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Abstract

One-dimensional numerical particle simulations have been performed of the ionospheric

barium injection experiments CRIT I and CRIT II, using a realistic model for the shape and

the time development of the injected neutral cloud. The electrodynamic response of the

ionosphere to these injections is modelled by magnetic-field-aligned currents, using the

concept of Alfvén conductivity. The results shows very good agreement with the CRIT

data, especially concerning the low-frequency oscillations that were seen after the initial

phase of the injections. The shapes, amplitudes, phases, and decay times of the electric

fields are all very close to the values measured in the CRIT experiments.



1. Introduction

The CRIT I and CRIT II rocket experiments launched in 1987 and 1989, respectively, were

designed to study the critical ionization velocity (CIV) hypothesis proposed by Alfvén

(1954). Various results from these experiments have been discussed by e.g. Brenning et

al. (1990, 1991a,b) and Swenson etal. (1991). In this report we will concentrate on the

quasi-DC electric fields, seen by the CRIT I main payload, and on the oscillations with a

frequency close to the barium gyro frequency that were seen by the sub payload in CRIT I,

and by both the sub and the main payloads in CRIT II (from here on called the barium

oscillations). The term quasi-dc is here used for observations made inside the barium

stream, on the slowest time scale that can be maintained by the stream. The typical time

constant T,n: is given by the stream's extent along the flow divided by its velocity, typically

0.1 s in the CRIT experiments. The appearance of barium oscillations is a later

phenomenon which was observed after the fast part of the beam had passed. By chance

the quasi-dc fields and the barium oscillations were close in frequency in the CRIT

experiments. The distinction between them is therefore based on the time of appearance.

They will be dealt with in different sections below.

A theoretical model for the quasi-DC fields has been presented by Brenning et al. (1991 a).

The barium oscillations were explained by Brenning et al. (1991 b) using the barium swarm

model. These models will be presented in the appropriate sections below. We have now

done numerical simulations using a one-dimensional electrostatic particle-in-cell code, in

order to simulate the data from the CRIT experiments. Of course a one-dimensional model

is not sufficient to make a complete comparison with the experimental data, but certain

aspects can still be studied in a meaningful way. Here we primarily study the electric fields

perpendicular to B and the motion of the barium ions perpendicular to the magnetic field,

with the purpose of comparing the simulation data with the CRIT measurements and with

the above-mentioned models.

The geometries for the CRIT I and the CRIT II experiments were very similar. In each

experiment two separate fast beams of neutral barium were injected into the ionosphere at

about 400 km attitude by means of identical shaped-charged releases. The injections were

aimed directly at the main payload. The local magnetic field strength was 0.44*10"4 T in

CRIT I and 0.43*10"4 T in CRIT II. A sub payload was positioned a few kilometres above
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the main payload close to the same magnetic field Hne. In CRIT I the injections were made

at an angle of 48° to the magnetic field. At burst one the distance between the main

payload and the point of explosion was 1.99 km, and at burst two this distance was 4.34

km. In CRIT II the injections were made at the angles 57° (burst 1) and 44° (burst 2) to the

magnetic field. At burst one the distance between the main payload and the point of

explosion was 1.58 km, and at burst two the distance was 3.88 km. In CRIT I the magnetic

field line through the neutral barium beam missed the sub payload by a few hundred

meters due to problems with tue rocket. The geometry for CRIT I is shown in Fig. 1.

Apart from these minor geometrical differences, there was only one significant difference

between the experimental conditions in CRIT I and CRIT II: the density of the ambient

ionosphere was much higher in CRIT II. In CRIT I the ambient plasma and neutral

densities were 6*1010 and 4»1013 m"3, respectively, while they were 56*1010 and

17*1013 m*3 in CRIT II. Probably as a result of these differences, CRIT II ignited in a

much more efficient fashion, and produced a region of high ionization extending 40-50 km

from the point of explosion (Stenbaek-Nielsen etal., 1990).

2. Description of the simulation model

The computer code used for the simulations is a modified version of PDW1, a one-

dimensional electrostatic particle-in-cell code (Birdsall etal, 1984). It has been modified in

two ways. First, a moving cloud of neutral barium atoms from which barium ions are

continuously created in the simulation region has been introduced. Secondly, a magnetic-

field-aligned current is fed into the simulation region. Since the purpose of these

simulations is not to study the CIV phenomena in itself, but rather the electrodynamic

response of the ionosphere, we have chosen to inject the barium ions out of the neutral

stream using an ionization time constant |J which is pre-determined in each run of the

simulation. Thus, these simulations do not include the process of ionization (CIV,

collisional ionization, etc).

The neutral barium cloud has a Gaussian velocity distribution that is a function of the time

since the explosion and the distance to the point of explosion. The density of neutral

barium atoms at a distance x from the point of explosion at a time t after the explosion is
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where 8 is the ionization time, n0 is the number of neutral barium atoms in the release,
vth,x> vth,y a n d vth,z a r e t h e t h e r m a l velocities in the x-, y- and z-directions respectively,

and VQ is the average velocity of the distribution. The number of barium ions injected as a

function of time and position is f^x. tyB. We have also introduced an upper cutoff velocity

of 13.5 km/s. This is a reasonably good approximation of the neutral barium cloud in the

CRIT experiments. Stenbaek-Nielsen etal. (1990) have evaluated the optical data from

CRITII. They concluded that the identically shaped charges in CRIT I and CRIT II were

very similar to the SR90 release where the distribution is well known. In Fig. 2 the

differential velocity distribution function for the SR90 release is compared to the differential

distribution function used in the simulations. In tha simulations we use an average velocity

of 10 km/s. The angular distribution in SR90 was nearly Gaussian with the half-width, half-

maximum cone angle 6.6° for velocities above 7 km/s. The half-width cone angle was 7° in

the simulations. Stenbaek-Nielsen etal. (1990) also found an ionization time of P=18OO s

in CRIT I and p*=200 s in CRIT II.

