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Self consistent one-dimensional hybrid code 
simulations of a relaxing field reversal 
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Abstract. We present the results of self-consistent one-dimensional hybrid code 
(kinetic ions and fluid electrons) simulations of a dipolarizing field reversal. Local 
ion energization processes are studied in terms of both the ion kinetics and bulk 
plasma behavior. We demonstrate evolution of the system through two phases: (1) a 
quasi-static "trapping" phase, during which infiowing ions are trapped in the reversal 
structure at early times and (2) a dynamic "escape" phase, during which trapped 
ions escape from the reversal after an increase in/•1' We perform simulations with 
different linking field component (GSE B•) to reversing component (GSE B•) ratios 
and show that this parameter controls the details of the ion energization. This 
study suggests a characteristic signature in the magnetic field (a bipolar B•) and 
bulk plasma parameters (an increase in /•l) associated with this behavior which 
should be observable in in situ data. Our results are applicable for times earlier 
than the midtail to ionosphere Alfv6n travel time. 

1. Introduction 

At the onset of a magnetic substorm, magnetic field 
lines in the near-Earth geotail undergo rapid reconfigu- 
ration from a taillike geometry to a more dipolar state 
("dipolarization"). Characteristic features of dipolar- 
ization include rapid changes in the local field strength, 
the observation of high-energy (• 1MeV) bursts of par- 
ticles [e.g., Hones el al., 1976], and the arrival of lower- 
energy plasma seen at around 6RE (so called "injec- 
tion events") [e.g., Lennarlson el al., 1981]. To date, 
only non-self-consistent studies have been made of ion 
dynamics during dipolarization [e.g., Chapman, 1993, 
1994; Delcourt, 1991; Delcourt and Moore, 1992]. 

In this paper we present one-dimensional hybrid code 
simulations of a dipolarizing field reversal. In order to 
study the consequences of dynamic reconfiguration of 
the magnetotail magnetic field at substorm onset we 
choose as our initial condition an out-of-equilibrium 
field reversal. This work is significant in that unlike 
previous studies of ion energization during dipolariza- 
tion [e.g., Delcourt, 1991; Delcourt and Moore, 1992], 
we can self-consistently examine the evolution of local 
field structure and ion dynamics. The ion energization 
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mechanisms which occur are all local to the dipolariz- 
ing field line, enabling us to deduce what energization 
can occur locally and by implication what must occur 
elsewhere (e.g., at a reconnection site). 

We present the results of two simulations, one with a 
weak linking field component and one with a stronger 
linking field. The values we use span the range of ob- 
served linking field component. We demonstrate that 
the ratio of linking field to reversing field components 
determines the details of ion energization, rather than 
the overall evolution of the relaxing reversal. 

We find that the reversing magnetic field structure is 
capable of trapping infiowing ions. As the trapped ions 
oscillate across the reversal, they gain net field-aligned 
acceleration via a mechanism approximately modelled 
as first-order Fermi acceleration. The parallel pressure 
of the trapped population increases due to individual 
ion acceleration, and once it has become sufficiently 
large to strongly perturb the bulk plasma configura- 
tion, the trapped population escapes. The escaping 
population may be in pressure balance or may have an 
overpressure, depending on the size of the linking field. 
After the escape of the initially trapped population, a 
continual process evolves in which ions initially located 
outside of the reversal convect in, are trapped, acceler- 
ate, and escape en masse. A characteristic bipolar By 
field component evolves across the reversal. 

The paper will be structured as follows. We first give 
an overview of the simulation, provide details of the 
simulation method, and describe the initial conditions 
in more depth. We then present and discuss the results 
of two typical simulations. Finally, we summarize our 
key results. 
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2. Simulation Details 

2.1. Overview 

An overview of the simulation geometry is given in 
Figures la (initial configuration) and lb (subsequent 
evolution). The one-dimensional hybrid code employed 
here allows variation in one direction only (GSE z) but 
retains all three vector components. The field reversal 
is initially out of equilibrium, in that the J x B force 
is not balanced by the initially isotropic ion distribu- 
tion. The field lines therefore relax as time increases, 
accelerating the plasma. The system is therefore analo- 
gous to the evolution of a reversal when the associated 
plasma population has (by some unstated mechanism) 
been newly isotropized. The relaxation of the reversal 
in the simulation occurs by some combination of fast, 
slow, and Alfvdn waves which can propagate in GSE 
+z as the field lines in principle contract in GSE+x as 
shown in Figure lb. This generates a strong field region 
with infiowing isotropic plasma outside of the reversal, 
and a weak field region in the reversal within which 
plasma is accelerated, and within which also particles 
can become trapped. 

2.2. Simulation Model 

The simulations are performed using a one- dimen- 
sional hybrid code, in which the electron population 
constitutes a massless, charge-neutralizing fluid back- 
ground and the ions (protons) are represented by com- 
putational particles. The simulation grid size and time 
step are such that the ion gyromotion is fully resolved. 
In this limit the full range of "low-frequency" (i.e., 
w << cope, cote) phenomena are resolved. Quantities vary 
in one direction only, which we orient in i GSE; however 
all three vector components are retained. 

