynamic trapping mechanism are here. Ion motion

across the magnetic field builds up a density much exceeding the ambient density, charge neutrality

is maintained by electron flow along the magnetic field, and the magnetic-field-aligned electric field

has the correct strength and direction. In fact, the dynamic trapping mechanism could help to

explain the observations. Häusler et al (1986) point out that there is a problem to trap the electrons

at the positive space charge since the classical cross section for these ionospheric electrons is too

small to trap them effectively in a narrow beam such as the near zone xenon ion beam.

The dynamic trapping mechanism should be associated with the characteristic parallel electron

distribution in the bottom panel of Fig. 8, with high magnetic-field-aligned fluxes Fet, up to

energies We « Vie. Unfortunately, the measurements of F€/, in the Xe+ beam by RPA:s (Retarding

Potential Analyzers) are uncertain because the the interpretation requires knowledge of the payload

potential Up which was measured only sporadically as can be seen in Fig. 9, second panel from

the bottom. Furthermore, Up varied rapidly when the xenon beam hit the payload, i.e. precisely at

the time when the RPA:s should measure the enhanced electron fluxes. However, the payload

potential Up gives indirect evidence concerning the electron distribution. The payload has a floating

potential U^ * -1.3 V in the undisturbed plasma. In t' e presence of the electron distribution of the

dynamic trapping process, the floating payload has to take on an additional negative potential so

that U « UpQ - U in order to repel all except the most energetic electrons. With U calculated from

Eq. 8, this potential becomes

n kT. M, - n

where we have approximated the trapped electron density with ne - ne0. The value from Eq. 21 is

compared to the measured values in Figures 1 la, 1 lb and 1 lc. The top panel in each figure show

the measured density ne during three one-second intervals, and the second panel the floating
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potential during the sporadic times it was measured. The dotted line in the third panel shows the

potential Up from Eq. 21 calculated using the measured density in the top panel. The measured U

is repeated for reference. There is quite good agreement, particularly with respect to the amplitude

of the Up variations. Notice particularly that UP is almost constant in Fig. 12c where the xenon ion

beam density is smallest, which can be understood from the quadratic dependence of Up on (ne -

ne0) in Eq. 21. It is also worth noting that Eq. 21 explains the negative sign of (Up -Upg), which

is a somewhat surprising result since the payload is hit by an energetic (200 eV) ion beam. If the

electron energy distribution were unchanged, (Up -Up0) would become more positive in response

to the enhanced ion current

The magnetic-field-aligned electric field in the Porcupine experiment has earlier been analyzed by

Potelette et al. (1988). Although they discuss the Porcupine flight F3 and the data here was taken

from flight F4, these two flights show the same overall results and the same processes should have

been operating. Potelette et al. (1988) have concentrated on the features around a plasma density

minimum which develops ahead of the rotating xenon beam at distances such that the azimuthal

xenon beam velocity becomes comparable to the ion acoustic velocity of the background plasma.

They interpret this feature and the wave activity around it as the result of an ion acoustic

electrostatic shock. We have no argument against this interpretation, but rather feel that the two

explanations complement each other. Strong magnetic-field-aligned electric fields are observed also

where the rotation velocity does not match the ion acoustic velocity, at these distances without the

ion acoustic shock. This would be the natural consequence if the potential structure is maintained

by the dynamic trapping process, and if it excites the shock only where the velocities match. This

interpretation is actually quite close to the description of the phenomenon by Potelette at al (1988),

who describe the beam region as "a region of enhanced electrostatic potential which accelerates and

reflects the background ions in all directions so that a reflected ion beam is created". The shock is

formed when the velocity of the beam is of the same order of magnitude as the phase velocity of the

background oxygen ion acoustic waves.

The magnetic-field-aligned electric fields in Fig. 9 are seen mainly in the rising flank of the ion

density, while the dynamic trapping mechanism as treated here would predict that these two

quantities follow each other both in the rising and in the falling flank. It is possible that the

magnetic-field-aligned fields decay after the rising flank because electron-neutral collisions scatter

the trapped electrons in pitch angle and so weaken the dynamic trapping mechanism. The

electron-neutral collision time at the altitude of Fig. 9,220 km, is about 10 ms for 1 eV electrons

and longer for lower energies. Although this is far too long to trap an ambient electron during a

single transit (0.1 - 0.4 ms), the dynamically trapped electrons would stay inside the xenon beam
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for 50-100 ms and would be affected. If an electron has been trapped by a potential U}, and then

has been scattered in pitch angle during the trapping time, then the potential would have to fall to a

much lower value than Uj before the electron is released again. In the F3 flight, at the ion acoustic

shock of Potelette et al (1988), the magnetic-field-aligned electric fields appears even earlier: at the

location of the shock, it actually coincides with a density minimum ahead of the xenon beam. This

is very difficult to reconcile with the dynamic trapping mechanism alone, where the strongest

magnetic-field-aligned electric fields should fall at the density maximum. However it could be the

result if an ion acoustic shock wave mixes with the dynamic trapping process.