The injected ions are given a velocity equal to the velocity of the neutral barium atoms

from which they were created. This is in accordance with the measurements from the ion

detectors in CRIT II (Torbert, 1991). The corresponding electrons are given zero velocity.

A lower cut-off velocity for the injected ions is used. When the velocity of the neutral

barium atom is below this value, B=». in the simulations this velocity is equal to the critical

ior Nation velocity for barium, 2.7 km/s. Another choice would have been to use the cut-off

velocity given by collisional ionization against the ambient ions and neutrals. The

dominating processes are probably stripping (Ba+O -> Ba++O+e), and charge exchange

(Ba+O+ -> Ba++O). Both processes have thresholds at approximately 8 km/s (Torbert,

1991). In order to try to avoid artificial oscillations due to a sharp injection edge, a ramp

function is used for the injection close to the point of explosion. Within 0.5 km from the

point of explosion no ions are created from the neutral barium beam, and the ionization

rate is then increasing linearly to the full value fBa(x,t)/8 at a distance of 1 km from the



point of explosion.

The scaling of the parameters in the simulations is done in such a way that the strength of

the magnetic field, the barium ion mass and velocity, the gyro radius and gyro period of

the barium ions and all distances are equal to the values in the CRIT experiments. As

described above, the space- and time-dependence of the injected ion density along the

beam direction is also correctly scaled. Two parameters are scaled differently: the electron

mass and the barium density. This is due to computational limitations. The electron mass

is 1/100 of the barium ion mass. The electrons are still light enough to keep the

___ fundamental physics unchanged, but the time step in the simulations can be made fairly

large, saving computer time. The barium number density is 10 orders of magnitude below

the CRIT values. Since super particles are used in the simulations, this does not mean

that the charge and mass densities are 10 orders of magnitude below the CRIT values.

Each super particle is equivalent in mass and charge to a large number S (we have used

- S = 103) of real particles. We have however not been able to use the same charge density

as in the CRIT experiments, since that would have made it necessary to use an extremely

short time step in the calculations. Using large super particles also has the effect that the

noise in a one-dimensional simulation becomes very strong, hiding the signals one wants

to study. The scale factor in terms of injected charge and mass density is

^ R=(nsjm/r rea|)*S, where S is the superparticle-factor as described above.
V

The ambient plasma density in the simulations is zero. As a consequence the simulations

do not include any velocity space instabilities between the injected ions and the

background plasma. This is a serious limitation since such instabilities are important for

the CIV process. We will return to this question in the Summary. The aspect of the

ambient plasma we focus on is the electrodynamical coupling to the beam through

magnetic-fiekl-aligned currents which flow between the ambient plasma and the beam.

These currents close across the magnetic field, thus exerting jxB forces which exchange

momentum between these two regions. We consider only spatial scales larger than the

ambient ion gyro radius, and time scales slower than the ambient ion gyro time. Under

these conditions the concept of Alfvén conductivity applies (Mallinckrodt and Carlson,

1978), and the magnetic-field-aligned current is given by
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where E i is the electric field perpendicular to B, I A is the Alfvén conductivity, V A is the

Alfvén velocity in the ambient plasma, rij a m D is the ion density in the ambient plasma,

mi,amb i s t n e m a s s o f t n e a m b i e n t plasma ions, and p is the charge density in the beam.

A divergence in the perpendicular electric field corresponds to a space charge which

draws currents from the ambient plasma along the magnetic field lines. The current

system is closed across B in the fronts of Alfvén waves which are launched along the

magnetic field lines. A current perpendicular to the simulation region is of course artificial

in one-dimensional simulations like these ones, and many physical phenomena due to the

magnetic-field-aligned currents (e.g. fluctuations in the magnetic field) cannot be studied.

This is however not of any major importance for the results in this report, since such

phenomena would have their main influences outside the region we have been studying.

We therefore believe that the model we have chosen is appropriate. We assume that the

charge delivered to the simulation region by j / / is distributed evenly across the width of the

beam, Lf/. j / / is in the simulations carried exclusively by electrons. Any stationary net

charges in the simulation region will be neutralized by j / / at a time scale which is obtained

from Eq. (2),

!k_*L-J^ x -V* (3)
L,~*'xm« —"ac2"

where the factor 2 follows from the fact that j / / flows towards the beam from two direction

along the magnetic field. t n e u t has in all the simulations been kept shorter than the

variation times for the processes we study; otherwise an artificial current limitation would

occur.

The ambient plasma density that appears in Eq. (2) is scaled to that I/^/R is preserved

from the CRIT experiments. For a given ionization time constant p (i.e., the same value in

simulation and experiment) this is intended to preserve the electric field. The physical idea

is the following. The injected barium ions constitute a cross-field current which is directly

proportional to R. Quasi-neutrality requires that this cross-field current is closed by the
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field-aligned currents j / / which therefore also must be proportional to R. In order to

preserve correct values of E in the simulations, Eq. (2) shows that I^/R must be

preserved.