The governing equations are 

o•' + V. [nV] - 0 (1) 
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Figure 1. The magnetic field configuration envisaged 
(a) at time zero and (b) at some later time. 
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where the electron inertial term has been neglected, 
and quasineutrality implies nV = niV i + neVe and 
J - ne(V i -Ve). The number density n, and the bulk 
ion velocity V i are obtained directly as moments from 
the positions and velocities (the v•) of the computa- 
tional particles that represent the ions. In this one- di- 
mensional geometry the assumption of quasi-neutrality, 
and continuity of charge, imply that Jz -0 (equation 
5), while V.B = 0 constrains Bz to be constant. Full 
details of the numerical scheme are given by Terasawa 
et al. [1986], with the exception that in order to obtain 
the electron pressure Pe, Terasawa et al. assume a poly- 
tropic equation of state for the electron fluid whereas we 
obtain Pe from the massless fluid energy equation: 

+ Ve. VPe = -7P•V. Ve + (7 - 1)r/J 2 (7) Ot 

where 7 is the ratio of specific heats. Equations (1)- 
(7) form a closed set, with seven unknowns (E, B, 
n, Vi, Ve, J, and P•) and seven equations. We se- 
lected the code originally developed by Terasawa et al. 
[1986] because it is in principle nonresistive, that is, in 
the region of the evolving field reversal the resistivity 
r/= 0 (although, of course, there is numerical resistivity 
present). This gives the code good resolution, appropri- 
ate for studying the fine structure at the edges of the 
reversal. 

Equation (6) can be rewritten using equation (q)for 
J and a vector identity to give 

B 2 - -v i x n + (n.v)n 1 V( + P,)+ r/J (8) ' 
The five terms in equation (8) represent the forces act- 
ing on ions in the simulation. The V i x B term can 
play a role in the coupling of different species in a 
multispecies plasma, where the species differ in mass 
[Chapman and Dunlop, 1986; Chapman and Schwartz, 
1987] or represent populations of the same particle type 
with different distribution functions [Leroy, 1983]. The 
(B.V)B term represents the curvature force due to the 
reversing field geometry illustrated in Figure la. Since 
B = B(z,t) here, the components of this expression 
are B,O/Oz(i:B• + OBy). At least initially in the sim- 
ulation there is no field component in •, and so this 
curvature force simply acts to accelerate the plasma in 
/: (i.e., the direction in which the field relaxes). Sub- 
sequently a By component develops and the dynamics 
become more complex. The third term on the right- 
hand side of equation (8), involving VB 2, is the field 
pressure term, and this acts toward the center of the 
field reversal along i to initially trap particles in the 
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reversal. The fact that the curvature and field pressure 
terms act in different directions shows that the physics 
of the simulation should not be thought of as being 
purely one-dimensional; the propagation of waves along 
• allows the reversal to collapse and liberate field en- 
ergy to the ions as a bulk plasma acceleration in • (as 
illustrated in Figure lb). 

Solution of the above equations requires the specifi- 
cation of suitable boundary conditions: in these simu- 
lations we have open "inflow" at both boundaries, so 
that at the boundaries the bulk plasma parameters and 
ion distribution functions are held constant. To absorb 

waves approaching the boundaries, we increase r/from 
zero at the center of the box to a finite value at the 

edges of the box. 
A one-dimensional (i.e. dependence only on z and 

t) simulation has been chosen for this study to allow 
good spatial and temporal resolution. This is appro- 
priate as we are examining the local dynamics of an 
evolving system which does not include coupling with 
the magnetosphere as a whole, that is, the boundary 
conditions simply damp waves and absorb particles in- 
cident upon them and do not attempt to mimic the 
ionospheric plasma which in a global model the field 
lines would ultimately encounter. We therefore do not 
expect to obtain results of a "global" nature, such as 
the width of the current sheet in •O or the implications 
for the time evolution of current structures in the iono- 

sphere. 
Our choice of boundary conditions also implies that 

we cannot study the evolution of this configuration to 
equilibrium, since again, this would require coupling 
between the region of plasma sheet we are numeri- 
cally modeling and the external system composed of 
the ionosphere and the Earth's dipolar magnetic field. 
The coupling would involve appropriate boundary con- 
ditions and would require a simulation code allowing 
spatial variation in more than one dimension (such as 
the two-dimensional hybrid code used by Thomas et 
al. [1990]). Instead, the study is designed to explore 
the implications of dynamic changes in the magneto- 
tail field geometry at substorm onset, where by some 
unstated mechanism the plasma distribution function 
is isotropized and no longer balances the J x B force 
of the extended magnetotail field. This phenomenon, 
localized in both space and time, will transfer field 

energy to the plasma and result in ion energization. 
The question addressed here is whether this local phe- 
nomenon can completely account for the energetic ion 
signatures seen during ion injection events, or whether 
energization from some source remote from the simula- 
tion region (i.e., remote from the dipolarizing field line) 
is also required. 