6. Dynamic decoupling as a consequence of dynamic trapping.

Eq. 8 implies that a collisionless plasma has a limited capability of neutralizing an imposed positive

space charge - even when the addition of charges is slow in comparison with the electron thermal

current of the surrounding plasma. Incomplete neutralization of space charge could conceivably

cause a dynamic decoupling of bounded plasma clouds by violating the frozen field condition. It is

therefore interesting to consider whether Eq. 8 can be applied to magnetospheric charge

neutralization problems.

Consider a plasma cloud with dimensions as defined in Fig. 12, with length L along the magnetic

field, width W across, velocity VQ and density ne which moves across the magnetic field in a

plasma of density n^ and electron temperature T(. In the absence of magnetic-field-aligned electric

fields the internal field E in the plasma cloud propagates along the magnetic field with the Alfvén

velocity, giving the plasma in the flux tube the same velocity VQ = Ey/Bz as the plasma cloud. The

momentum exchange between the plasma cloud and the two Alfvén wave fronts is carried by

magnetic-field-aligned currents which close across the magnetic field inside the plasma cloud and in

the Alfvén wave fronts. The magnetic-field-aligned current density is determined by the transverse

electric field and the Alfvén conductivity (Mallinckrodt and Carlson, 1978), if/ = (/i0V4)'1divEpcfp.

If the transverse electric field does not propagate into the ambient plasma then the current loop is

interrupted and the momentum exchange between the cloud and the surrounding is stopped. We

will derive the condition for this to happen by the magnetic-field-aligned electric fields which arise

in the dynamic trapping process. We call this combined process dynamic decoupling.

Fig. 13 shows the electric field and current system around a plasma cloud which is dynamically

decoupled. We assume that no magnetic-field-aligned electric fields arise on the negative side of the

stream, with the justification that this side has a surplus of electrons which can be easily rearranged

along the magnetic field. When the plasma cloud moves through the ambient plasma, each magnetic
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field line in the line of motion therefore sees the appearance of a region with positive potential, and
of increased density. In the absence of collisions this region traps out of the magnetic-field-aligned
flux a limited number of electrons which is given by the potential U and Eq. 8. The trapping of
these electrons constitutes a current i/f along the magnetic field which closes as / inside the cloud.
Consider the dashed rectangle a-b-c-d in Fig. 13. We chose the potential at comer (a) to be zero.
With the internal electric field E = VQB, the potential of the comer (b) is then proportional to the y
coordinate:

U = yV0B. (22)

If the magnetic-field-aligned electric field is zero along a-d and along d-c as assumed above, then
Eq. 22 also gives the magnetic-field-aligned potential difference along b-c. The number of trapped
electrons is given by Eq. 8:

V2

< * » . - *

The trapping of these electrons corresponds to time-integrated magnetic-field-aligned currents

which are related to the trapped electron density netr by

i'. ( 2 4 )

The current densities along and across the magnetic field have the relative strengths

h L

(4 <25>

The momentum change in the cloud is determined by the time-integrated transverse current during

the electron trapping process,

w (26)

Taking U = WVtfi as a typical value for the potential, Eq:s 23 and 26 give

) • ( 2 7 )

e

The dynamic decoupling mechanism can only work if this internal current does not give a larger

momentum change than the original momentum of the plasma cloud:

\iBdt<m.nV0. (28)

Combining 27 and 28 gives the condition
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u ^ i T VQ)W, (29)
ne0 mi

which can be rewritten into

/ stream ion energy \112/ stream width \3/2

' *° ambient electron thermal energy ion gyro radius
where the stream ion energy and the ion gyro radius refer to the cloud ions at velocity VQ.