An alternative would have been a scaling where the ratio between the ambient plasma

density and the barium ion density in the beam was the same in the simulations as in the

CRIT experiments. This would have resulted in the displacement current density JQ.

(4)
dt

being scaled correctly. |Q is however of much less importance than j / / in the CRIT

experiments, as can be seen using measurements from CRIT I (main payload burst 1):

V divE V E 6
_± =Ls_JLÅq IQ

400-4.8

where fgj is the barium gyro frequency and rgj is the barium gyro radius. We therefore

consider the scaling where j / / is scaled correctly as being the most realistic.

The dimension perpendicular to both the barium beam and the magnetic field is missing

completely in the simulations. This means that no electric polarization across the beam is

possible, since the particles cannot build up space charges perpendicular to the simulation

region. The electric field becomes strictly parallel to the simulation axis (i.e. the neutral

barium beam).

Four different cases have been simulated using the model described above. They are

summarized in Table I and compared to CRIT I and CRIT II. In all four cases the neutral

beam density was below the real SR 90 density by a factor R=10*7. The differences lie in

the scaling of the two parameters I A / R and p\ Case A uses I/^/R and (3 values close to

CRIT II, while case D is intended to simulate CRIT I. (In case D, IA /R=0 instead of the

CRIT I value ZA/R=0.8, for reasons which will be discussed in section 3 below). The cases

8 and C are reference cases which, together with A and D, illustrate the effect of varying
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one of I^/R and (J while keeping the other constant.

In all cases the neutral barium beam is parallel to the simulation region (i.e. the x-axis). All

the simulations span a time period of 1 s. and the length of the simulation region is 7000

m. The magnetic field is everywhere perpendicular to the simulation region. Since this is a

one-dimensional simulation changing this angle would not change the fundamental

behaviour. The electric field in the simulation region and the velocity versus position for

the barium ions and the electrons have been recorded. The time history of the electric field

and barium ion density at different distances from the point of explosion has also been

^ recorded.

3. The quasi-DC electric fields

In CRIT I a strong quasi-DC electric field was measured when the fast part of the neutral

barium cloud passed the payload. In CRIT II similar, but weaker, fields were seen, but

since a zero level shift occurred at the same time (Swenson, private communication

1991), they are uncertain and we will not use the CRIT II data in this section. Fig. 3 shows

the electric field along the injection direction and the neutral barium density at the CRIT I

main payload for burst 1 (Fig. 3 upper two panels) and burst 2 (Fig. 3 lower two panels). In
v burst 1 a strong negative quasi-DC electric field (the "towards pulse") was measured,

followed by a strong positive quasi-DC electric field (the "away pulse") , both with

magnitudes around 800 mV/m. In burst 2 the positive field was absent, but the initial

negative field had a magnitude around 200 mV/m. In both bursts the negative field was

accompanied by a strong peak in the neutral barium density.

The quasi-DC fields in CRIT I have been discussed by Brenning et al. (1991a). They

found that the towards pulses could be explained in terms of the newly created barium

ions rushing ahead of their corresponding electrons, that way setting up an electric field

pointing towards the point of explosion. They assume that the magnetic-field-aligned

currents have only a marginal influence on the internal electric field of the neutral barium

stream, which in our model corresponds to

I A = 0 (6)

as used in models B and D. This is a good approximation provided that the j / / is small,
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much smaller than the value given by (2). A parallel current limitation is therefore

necessary. In CRIT I strong (120 mV/m) magnetic-field-aligned electric fields where

detected. They reduce the mapped out field E • and thus reduce j / / below the value given

by (2). Other reasons for current reduction are the possbiSty of a Buneman instability or a

double layer when the parallel current density gets dose to the ambient random (thermal)

electron current. Simulation models B and D are closest to describing this situation.

Assuming that j / / = 0, Brenning et al. (1991a) propose that the axial electric field in the

towards pulses will be proportional to the barium ion production rate. With a constant

ionization time (per barium atom) this is proportional to the neutral barium density, which

decreases as the cube of the distance, Ej=x"3 (x is the distance from the point of

explosion). The ionization time, however, depends on the electron temperature, a

parameter that was not measured in CRIT I. Using slightly different electron temperatures

for burst 1 and burst 2, the amplitude and general shape of the towards pulses in CRfT I

could be reproduced with this model.

The away pulse results according to Brenning etal. (1991a) mainly from newly created

ions being accelerated back towards the point of explosion by the electric field in the

towards pulses, overshooting their corresponding electrons. In burst 1 the magnitude of

^ , the electric field in the toward pulse is large enough to influence the gyration of the ions in
v a marked way, |EJ|>|VJXB|=400 mV/m, where Vj is the injection velocity of the ions. In burst

2 this is not the case, which could explain the absence of an away pulse in that burst. The

gyro period of the barium ions coincides however very well with the time scale given by

the velocity of the neutral barium beam and the axial extent of the fast jet in CRIT I. This

fact makes it difficult to distinguish between barium gyrations and the mechanism for the

quasi-DC fields described by Brenning etal. (1991a).

Fig. 4 shows the electric field in the simulation region for models B (left panel) and D (right

panel). The diagrams are separated by 0.1 s. The strongest electric fields are seen about

1 km from the point of explosion. This is probably an artifact which results from the ion

injection mechanism described in Section 2: between 0.5 and 1 km, the injection rate

increases with distance because of the ramp function we have used to avoid a sharp

injection edge; outside this distance it decreases according to Eq. 1. Since the payloads in

the different releases were situated from 1.6 to 4.3 km from the point of explosion, we
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disregard the electric field inside that distance. We assume that any artificial effects

introduced by the ramp function between 0.5 and 1 km have a small effect at the payload

positions.