Previous studies [Swift and Allen, 1987; Swift, 1992] 
have employed two-dimensional particle-in-cell simula- 
tions to examine "global" properties of a plasma sheet 
by using boundary conditions that attempt to mimic 
the ionosphere. The system modelled was however, es- 
sentially in equilibrium and hence did not evolve as an 
expanding (i.e. dipolarizing) field reversal as expected 

here (Figure 1); we shall see that this expanding field re- 
versal drives the overall ion dynamics. In addition, the 
spatial resolution employed in the above papers would 
not be sufficient to reveal the detailed structure of the 

reversal found in this study. The results found here and 
those in the above papers are therefore complementary, 
as they are designed to examine different features of 
plasma sheet behavior. 

2.3. Initial Conditions 

We represent the predipolarization conditions as an 
out-of- equilibrium field reversal. The field component 
B• is allowed to reverse smoothly at the center of the 
simulation box, its variation with position z along the 
simulation axis being given by 

B• - B•0 tanh( z - L/2 A0 ) 
where L is the simulation box length and A0 is the 
initial half width of the reversal region. A smaller link- 
ing field component parallel to the simulation axis Bz 
threads the reversal. This component is constrained to 
be a constant by V ß B - 0 in a one dimensional system. 
The third field component, By, is initially zerq. These 
initial conditions describe sharply bent field lines whose 
only direction of variation is along i (Figure la). Note 
that the constant linking field allows us to transform 
to different Ey convection frames by moving with con- 
stant speed in the & direction (the de Hoffman Teller 
transformation [de Hoffman and Teller, 1950]). 

We find that the parameter which determines the de- 
tails of ion energization is the ratio of the linking field 
component Bz to the reversing component B•. Ion ac- 
celeration in x occurs on the scale of the Alfvdn speed 
VA,•, whilst the reversal structure expands in z at ap- 
proximately VA,z. Consequently, we present two simu- 
lations in which B•0 is the same (20nT), but B, is small 
in the first case (2nT) and large in the second (8nT). 
Both these values are consistent with observations [e.g., 
Wagner et al., 1979]. All other bulk parameters are the 
same in both simulations. 

In the simulation rest frame, plasma flows into the 
reversal region from both sides with an inflow speed of 
0.1V•,•. The total plasma density is initially constant 
across the box, at no - 0.2cm -3. The plasma has an 
ion beta of approximately 0.1, whilst the electron tem- 
perature is taken to be ~ 0.1• [e.g., Baumjohann et 
al. , 1989]. 

The simulation axis is divided into 512 grid cells. 
There are approximately 8 grid cells to an ion gyro- 
orbit, giving good spatial resolution. The time step 
interval is about 1/400 of the ion gyroperiod. The sta- 
tistical fluctuation associated with representing the ion 
population by N• particles per cell is expected to be 
~ x/•-•. We typically take 100 particles per cell, reduc- 
ing fluctuations to better than 10%. 

2.4. Electrostatic Potential 

When discussing the simulation results we make fre- 
quent reference to the electric potential •b. This is de- 
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fined in general by 

0A 

E - -V• Ot (10) 
where A is the vector potential. The simulation geome- 
try (B=B(z,t) •na E=E(z,t)) ao•s not uniquely specify 
• and A, and here we use for convenience 

Z• 

By 

Zz 

_ OA• (z t) (11) - Ot ' 

OAy 
= Ot (z,t) (12) 
_ 04 (z t) (13) 

We find that the general character of the potential • 
is that of a potential well, due to the effect of the VB 2 
(field pressure) term in equation (8) discussed earlier. 
This potential well is capable of trapping infiowing ions. 

3. Results 

Vx,l 

Vx,r 

PII-P.L, PB 

Ji,x 

Je,x 

Ez 

Ey 

Bx, By 

nl, nr 

Vx,l 

We now present the results of two simulation experi- Vx,r 
ments, which differ only in the ratio of constant linking 
field component Bz to the reversing field component 
Bz. Ji,x 

3.1. Overview Je,x 
We first observe a weak burst of fast magnetohydro- Ez 

dynamic waves from the reversal region. These arise due 
to the lack of pressure balance inherent in our choice of Ey 
initial conditions. The fast waves are evident in Figure 
2, a snapshot of magnetic field pressure, potential, and * 
magnetic field components taken soon after time zero. Sx, Sy 
Figures 3 and 4 show various plasma parameters plotted 
against GSE z, the direction of variation in the simula- nl, nr 
tion. Figure 3 is for the weak linking field case, Figure 
4 for a strong linking field. In both cases, quantities are 
given at early and late times in the simulation. 