The magnetic-field-aligned electric field Ef/ in Fig. 13 reaches a distance l^ into the ambient plasma
which can be estimated from momentum balance as follows. The momentum change inside the ion
cloud in a flux tube of length L and cross section 1 m2 is

(31)

The internal field E maps out along the magnetic field a distance L2 in both directions along the
magnetic field. The plasma in a flux tube with cross section 1 m2 which is accelerated to the cloud
velocity VQ gets a momentum /2.ne(fnifimb VQL2. Putting this equal to the loss of momentum of the
cloud from Eq. 31, with \iJU taken from Eq. 27, yields an expression with some similarity to Eq.
29:

mi.amb.

3/2 .in

(B e W)m(nkTeV0)
w. (32)

One possible application of the dynamic decoupling mechanism is in the interaction between the
solar wind and Earth's magnetosphere. It has been suggested that the fact that magnetosheath
plasma can penetrate the magnetopause into the boundary layer can be explained by impulsive
penetration of bounded plasma clouds, "plasmoids" (Lemaire 1977,1985 and references therein;
Heikkila 1932). This is supported by the observation that in the transition region just inside the
dayside magnetopause there are limited regions of injected magnetosheath plasma, which move
relative to the surrounding magnetospheric plasma (see Lundin 1984,1988 and references therein
and Lundin and Evans 1984). For such injection to be possible, the frozen field condition must be
violated. Once inside the magnetopause, the plasma clouds with their excess momentum act as
MHD dynamos, driving magnetic-field-aligned currents to and from the conjugate ionospheres
(Lundin 1984). Eq. 30 implies that plasma cloud decoupling through the process of dynamic
trapping is only possible for clouds of small dimension, a few ion gyro radii transverse to the
motion, and with a density well exceeding that of the surroundings. The parameters of the clouds
observed in the transition region are not well known, but according to Lundin (private
communication) the density may exceed that of the surroundings by a factor of two to five. The
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dimensions are hard to estimate from the single satellite observations so far available.

It is interesting to notice that the transverse currents i inside the plasma cloud of Fig. 13 increase

monotonically from the positive to the negative side. As a consequence, the braking force increases

from zero at the positive side to a maximum at the negative side. This will lead to a progressive

deformation of the cloud. If the width of the cloud does not originally satisfy the condition (29) and

hence is not appreciably decoupled, the differential braking should cause the positive side of the

cloud to form a leading edge, which will become increasingly sharper. The deformation may

proceed until the leading edge is narrow enough to satisfy the condition (29).

At geomagnetically disturbed times, clouds of energetic ions appear in the nightside magnetosphere

and drift around the Earth (McDwain 1972). As the gradient and curvature drifts dominate, ions of

different energy drift at different speeds. As the drift is modified by a superposed electric field drift,

analysis of the energy dispersion has been used to infer the average electric field on the drift shells

(Mcllwain 1972,1986). As the neutralizing electrons cannot follow the drift motion of the ions,

and since these are numerous enough that quasineutrality must apply, neutralization must take place

by an influx of electrons along the magnetic field lines just like in the dynamic trapping process.

The observed drift is found to be determined by the electric and magnetic fields in the

magnetosphere, which means that the clouds are decoupled from the surrounding stationary

ionospheric plasmas. As the drifting ions are not denser than the surrounding plasmas, one of the

assumptions behind Eq. 8 is unfulfilled, and this equation cannot be used. On the other hand,

because of the mirror configuration of the magnetic field, substantial magnetic-field-aligned electric

fields can still be maintained in this case by means of differential anisotropy as discussed by Alfvén

and Fälthammar (1963).

The dynamic decoupling process also could work for e.g. ionospheric injections of barium in

sunlight, where it becomes rapidly ionized. In the beginning phase of the expansion of such a cloud

the ion density is very large while the cloud size is still relatively small. Injections in regions where

the electron temperature is high, for example the Van Allen belts, would be most likely to show the

process because of the electron temperature dependence in the condition (29). It is also interesting

to note an observation of a plasma stream penetration into a transverse magnetic field: the plasma

stream tends to split up into slabs which lie in the plane parallel to the velocity vector and the

magnetic field. The width across that direction is smaller than the ion gyro radius (Markovic, P. D.

and Scott, F. R., 1971). Each individual slab could then obey the condition (29) and become

dynamically decoupled.
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7. Summary and discussion.

We have demonstrated by one-dimensional computer simulations that a region where heavy ions

are added across the magnetic field can attract and trap electrons along the magnetic field also in the

absence of collisions. Although the trapping is sufficiently efficient to give quasineutrality it is

incomplete enough to allow the buildup of a local positive potential which is proportional to the

ambient electron temperature and to the square of the density, but independent of both the length of

the injection region and of the rate of ion injection. By this process very strong magnetic-field-

aligned electric fields can be maintained independently of the magnetic-field-aligned current density.