In both models B and D in Rg. 4 one can easily distinguish a strong negative quasi-DC

pulse that moves away from the point of explosion at the head of the perturbation. Lines

indicating velocities of 13.5 km/s and 10 km/s, corresponding to the maximum and the

average velocity of the dense part of the neutral barium cloud, are drawn in the figures.

This pulse apparently coincides very well with the fast part of the neutral barium cloud.

The maximum magnitude of this pulse ranges from approximately 300 mV/m for model B

to roughly 70 mV/m for model D. The magnitude decreases as the distance from the point

of explosion increases, Fig. 5. The relationships between the magnitude of the pulse and

the distance are (using least-square-fit)

Model B: |EQDCI = 8 7 # 1 ° 6 * X " 2 3 0 r = - ° 9 8

Model D: IEQDCI = 2.1-1 o7.x-26O r=_o 99

where r is the correlation coefficient that measures how well these equations fit the data

(r=1 indicates perfect fit).

At distances beyond 2 km from the explosion, the simulation electric fields are below the

value |VJXB|=400 mV/m. The injected ions therefore to the first order move in gyro-orbits

and are only to the second order influenced by the electric field. A first approximation of

the electric field can then be obtained by assuming that the ions continue forward after

being ionized, and the electrons are left behind. One would then expect the magnitude of

the quasi-DC fields to decrease as x"2 in the simulations, since the barium ion density

decreases as x"3, while the volume containing the ions creating the electric field increases

as x (because of the velocity differences in the neutral barium cloud). As seen above, this

is in approximate accordance with the simulation results. In this very simple approximation

the strength of the electric field will be proportional to the injected charge density p. In

model B p is 4 times higher than in model D (due to the lower value of the ionization time p

in B). As seen in Fig. 5, the electric field is approximately 4 times stronger in model B than
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r in model D. The charge density in both model B and D is however much too low to

produce an electric field with a strength comparable to the ones measured in CRIT I,

where the electric field in burst 1 was around 800 mV/m, i.e. much larger than |VJXB|=400

mV/m, as mentioned above. The particle orbits in CRIT I were therefore dominated by the

electric field, while they are, to a first approximation, gyrations in these simulations. A

quantitative comparison between the simulations and CRIT I can therefore not be made.

We can only note the qualitative agreement that the simulations produced away pulses

which were associated with the barium density maximum and decreased in strength with

increasing distance from the explosion.

Fig. 6 shows the time history of the electric field and the barium ion density in model D at a

distance of 4000 meters from the point of explosion, corresponding to burst 2 in CRIT I.

The maximum magnitude of the electric field is approximately 5 mV/m; in CRIT I, the

corresponding field was 200 mV/m (see Fig. 3). The oscillations in the electric field starting

with the towards pulse have a frequency of 4.8 s"1, equal to the barium gyro frequency fgj.

This indicates that these oscillations are all caused by gyrating barium ions. The electric

field is too weak to influence the gyro motion, and the explanation of Brenning et al.

(1991a) for the away pulse could not be tested.

% Regarding the quasi-dc electric fields, some features from the CRIT I data are clearly seen

also in the numerical simulations, mainly the correlation between the towards pulses and

the increase in neutral barium density. However, many other prominent features from

CRIT I are not seen in the simulations, e.g. the abrupt dying out of the electric field after

the away pulse in CRIT I, or the rate at which the magnitude of the electric field decreases

as a function of distance from the point of explosion. The away pulses which appear in the

simulations are apparently caused simply by the gyration of the barium ions, without any

real influence from the electric field. We therefore conclude that the simulations have not

been useful in spreading much light on the observations of a quasi-DC electric field in the

CRIT I experiment. To accomplish this, a two-dimensional computer simulation is

necessary, possibly also including more sophisticated mechanisms for the transfer of

momentum to the ambient ionosphere.
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4. The barium oscillations

The physics of the barium swarm oscillations is probably very different from the quasi-DC

phase described in the preceding section because the parallel currents given by (2) are

two orders of magnitude below the ambient random (thermal) electron current. Thus, no

current limitation is expected. The barium oscillations have earlier been analysed using

the barium swarm model, which uses a simplified injected ion distribution to determine the

electric and magnetic fields in the barium oscillations regarding amplitude, vector direction,

and decay time. Encouraging agreement between the model and the CRIT I and CRIT li

results (Brenning era/., 1990; 1991b) shows that the physical assumptions behind the

model are sound. Our purpose here is to combine the physics of the barium swarm model

with the more realistic injection model of Section 2, and make a quantitative comparison

with the high-quality measurements from CRIT II.

4.1. Measurements

The barium swarm model was originally constructed to explain the observation seen in

figure 7, which shows the electric field perpendicular to the magnetic field and the ion

density at the CRIT I sub payload for burst 1. Very clear oscillations with a frequency close

to the barium gyro frequency, fai=4,8 s"1, can be seen in the electric field. They

coirespond reasonably well to the variations in the ion density. The magnitude of the

oscillations is around 15 mV/m. The fact mentioned in Section 1 that the sub payload

missed the magnetic field line through the neutral barium stream by a few hundred meters

is probably the reason why the sub payload did not see the strong quasi-dc fields (200

mV/m) measured by the main payload, Fig. 3. The barium oscillations could however be

observed by the sub payload because the gyration of the barium ions brought them

several hundred meters across the magnetic field, in the direction towards the sub

payload.