Pit 242.50. • 0.00. 
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0.0 '14•4.e' '2889.6 
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z/km ifS) 

Figure 2. A snapshot of magnetic field pressure PB 
-= x po[e[i] (V) (o]ia) 

(ahea) ompoe[ f[e= 
0.6 s (0.2r=i, where r=i is the ion gyroperiod) with B, - 
2nT. A short train of weak f•[ magne[ohydrodynamic 
waves is evident. 
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Figure 3. Plasma parame[ers •aken (a) before (b) 
ter the escape of ions trapped in the reversal structure. 
The linking field is 2nT. The quan[i[ies shown in each 
figure are as follows. The •op [wo panels show [he V• 
phase space configuration of the left- and right- hand 
popula[ions (in kms-•). The nex[ panel shows PII- P•- 
(oia) nda x 
We [hen give ion and elec[ron curren[s in [he/: direc- 
lion (A x 10-•). The elec[ric field componen[s E, and 
E v (Vm -• x 10 -a) and po•en[ial • (V) follow. Finally, 
we give the magnetic field components B• (solid) and 
B v (dashed) (nT), and [he densi[y of par[icles origina[- 
ing from [he lef[- hand (solid) and righi- hand (dashed) 
sides of [he box (in cm-a). 

Figures 3 and 4 show the potential well associated 
with the reversing field structure. At early times the 
well is approximately 20 ion gyroradii across, and it ex- 
pands in z as the reversal relaxes. The boundaries to 
the well show a combination of Alfvdnic (e.g., constant 
field pressure) and slow wave (e.g., density depression) 
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0.• 5745.6 11491.2 coming trapped in the well, accelerating and escaping (0.0) (a• .3 (•.4) 

• (rg•) from the well is set up. In the strong linking field c•e 
Figure 4. As for Figure 3 but with a stronger linking this process has a "bursty" nature, with bunching evi- 
field (8nT). Note that escape from the reversal region dent in the escaping ions. Also in this case, ions remain 
occurs earlier than with a weaker linking field. It has trapped in the reversal for shorter durations than with 
been verified by examining individual ion trajectories a weak linking field. 
(see e.g., Figure 12) that the noise generated in E at the In Figure 5 we plot the component of the electric field 
reversal boundaries does not perturb the ion motion. parallel to the magnetic field direction, Ell , • it evolves 

during the simulation (linking field 2nT). It can be seen 
that Ell is nonzero in the vicinity of the field reversal and properties and are approximately 4 ion gyroradii wide. 
is consistent in direction with the trapping of the pop- With a linking field B• - 2nT the boundaries have ve- 
ulation within the reversal. When the initially trapped locity in •z of • 5Okras -•, compared with slow wave 

and Alfv•n SPeeds along z of 3Okras -• and 98kms -• population of ions escapes from the reversal structure 
respectively. With a linking field B• - 8nT the bound- (at about 4.9 rgi), the region occupied by nonzero , contracts, and in comparison with Figure 13, it will ary velocity is • 12Okras -• compared with slow wave 
and Alfv•n speeds along z of 11Okras -• and 40Okras -• seen to be •sociated with the region within which ions 
A bipolar By component develops across the reversal are subsequently trapped rather than the distorted field ' region •sociated with the escaping ions. A population of trapped ions builds up in the rever- 
sal. Some of these ions lay within the weak-field region 
of the reversal when the simulation began; others were 4. Ion Dynamics 
initially located outside and have convected into the 
weak-field region. •apped ions accelerate in GSE x • We will now discuss the detailed ion dynamics in both 
they oscillate across the reversal in z; consequently, the the x and z directions. Motions along z are oscillatory, 
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with no overall gain in velocity and possibly a net loss 
as the reversal expands. In the x direction there is net 
acceleration to approximately twice the Alfvdn speed. 
Acceleration in x can be approximately modeled as a 
first-order Fermi acceleration [e.g., Cowley, 1980]. Mo- 
tion in z is understood in terms of the electric potential 
qb (discussed in section 2.4) which has the form of a 
potential well. 

To simplify the discussion, we first consider an ideal 
field reversal, where Ba, changes discontinuously as a 
step function, treating motion in x and z as if they were 
decoupled. We then consider the more realistic case of 
a smooth reversal over a finite distance, retaining the 
decoupled approximation. 

4.1. "Zero-order" Description 

As a "zero order" approximation we suppose that 
at time zero, Ba, reverses discontinuously from q-Ba, to 
-Ba, (in fact, it varies smoothly on a scale larger than 
the resolution Az of the simulation). The potential well 
in this case is a square well (Figure 6a). Evolution of 
the field line between two times to and tX is illustrated 
in Figure 6b. As the field line relaxes, two wave struc- 
tures bounding a region of zero Ba, move apart in the z 
direction with some speed Vz. Field lines between the 
boundaries relax in x with a speed Vt. Our simulation 
results show the boundaries to have both Alfv6n and 

slow-wave characteristics, and so Vz is determined by 
the Alfv6n and slow wave speeds in z. By making the 
approximation that Vz is just the Alfv•n speed along z, 
we now show that Va, is approximately the Alfvdn speed 
along x. 

Referring to Figure 6b, point A on the relaxing field 
line at time to moves to point B at a later time fl. 
Defining At = tx--tO, we have la, = V•At and lz = Vz At 

t=tl>t0 t=t0 

(b) 

Figure 6. (a) Potential well and (b) field line envisaged 
for a discontinuous reversal. 
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Figure 7. Frame transformation arguments for first- 
order Fermi acceleration. (a) Simulation rest frame. (b) 
Field line rest frame. 

by geometry. Clearly, the line AB defines a section of 
field line, so la,/lz = Ba,/Bz. Hence V•/Vz = B•/Bz, 
and if Vz = VA,z then Va, = VA,a,. 