These results are based on the assumption that the density increase is larger than the ambient plasma

density, and that the heavy ions are added at such a slow rate that space charge neutrality can be

maintained by magnetic-field-aligned currents below the electron saturation current.

These computer simulation results are supplemented by a simple analytical theory with the dual

purpose to give a physical understanding of the process and to give a general formula for the

relation between the density increase and the potential. There is quite good agreement between the

potential according to this formula (Eq. 12) and the computer simulation, indicating that it can be

more generally applied. We call the process dynamic trapping. It has probably already been

observed in the ionospheric Porcupine xenon beam experiment, where a large flux of ions across

the magnetic field was neutralized by magnetic-field-aligned currents. It could also have important

consequences for the dynamic interaction between plasmas of different density. Dense plasma

clouds could become decoupled from the surrounding plasma due to the magnetic-field-aligned

electric fields in the dynamic trapping process; we call this effect dynamic decoupling. The most

likely candidates for dynamic decoupling are photoionized barium clouds in the ionosphere and

magnetosphere.
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Fig. 1. The ion current along the barium jet in CRTTI is closed by magnetic-field-aligned electron

currents to the front of the stream.
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Fig. 2. The trapping of electrons in a slowly increasing prescribed potential.
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Fig. 4. The injected ion population, (a): the spatial distribution of Eq. 19. (b) time evaluation of the

injected ion density at z = z0, with an abrupt start of the injection, (c): the same, with a

gradual increase in the injection rate.
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Fig. 5. The potential in the simulation region at different time steps. The z axis is given in Debye

lengths, the potential in units e<U\CTe, and the time in units T = tcope. The injection rate is R

= 0.31 Rmax., where Ä , ^ . is the injection rate that requires electron saturation current

along the magnetic field.



20 40 60 80 100

Fig. 6. From top to bottom: The injected ion density, the ambient ion density, the electron density,

the net charge density and the potential in the simulation region.
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Fig. 7. The potential at z = z0 versus ne/ne0. The dots are obtained from three computer

simulations with different injection rates, from top to bottom: R = 0 .16/? ,^, R = 0.31
an£* R = Q 63 Rfnax- ^ e t'1'n ^ ' ^ ' 'n e s s ^ o w t n e potential of the analytical theory,

Eq. 12. For reference, the Boltzmann relation, Eq. 13, is shown as thick solid lines.



Fig. 8. Electron velocity distributions. Upper panel: the injected velocity distribution from the
end plates. Middle panel: the velocity distribution outside the injection region at Z = 7,
averaged over 100 timesteps, centred at r= 336. Lower panel: the distribution at the centre
of the injection region, at the timestep x- 336.
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Fig. 9. The complete data set from one second of the Porcupine xenon beam injection experiment

(from Häusler et al, 1986).
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Fig. 10. The current sheath to the positive space charge at the leading flank of the rotating xenon

beam in Porcupine.
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Fig. 11. A comparison between the observed floating payload potential Upin Porcupine and that

expected from the dynamic trapping mechanism, (a) Time After Launch (TAL) = 127 sec.

(b) TAL = 131 sec. (c) TAL = 164 sec. In each figure the upper panel shows the measured

density, the second panel shows the measured Up, and the third panel shows the value of

Up according to Eq. 21.
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Fig. 12. A self-polarized plasma cloud moving across the magnetic field inside a much thinner

ambient plasma without the dynamic decoupling process.
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Fig. 13. The electric field and the current system around a plasma cloud which is dynamically

decoupled.
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The neutralization of positive space charge is studied in a case where heavy positive ions are

added to a limited region of length L in a collisionfree magnetized plasma. It is found that

electrons which become accelerated towards the positive space charge can only achieve a partial

neutralization: they overshoot, and the positive region becomes surrounded by negative space

charges which screen the electric field from the surroundings. The process is studied both

analytically and by computer simulations with consistent results: large positive potentials

(U»kTje) can be built up with respect to the surrounding plasma. In the process of growth,

the potential maximum traps electrons in transit so that quasineutrality is maintained. The

potential U is proportional to the ambient electron temperature and the square of the plasma

density increase, but independent of both the ion injection rate and the length L. The process

explains several features of the Porcupine xenon beam injection experiment It could also have

importance for the electrodynamic coupling between plasmas of different densities, e.g. the

injection of neutral clouds in the ionosphere of species that becomes rapidly photoionized, or

penetration of dense plasma clouds from the solar wind into the magnetospherc.
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