Fig. 8 shows the electric and magnetic fields at the CRIT II main payload for burst 2. The

upper three panels show the three components of the electric field, and the lower three

panels show the three components of the magnetic field. During the active phase (0.3-0.4

s) the electric field looks very turbulent, but it then calms down drastically, and a weak

oscillation can be seen. This oscillation stands out clearly in the magnetic field, which is
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not influenceJ by initial electrostatic instabilities. The frequency of this oscillation is close

to the barium gyro frequency.

Fig. 9 shows the electric and magnetic fields at the CRIT II sub payload for burst 1,

presented in the same format as in Fig. 5. Here, outside the barium stream, the turbulent

fields in the active region (0.10-0.15 s) are much weaker. Compared to the previous

figure, the oscillations start with larger amplitude but decay much faster: only one period of

the barium oscillation can be seen clearly, approximately from 0.14 to 0.34 s. Another

difference compared to burst 2 is that the perturbation here is less sinusoidal, and shows

narrower structures at even multiples of the gyro frequency. This was also the case for the

electric field from burst 1 of CRIT I, as can be seen in the upper panel of Fig. 7.

4.2. The barium swarm model.

The physical idea behind the barium swarm model of Brenning etal. (1991b) is that the

barium ions will have some phase and density correlations when they leave the neutral

barium beam and therefore collectively spiral up the field lines as shown in Fig. 10. The

barium oscillations are seen when this swarm repeatedly (on the barium gyro frequency)

crosses the field line of the payload.

Due to their large gyro rp^jus, typically a few hundred meters, these phase-correlated ions

constitute a cross-field ion current which is closed by field-aligned currents i// from the

ambient ionosphere. In the barium swarm model i// is drawn by an electric field pattern

which is maintained by the ion motion across B and which launches Alfvén waves in both

directions along the magnetic field, as shown in Fig. 11. Using the simplifying assumptions

that the cross section of the cloud across the magnetic field is a circular cylinder, and that

the ions are all in perfect phase, the main result of the model is that the cloud motion is

characterized by the parameter K,

K =
4B (7)

where An is the number density of the ions displaced relative to the electrons, V*A is the

Alfvén velocity in the ambient ionosphere, and L// is the extent of the ion cloud along B.
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The electric field Ej inside the flux tube which goes through the cloud is given by an

expression which is valid for all values of K,

c _ >. KB .. wB K
? (8)

1 'UK* ' UK2

where Vj is the velocity of the injected ions. The magnitude of this electric field is

ig i _ v —§K /9\
l f c : V : O -I/O » * '

Fig. 12 illustrates cloud motion for dense, intermediate and thin clouds, where the

separation between these types is based on the K value. For a dense cloud K » 1 , and the

ions continue "skidding" across the magnetic field in the original direction of motion a

distance about Lskid = ^ # r gi 'where rgj is the barium gyro radius. The ambient plasma in the

flux tube through the cloud is dragged with the motion, and the internal field is close to

the well-known self-polarization field of a dense cloud, Ep=-v JXB. For a cloud of

intermediate density K=1 a n d the ion motion is rapidly stopped, on a t ime scale

* \ t s top = 1 / ( 2 n f g i ) - F o r a tn in c l o u d K < < 1 a n d w e n a v e a c o | l e c t i v e spiral motion of the ions.
VC In this case the electric field inside the flux tube is directed close to anti-parallel to the

injection direction. The cloud continuously loses energy to the Alfvén waves launched

along B and therefore the electric field decays with a time constant

1 (10)decay 2nf K
9*

which, surprisingly, is longer for a thinner cloud.

K is a dimensionless number which reflects the relative importance of two competing

mechanisms, (1) the ion gyration in the ambient magnetic field, and (2) the exchange of

momentum with the ambient plasma along the flux tube. The physical meaning of K

follows from a comparison between the characteristic time scales for these two processes.

The time scale for gyration is the gyrotime tgj of the injected ions. The time scale t a m D
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(for momentum exchange with the ambient plasma) is the time it takes to involve an

ionospheric mass which is equal to the injected mass. The injected ion mass, per unit area

across the magnetic field, is Mi=An»L//«mj j n ; , where rrij jni is the injected ions' atomic

mass. The ionospheric mass which is covered by the Alfvén waves during the time t is

M2=4Prn,amb*vA#ti wnere Pm,amb i s t n e ambient mass density. The factor 4 is the

product of two factors of 2, one because the Alfvén waves are emitted in both directions

along the magnetic field, and one because the effective mass for a circular cylinder, which

moves through an incompressible medium, is twice the internal mass in the cylinder

(Haerendel, 1982). t a m ^ is the time when Mi=M2 . These relations can be combined to

give

K
amp _ (time scale for momentum exchange with ambient plasma)

t . ~ (time scale for gyraton) (11)

For a very dense cloud K » 1 , and gyration is the faster process. Ions and electrons

gyrate towards opposite sides of the beam and create a self-polarization electric field in

the cloud, which continues straight on. For a very thin cloud K « 1 , and momentum

exchange with the ambient plasma is the faster process. The collective forward motion is

stopped, and the ions start gyrating individually in the ionospheric rest frame.

Table II shows a comparison between the predictions from the barium swarm model and

the observations from CRIT II burst 1, while Table III shows a comparison between the

model and CRIT II burst 2 (from Brenning etal., 1990). Apart from the magnituce of the

electric field in burst 2, the model and the observations agree very well.