Given that the field line moves in & with velocity 
VT5: = VA,a,5: in the simulation rest frame, we now give a 
frame transformation argument leading to field-aligned 
ion acceleration in this frame. Refer to Figure 7. Under 
the decoupled assumption we ignore the expansion of 
the reversal, that is, motion of the field line along z. (If 
we include this, then the ions will lose field-aligned ve- 
locity, whilst at positions b, b' due to the expansion of 
the reversal). Consider an ion entering the reversal with 
velocity components -via,i: and -viz ;• in the simulation 
rest frame (position a). We transform into the field line 
rest frame, where the constant convection electric field 
Ey is zero, by moving with velocity VTi:. The ion's x 
velocity component becomes -(via, + VT)i: (position a'). 
The ion then travels across the zero-B• region of field 
line (positions b, b') and exits the reversal. In the field 
line frame the ion's energy is constant, so its x compo- 
nent simply reverses, becoming (via, + VT)i: (position c'). 
When transformed back into the simulation rest frame 

this becomes (vi• + 2VT)& (position c). Thus the ion 
has gained twice the field line speed in the simulation 
rest frame, i.e., 2VA,a,, in the x direction. 

We should also consider the effect of the expansion 
of the reversal structure in z. The boundaries of the 
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region of zero B• each have velocity V•t,z along z. When 
an ion interacts with one of these boundaries, it will 
lose energy. A similar frame transformation argument 
to that given previously shows that the ion will lose 
twice the velocity of the boundary with each interaction. 
Hence whilst the ion approximately gains field-aligned 
velocity (i.e., x directed velocity) due to relaxation of 
the reversal in x, it will lose field-aligned velocity (z 
directed velocity) whilst within the reversal at positions 
b, b'. 

4.2. "First-order" Description 

We improve on the above zero-order description by 
considering the more realistic case where B• reverses 
smoothly over a finite distance at time zero. The po- 
tentiM well in this case is harmonic (Figure 8a). The 
potential wells observed in the simulations have this 
form (Figures 3, 4 and 9). Evolution of the field line 
between two times to and t x is sketched in Figure 8b. 
Two wave structures again bound the reversal region, 
but these are no longer confined to an infinitely thin 
region as in the zero-order approximation. 

In this first-order model, the electric field component 
Ey across the reversal is not constant but varies with 
z (this is most pronounced in the simulations at early 
times). Since Bz is constant in this geometry, there is no 
single de Hoffman-Teller frame transformation velocity 
VT = V• that would satisfy Ey(z) =-V•B, = 0, and 
so no single frame transformation will take us into the 
field line rest frame. Instead, VT is a function of z 
and the above first-order Fermi acceleration arguments 
cannot be employed exactly. We would expect net x- 
directed ion acceleration to be of similar magnitude to 
that deduced from the zero-order model, that is, gains 
of less than or of order 2V•t,•, but cannot predict details 
of the trajectories. 

-11250.00 ............................. 
0.0 5745.6 114•1.2 
(0.0) (31.7) (63.4) 

z&m (r•) 

Figure •. Evolution of the potential well in •he case 
B• - 2nT. The well widens and deepens in time. 

The potential well in this model is harmonic, and as 
the field line relaxes, the potential well expands. As 
an ion moves into the reversal, it interacts with the 
expanding well and loses energy e at a rate given by 

de dq3 
d-7 - dz •o•,. (14) 

For suitably small initial velocities vi,, this loss of en- 
ergy will be sufficient to render the ion in a bound state. 
Thus the ion becomes tra. pped in the reversal structure 
and oscillates across it. Under the approximation that 
motion in the x and z directions are decoupled, the 
trapped ion obeys the equation of motion 

d2z E,q 
= --, (15) dt 2 m 

(a) 

t=tl>t0 t=t0 

• z 

where E, = -Oc)/Oz. Such an equation of motion can 
be solved by taking a suitable model for the potential qb. 
A relatively simple model consists of a simple harmonic 
potential well of constant depth qb0 expanding from an 
initial half width A0 with constant velocity v; that is, 

z2 t)- + vt) -1]. (16) 

(b) 

Figure 8. (a) Potential well and (b) field line envisaged 
for a gradual reversal. 

This potential arises from a B• which reverses linearly 
with z; in the simulation, B• ~ tanh(z/Ao), so this po- 
tential results when z << A0. In practice, the depth of 
the potential well is observed to increase with time as 
the field relaxes (Figure 9); this is not included in the 
simple model. The equation of motion using equation 
(16) for qb is solved in the appendix. It is interesting to 
consider the motion of a population of trapped ions, as 
described by vz versus z phase space plots. The analysis 
given in the appendix predicts that these plots should 
have a marked spiral appearance (Figure 10a). This is 
borne out by simulation results for times prior to exces- 
sive phase mixing, after which the spiral appearance is 
obscured by thermal effects (Figure 10b). 
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z versus t trajectories of several ions. The two plots 
for the weak linking field case reveal that ions remain 
trapped for longer periods than with a strong linking 
field. It is also evident that after the escape of the ini- 
tially trapped population started where B• << Bz, ions 
which were originally located outside the reversal where 
Br >> Bz continue to fall into the well, accelerate, and 
escape. 

It is significant that the initial escape happens en 
masse for the trapped population, indicating a bulk 
plasma mechanism rather than a process solely dictated 
by single particle dynamics. 

5. Bulk Fluid Behavior 

0.00 

5734 '(31.6) 

z/km (rgi) 
(•) 

6205 (34.2) 

Figure 10. phase space plots of vz versus z as (a) de- 
duced by solving the equations of motion of many par- 
ticles placed initially uniformly across an an expanding 
harmonic potential well of constant depth (b) observed 
in simulation results. 

4.3. Effect of Linking Field Strength 

Typical ion v• versus z trajectories are given in Fig- 
ure 11 for both simulations. In both cases the ion starts 

with a small thermal v•, and as it oscillates back and 
forth across the reversal, it gains in v•. The maximum 
net field aligned velocity an individual ion can gain be- 
fore it escapes from the potential well is ~ 2V•,• as 
shown in sections 4.1 and 4.2. In the weak linking field 
case the ion's net v• jumps by small fractions of VA,• ß • 

over each oscillation, whilst with a strong linking field 
the ion's net v• increases much more quickly. As we 
would expect, ions which have the least number of in- 
teractions with the walls of the expanding potential well 
before escaping from it will ultimately have greater net 
field-aligned velocity. We will show that the bulk par- 
allel pressure of the trapped population dictates when 
the trapped ions will initially escape, rather than the 
velocity of individual ions. 

After performing a number of oscillations in the po- 
tential well, trapped ions escape from the well and travel 
away from the reversal to either end of the simulation 
box. This is illustrated in Figure 1:2, which shows the 

Taking the pressure tensor for ions in the vicinity of 
the field reversal to be gyrotropic, we calculate PII and 
Pñ for the trapped population [Krall and Trivelpiece, 
1986] (this assumption has been found to be good to 
within 10%). We find that as the ions gain field-aligned 
velocity, PII increases on the timescale of trapped ion 
oscillation. When the difference between PII and Pñ 
is sufficiently large, the quasi-static equilibrium of the 
trapping phase breaks down (Figure 13). The trapped 
population escapes from the reversal region, traveling 
toward either boundary of the simulation box. As they 
do so, they distort the magnetic field and bulk plasma 
properties. 

2.5- 

2.0 ÷ 

1.5. 

0.0 
0.( (o) 

(rgi) 
11468'.8 (63) 

2.5 

2.0 

•1.5 , 
,>•g1.0 

1468'.8 (63) 

Figure 11. Typical z versus v• ion trajectories in the 
simulation frame for (a) Bz = 2nT and (b) Bz = 8nT. 
The dashed line indicates the center of the reversal. Af- 

ter exiting the reversal, the ions (moving to the left 
here) execute gyromotion. 
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(c) (d) 

Figure 12. The trajectories of several ions initiated (a) and (c) close to the reversal (b) and (d) 
some way from the reversal. The top two figures (a,b) are for Bz - 2nT, the bottom two (c,d) 
for Bz - 8nT. 

12000' (66.2) 

The increase in PII is consistent with the combined 
effects of Fermi acceleration and the trapping force dis- 
cussed earlier. These result in an increased spread in 
the parallel velocities of the trapped ions. This can be 
seen in Figure 14, which gives shaded vii versus z phase 
space plots. 

As we see in Figure 13 (and Figures 3 and 4), the 
trapped population initially escapes en masse from the 
reversal region when locally PII is sufficiently large that 

B 2 

Pll- P.L "" 2yo (17) 

This condition is just that which double adiabatic the- 
ory would indicate as when the excess PII will force a 
reconfiguration in the bulk plasma properties [Krall and 
Trivelpiece, 1986]. When this happens, the quasi-static 
trapping phase breaks down and the trapped ions es- 

cape from the reversal region. The anisotropy of Pll and 
Pñ has been discussed by other authors [e.g., Pritchett 
and Coroniti, 1992] as an equilibrium condition arising 
from double adiabatic theory [e.g., Bittencourt, 1986]. 
Here however, it appears in a dynamic context as an 
indicator of particle escape from the reversal. 

Figure 13 shows that in the weak linking field case the 
trapped ions achieve pressure balance at initial escape, 
that is, PII- Pñ -• B2/2P ø, whilst in the strong linking 
field case the trapped population produce an overpres- 
sure, PII- Pñ > B2/2•o' In the former case, individual 
ion vii values increase in small jumps as they oscillate 
across the reversal and the bulk Pll can approach the 
escape condition gradually. In the latter case, individ- 
ual ion vii values jump by much larger amounts during 
oscillation across the reversal, and consequently, PII ex- 
ceeds the escape requirement. 