4.3. Computer simulations

The major simplifications in the barium swarm model is that it assumes good phase

correlation between the injected ions and uses a circular cylindrical cloud. Using numerical

simulations these assumptions can be tested, and more realistic comparisons with the

measurements can be made. In the computer code used for the simulations in this report,

the injection of ions is done in a realistic way. However in the one-dimensional case self-

polarization with an electric field across the injection direction cannot occur, which makes

these simulations less reliable for K>1. The barium ions in the simulations will stop rapidly

for all values of K>1, and no "skidding" across the magnetic field will take place. For K « 1



f

17

the self-polarization effect is less important, and there is larger similarity between the

simulations and the barium swarm model.

It should also be noted that in a one-dimensional geometry, |Ej| will become a factor of 2

larger than in a typical two-dimensional case. A given axial charge separation in one

dimension gives the electric field which would arise from an infinitely large slab oriented

across the beam. This gives typically twice the internal electric field strength compared to

a more realistic structure which has the same extent along and across the beam. The

simulation electric field values should therefore be expected to be twice as large as in the

CRIT experiments.

Fig. 13 shows, on the same scale, the electric field component along the neutral barium

stream for burst 2 in CRIT II and the electric fields in model A at x=4000 m. This is the

model which uses 1^ and P values close to the observed CRIT II values. The magnitude

of the simulation electric field is typically 2.5 times the observed, and the shape of the

waveform and the phase of the electric field in the simulation match the CRIT data very

well (the small difference in phase can be attributed to the different distances at which the

data is taken, x = 4000 m in the simulations and x = 3880 m in CRIT II).

We will return to model A for a more thorough discussion later. First we will present the

results from model C, which uses a longer ionization time constant. Model C is better

suited for a first discussion of the simulation since the ion orbits are less influenced by the

internal electric field than in model A.

Fig:s 14 and 15 show the time history of the electric field and the barium ion density in

model C at a distance of 1600 meters and 4000 meters from the point of explosion,

respectively. Fig. 14 corresponds to burst 1 and Fig. 15 corresponds to burst 2. As in Fig.

6 there is a clear anti-correlation between electric field and barium ion density during the

whole simulation in both figures. The barium ion density is at maximum when the electric

field reaches its minimum values as expected from the barium swarm model (see Fig. 11).

The K values for simulation model C can be found from Eq. (7) using the observed values

of An. In the barium swarm model the barium ion density at the point of measurement will,

because of the perfect phase correlation, vary between a maximum value and zero. In the

simulations the barium ion density never goes down to zero once the neutral barium cloud
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has passed, as seen in Fig:s 14 and 15. An can then be chosen either as the total value of

injected barium ions (measured from zero), or as the difference between the maximum

and the minimum values once the oscillation has begun. We have chosen the second

alternative because the variation in ion density is the physical process which draws the

magnetic-field-aligned currents; the same choice was made by Brenning et al. (1990) in

the application of the barium swarm model to the CRITII experiment. The values of An are

marked in Fig:s 14 and 15. They give K=0.03 at x=1600 m, and K=0.01 at x=4000 m. The

difference between these values and their corresponding CRIT II values is approximately

a factor 5. This is due mainly to the high value of the ionization time p used in model C.

At x=1600 m (Fig. 14) the electric field has sharp negative peaks but rather flat positive

peaks. The positive peaks however become less and less flat with time. In each individual

peak the ion density rises very steeply, but decays rather slowly. At x=4000 m (Fig. 15) no

corresponding phenomena can be seen. This difference between 1600 m and 4000 m can

be understood in terms of the barium swarm model (Fig. 11) in the following way: The

neutral barium cloud is more compressed closer to the point of explosion, and therefore

the ions arrive at the point of measurement with less time difference and better phase

correlation. However, the barium gyro period is the same at both points, Xgj=0.2 s. At

x=1600 m the fast part of the neutral barium cloud will have a time duration of

approximately xjnj=0.04 s, one fifth of a gyro period. During this time, the point of

measurement will be inside the barium swarm, and a negative electric field will seen.

During the rest of the gyro period the point of measurement will be outside the barium

swarm and a less sharply peaked positive electric field of lower strength will be seen

instead. At x=4000 m the fast part of the neutral barium cloud will have a time duration of

approximately tjn;=0.1 s, in which case the point of measurement spends about as much

time inside as outside of the barium swarm, and the positive and negative peaks in the

electric field become identical. The relevant parameter is fgjtjm, which was about 0.15 in

burst 1 and 0.4 in burst 2. The reason that the positive peaks at X = 1 6 0 0 m become

sharper with time, is that the self-produced electric fields influences the gyro motion and

the phase correlation. The effect becomes more pronounced in the stronger E field of

model A.

Fig:s 16 and 17 shows the time history of the electric field and the barium ion density at

x=1600 m and x=4000 m for model A, where the shorter ionization time
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P gave a higher ion density in the barium beam. The measured values of e*4n (shown .n

the figures) gives K=0.14 at x=1600 m, and K=0.03 at x=4000 m. This is quite close to the

CRIT II K values which have been estimated, using observed data, to K=0.031 in CRIT I

burst 1, and K=0.07-0.18 and K=0.05-0.08 in CRIT II burst 1 and burst 2, respectively

(Brenning etal., 1991b, 1990).