The applicability of equation (17) can be tested by 
rearranging it to give 
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Figure 13. Evolution of PII- Pñ (solid line) and mag- 
netic field pressure Pls (dashed line) with (a) a weak 
linking field (b) a strong linking field. The units of pres- 
sure are Nm -2 x 10 -•ø. The numbers down the left- 
hand side of each figure indicate real time in seconds 
(ion gyroperiods). 

B 2 
- PII •- P•- 4 2/•o 

Calculating the right-hand side from simulation plasma 
parameters would yield the value of PII required to sat- 

isfy (17) locally. This PII can then be related to the 
bulk vii of the plasma by assuming a form for the distri- 
bution function of the ions. For simplicity, we assume 
that the trapped populations are just two beams with 
bulk parallel velocities •vcri•, as shown in Figure 15. 
In this case, PII is given by 

PII 2 -- PVcrit. (19) 

Thus 

+ ?z (20) Vcrit -- 

where PB is the magnetic field pressure B2/(2/•0). 
Using the simulation bulk parameters, q-vc,.it has 

been plotted on the phase space plots of Figure 14. In 
the pre-escape plots of both simulations, although some 
trapped ions have individual parallel velocities greater 
than the boundary v•it escape does not occur as the 
bulk parallel velocity is less than this v•it. In the post 
escape plots it is clear that the bulk parallel velocity 
of the escaping population is greater than vomit, thus 
satisfying the escape criterion. 

The post escape plot for the strong linking field case 
in Figure 14 also shows clearly the bunching of the es- 
caping ions. This does not arise in the weak linking 
field case. 

5.1. Magnetic Fields 

Although By is zero in our initial conditions, a char- 
acteristic bipolar By signature is generated across the 
reversal from early times (see Figures 3 and 4). Hodo- 
grams of the Bz, By field components are given in Fig- 
ure 16 (see also [Goodrich and Cargill, 1991]). As we 
move through the structure with increasing z, the field 
rotates in a clockwise (right-handed) sense through an 
angle less than •r/2, and then back again in an anticlock- 
wise (left-handed) sense. In the regions at the edges of 
the reversal, where By increases from zero, the total 
field strength B is constant and the density reduces. 

To support By, the electrons carry current in the -& 
direction and the ions in +&. In both simulations, the 
electron current is approximately 25% larger than the 
ion current, and so there is a net current in-•. Prior to 
escape from the reversal, the electron current reverses 
direction at the edges of the reversal to thus support the 
fine structure. After escape the field becomes distorted, 
and fine structure is not as evident. 

When the linking field is weak, the magnitude of By 
is approximately twice that observed when the linking 
field is strong. This may be due to the much longer time 
for which ions are trapped in the reversal structure in 
the former case, giving the By component more time to 
develop. 

The post escape hodograms, Figures 16b and 16d, 
show more structure in the strong linking field case than 
in the weak case. This corresponds to fluctuations in Bz 
and By at locations of particle bunching in the escaping 
ions. 
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Figure 14. 
linking field (2nT), the bottom two (c,d) for a stronger linking field (8nT). In each case the 
leftmost plot (a,c) is for a time prior to escape, the rightmost plot (b,d) is post escape (the plots 
are for the same times as the snapshots in Figures 3 and 4). Note that only the central 60% 
of the simulation axis is shown, to clarify structure in the escaping population. The increased 
spread in parallel velocities in the reversal structure can clearly be seen in both pre-escape plots. 
In the weak linking field case, the ions escape from the reversal with velocities less than twice 
the z direction Alfvdn speed. With a stronger linking field, they escape with twice the Alfvdn 
speed. The solid lines indicate the critical velocity deduced from PII- P•- = Ba/2I uo' In both 
simulations, escape from the reversal only occurs when the bulk parallel velocity of the trapped 
ions exceeds this critical velocity. 

6. Conclusions 

We have presented the results of one-dimensional, 
self-consistent simulations of a dipolarizing field rever- 
sal with varying linking field strengths. We have dis- 
cussed both ion dynamics and bulk plasma behavior. 
Our principal results are as follows: 
1. The large VB 2 in the reversal structure causes the 
trapping of inflowing ions. 

2. The Pll of the trapped population increases in a man- 
ner consistent with net field aligned acceleration due to 
the Fermi acceleration of ions as they oscillate across 
the reversal and deceleration as they interact with the 
reversal edge. This ultimately results in their escape. 
3. We have found a general condition, 

S 2 

PII- P.L • 2po (21) 

which describes when the trapped plasma can no longer 
be contained and will escape. 
4. Following this initial escape a continual process of 
inflowing ions becoming trapped in the reversal, accel- 
erating and subsequently escaping occurs. 

,• vparallel 
-vcrit +vcrit 

Figure 15. Distribution function assumed for calcu- 
lating v•it, f(Vll)- f0(5(Vll- v•it)q-5(vii + v•it)) 
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Figure 16. Hodograms showing the bipolar B• component which is generated from early times. 
The top two graphs (a,b) are for a weak (2nT)linking field, the lower two (c,d) for a stronger 
linking field (8nT). In each case, the left figure (a,c) is prior to escape of the trapped ions and 
the figure on the right (b,d) is post escape. 

5. We have identified a characteristic signature in By 
accompanying this behavior. 
6. We have shown that the time an ion remains trapped 
is dictated by the ratio of linking field component to 
reversing component, and as a consequence, this deter- 
mines whether the post escape phase is characterized 
by pressure balance (PII- P•- -• PB) or overpressure 

- > 
These results define a signature which should be ev- 

ident in observations of dipolarization close to the tail 
center plane. If PII - P•- -> PB outside of the rever- 
sal, then field aligned beams moving at Vii ~ 2VA,r 
(~ 1- 10keV from the simulation results shown here) 
will be observed which, if PII- Pl >> P•, will be bursty 
in nature. Inside the weak field region (identifiable by 
the bipolar By signature in a coordinate system analo- 
gous to the simulation configuration) counterstreaming 
beams of Vii < 2VA,r should be observable. 

Our simulations reveal a local ion energization mecha- 
nism which can be approximately modeled as first-order 
Fermi acceleration. Ions are accelerated to low-medium 

energies (1- 10keV), indicating that the high-energy 
( ~ 1MeV) bursts of particles seen during substorms 
must be accelerated elsewhere or by some other mecha- 
nism not represented in the self-consistent hybrid code. 

Appendix: Expanding Potential Well 

To represent an expanding potential well of constant 
depth in one dimension, we consider a potential of the 
form 

r)(z, t) - r)o (Ao + vt) • - 1 , (A1) 
where A0 is the initial half width and v is the speed at 
which the edges of the well move apart. The electric 
field associated with this potential is given by 

240z 

(Ao + vt) 2 (A2) 

A particle of mass rn and charge q in this potential has 
the equation of motion 

d2z (2q•0q • z dt -'-•- + k, mAo2,] (1 + vt/Ao) • = 0. (A3) 
To solve this, we make two substitutions. 
substitute T- 1 + vt/Ao and obtain 

First, we 
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2 d2z (2•boq'• z & zo - Ao 
-0 (A4) Ifz0>A0, z-z0,•-0 t_< (A1,2) v 

or 

d2 z z 

+ - o 
where k is the dimensionless constant (2qboq/mv'). We 
now make a second substitution, T- e • yielding 

d•'z dz 

ds 2 ds 
l- kz - 0 (A6) 

Equations of this form are associated with damped sim- 
ple harmonic motion. To solve it we consider the aux- 
iliary equation, 

O 2 - O + k - 0 (A7) 

which has roots 

1 

D- • 4- V/4 x- -k. (A8) 
The case k < 1/4 would correspond to overdamped 
motion. This is outside the regime of our simulations, 
where we have k > 1/4. The standard solution in this 
case is 

z-Ce'sin[s k-•+7] (A9) 

where C and 7 are constants determined by the bound- 
ary conditions. Substituting back for s and T gives 

+ •o - •)ln(l+•o)+7] (A10) 
From this we see that the amplitude of oscillation in- 
creases with time as v/(1 + vt/Ao). The period of the 
motion also increases due to the logarithmic dependence 
on t in the oscillatory term (Figure 17). 

The boundary conditions, and hence the constants C 
and 7, are dependent upon whether the particle's initial 
position z0 lies inside or outside the potential well at 
time t = 0. For the two cases we have 

&-O t-0 (All) Ifzo<Ao, z-zo,•- 

Using these boundary conditions, we can obtain expres- 
sions for C and 7, giving if z0 < A0 

7 - tan-X[-2q k - ¬l (A13) 
C - si•-• (A14) 

and if zo > Ao 

- 0 0 x ln(•-ø-) 7-tan x[-2 -¬]- -• Ao 
C - 

V/• i In( sin[ 

(A15) 

(A16) 

If we now populate the vicinity of the potential well 
with a number of equally spaced particles, we can ob- 
tain the expected phase space diagram. This involves 
calculating both the position and the velocity of each 
particle at a given time; the latter quantity is given by 

Vz ---- d--•' 

• • sin[qk _x ln(1 + •oo ) + 7] c {• 
Ao V(I+ •t •) 

x cos[v/k- •ln(1 + •0) + 71} (a17) +qk-i 
A typical phase space plot obtained by this method is 
given in Figure 10a, to be compared with an actual plot 
obtained from a simulation given in Figure 10b. 

As a final test of this solution, taking the limit of 
v -• 0 should give us the trajectory of a particle in a 
potential well of fixed width. To do this, we note that 
as V•0• 

vt vt (A18) In(1 + •0 ) -• A--•' 
and with some manipulation, equation (A10) becomes 

z-C sin[•( 2q5øq ) t + 7] (A19) 

Comparing this with the equation of SHM, 

. 

-4 -2 0 2 4 
x/km 

Figure 17. A typical trajectory obtained by solving 
the equation of motion of a particle in an expanding 
harmonic potential well of constant depth. 

z - C sin[wt + 7] (A20) 

we identify 

/ 2c•oq 
co- V•--•0 • (A21) 

as being the frequency of oscillation. In the case of a 
slowly expanding potential well, the frequency would 
have this value at time t - 0, and it would slowly de- 
crease thereafter. 
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