The same phenomenon that was seen in model C (Fig:s 14 and 15) regarding the shape

of the electric field can also be seen in this model. At x=1600 m the positive peaks in the

electric field are fairly flat, while the negative peaks are narrow. At x=4000 m the negative

and the positive peaks look very similar. However, at x=1600 m the electric field (Fig. 16

upper panel) has a much more complicated general shape in model A than in model C.

After the first positive peak, the positive peaks develop a double peak structure, while the

negative peaks decrease in width. The peaks in the barium ion density (Fig. 16 lower

panel), corresponding to the negative peaks in the electric field, also decrease in width. A

weaker but wider structure develops in between the sharp peaks. This structure seems to

have a frequency that is slightly lower than that of the sharp peaks. We have at present no

explanation of this phenomenon, although the lower panel in Fig. 16 looks strikingly similar

to some of the particle detector data from CRIT II, Fig. 18. The particle detector however

detected ions arriving from one particular direction, in contrast to the barium ion density

data in Fig. 16. This means that the data is not directly comparable. We intend to

investigate this phenomenon more closely in the future.

We now turn to the amplitudes and decay times of the barium oscillations. We will here

make the comparison between the simulations and the CRIT II measurements only, since

the comparison between the barium swarm model and CRIT II has already been made

(Brenning et ai, 1990; see table 3). The CRIT II amplitudes in the active region are

uncertain due to the high-amplitude high-frequency oscillations. We have therefore taken

the amplitudes at a time one gyroperiod after the injection. For CRIT II we use the decay

times estimated by Brenning etal. (1990), and for model A we use the exponential decay

time fits which are shown in Fig:s 16 and 17. This gives the values in Table IV.

There is very good agreement in the trend from burst 1 to burst 2, both concerning the

amplitude and the decay time. The absolute values depart within typically a factor 2, which

possibly could be due to the limitations of the model, but which also possibly could have

the more interesting physical reason that it is due to the ion scattering in the active region
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of CRITII.

We will discuss the model limitations first. As mentioned above, the simulation electric field

values should be divided by 2 in order to make them comparable to cases with two

dimensions across B as CRIT II. There is, however, another limitation in model A which

also influences the electric field strength, namely that the Debye length IQ is only slightly

smaller than the typical length scale (typical (*ne barium ion gyro radius), so that the

quasineutrality condition Ip « epical i s violated. Our reason for presenting this simulation

in Fig:s 16 and 17 instead of simulations with higher plasma density (such that Ip «

'typical)is ^at, due to the limited memory size of our computer, our only way to achieve a

higher plasma density was to increase the size of the superparticles. This introduced a lot

of high-frequency noise in the simulation results. Fourier analysis and low-pass filtering

shows that the barium oscillations persist below these higher frequencies, but without

filtering their shape is difficult to distinguish with the naked eye. Because we wanted to

look at the shapes of the barium oscillations, we preferred to use the unfiltered data from

model A; for example, the narrowly peaked features in Fig. 16 would have been lost by

filtering.

This low density in model A, however, introduces an underestimate in the amplitude. The

error can be estimated from Fig. 19 which shows the magnitude of the electric field at

x=4000 m for different charge densities and different values of 'typical^ D- a n d f o r

simulations with and without a parallel current. The ionization time used in the simulations

in Fig. 19 was p=900 s, the same as in models C and D, and the density was changed by

varying the superparticle-ractor S. The magnitude of the electric field according to the

barium swarm model is shown in the figure as a dashed line (the barium swarm electric

fields have here been multiplied by a factor of 2 in order to make them comparable to the

one-dimensional simulation model). As the density becomes larger, the magnitude of the

electric field in the simulations including a parallel current approaches a limiting value

which is close to the one predicted by the barium swarm model. The magnitude of the

electric fields in the simulations not including a parallel current increases approximately

linearly with the charge density. This is in accordance with the discussion in Section 3.

According to the results in Fig. 19, the simulation values of the electric field in Table IV

should be increased by a factor 1.5 - 2 to correct for the small Debye length, which nearly t

cancels the division by a factor 2 to correct for tho one-dimensionality.
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However, the one-dimencionality also influences the decay time, and in this case the

corrections do not cancel. In a two-dimensional case such as that shown in Fig. 11, the

barium ions are braked continuously by an internal field Ej which is antiparallel to the

motion during the whole gyro period. In the simulations this field is purely in the x direction,

and the ions are only braked in one dimension instead of two. This has the effect that the

decay time xdecay becomes twice as long in the simulations. A division by a factor of 2

brings the simulation decay times in Table IV in closer agreement with those observed in

CRITII, while the amplitudes still are typically a factor two too large.

^ We can see two possible explanations for the amplitude disagreement. First, according to

Eq. 9, the amplitude is proportional to the injection velocity. The ions in the simulation,

which does not include velocity space instabilities as discussed in Section 2, are not

influenced by any high-frequency electric field, and therefore begin their motion with the

full neutral velocity. This was not the case in the CRIT II release, where the ion detectors

(Torbert, 1991) showed that during the active phase there was a rapid spread and

scattering of the ions in a fraction of the gyro period. This ion scattering is, in fact, at the

heart of the CIV process, where the loss in ion energy is used to energize the electrons.

The difference in amplitude between CRIT II and the simulation could partly be explained

if the average ion velocity in CRIT II decreased by some unknown factor due to such

^ instabilities.

1
The second possible reason for an amplitude disagreement is that in the simulations we

have used a magnetic field that is perpendicular to the injection direction. This also results

in a higher magnitude of the electric fields in the simulations as compared to CRIT II. In

CRIT II the angle between the neutral barium beam and the magnetic field was

approximately 50° (see Section 1), and the injection velocity of the ions perpendicular to

the magnetic field therefore was a factor sin 50°=0.77 lower, resulting in weaker electric

fields.

Fig. 20 shows the phase diagrams (x-vx) for the barium ions in models A and B. The only

difference between these two models is the value of 1 ^ (see Table I). In A (Fig. 20 left

panel) clear periodic oscillations can be seen at x=2000 m. These oscillations seem to

change very little during the simulation. The phase diagrams are separated by 0.1 s, and

the oscillations seem to have a period fairly close to 0.2 s, the barium gyro period. This is
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in agreement with the values of K calculated above. They show that both at x=1600 m and

at x=4000 m this is a thin cloud, and according to Fig. 12 such a cloud should continue

gyrating without any appreciable braking. In model B (Fig. 17 right panel) the ions move in

a more non-periodical way. As seen in Fig. 4 left panel, the electric fields at x<2000 m in

model B have a maximum magnitude of more than 200 mV/m. This is large enough to

disturb the gyro motion of the ions considerably.

It is important to stress that the injection model for the ions in the simulations is realistic in

the sense that the ions are injected continuously while the neutral barium cloud is moving

away from the point of explosion. No artificial phase correlation among the ions is

introduced. This means that the assumption of phase correlation in the barium swarm

model can be checked. As can be seen from the results and calculations presented in the

preceding paragraphs, the theoretical results from the barium swarm model agree very

well with the simulation results. This indicates that the phase correlation assumption is

reasonable for the CRIT releases. It also indicates that the scaling we have chosen for the

parallel current (see Section 2) is correct. Of course, as mentioned above, the fact that

these simulations are one-dimensional puts some severe limitations on the possibilities to

compare the simulation results with the barium swarm model. However, since models A

and C are thin cloud-cases, the electric fields will be directed mainly along the injection

direction according to the barium swarm model, and not much of the physics is lost. V/e

therefore feel confident that the simulations are in fairly good agreement with the CRIT

experiments. Based on this, we conclude that the simulations have shown that the barium

swarm model gives a realistic description of the physics involved in the barium oscillations

of the CRIT experiments.

5. Summary

Numerical simulation is a powerful method to gain insight into complex plasma physical

problems. In this report we have used it to get a better understanding of the physics in the

CRIT I and CRIT II critical ionization velocity experiments, and to check the theoretical

models that have been developed to explain these experiments. We have tried to make

the simulation as close to reality as possible in order to make direct comparisons to the

measurements. An overview which shows the relation between the computer model and

the CRIT experimental situation is shown in Fig. 21. The main elements are the following:
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(1) The neutral barium stream is injected with a realistic space and time variation along the

x axis of the simulation. The density is a factor R below the real CRIT values.

(2) The ions are produced from the neutrals with an ionization time constant 0 which is

predetermined in each run, normally close to the observed CRIT ionization time constants.

(3) The magnetic-field-aligned currents from the ambient ionosphere are calculated from

Eq. 2, using the electric fields that arise in the simulation. The Alfvén conductivity I / \ is

scaled in comparison to the CRIT values so that I^/R is preserved.

(4) History plots are taken of the electric field and the density at distances x=1600 m and

x=4000 m from the explosion, corresponding to the main payload position in bursts 1 and

~~ 2, respectively. Thus, one and the same simulation is used to reproduce the very different

observed beam-ionosphere interactions at these two distances.

However, since the computer code we have used is one-dimensional, we have not been

able to study all aspects of the problem. We have found that the quasi-DC electric fields in

CRIT I cannot be studied properly with this simulation model, and no new insights have

been gained into that phenomena. Regarding these fields, some of the measurements

from the CRIT experiments are reproduced nicely in the simulations, but in general the

agreement between the CRIT experiments and the simulations is poor. We conclude that

^ a more powerful simulation method is needed in order to study the quasi-DC fields.

1
The barium oscillations, on the other hand, can be studied quite satisfactorily using the

present simulation method. This is because the electric fields involved were much weaker,

and the region studied less turbulent. Very good agreement was found between the

simulations and the CRIT data on one hand, and the simulations and the barium swarm

model by Brenning et al. (1991b,1990) on the other hand. We have been able to

reproduce the magnitude of the electric fields, their shape and their decay time in a

satisfying way. A particularly intriguing observation is the apparent self-focusing of

injected clouds with high K values (approximately K>0.1) which can be seen in Fig, 16,

and also in the CRIT II data. We plan to continue the study of this phenomenon.

This work is part of the effort to understand the CIV process by ionospheric injection

experiments. The CIV theory for injection experiments is usually split up into a high-

frequency and a low-frequency part, with the ambient ion gyro frequency as the divider.

The high-frequency theory deals with the transfer of energy from the ion motion to the
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electrons by means of velocity space instabilites. This has been studied analytically by

e.g. Raadu (1987) and Galeev etal. (1981). and in computer simulations by e.g. Machida

et al. (1984) and McNeil et al. (1990). The low-frequency part deals with the momentum

exchange between the injected ions and the ambient plasma outside the injected beam.

The simulation model used in this paper is restricted to studying the latter problem only. It

is further limited to time and space scales that satisfy the conditions for Alfvén waves in

the ambient medium. Within these restrictions, it gives a self-consistent picture of the ion

motion and the electric fields that arise from the injected barium ions. Because it is a

particle simulation it resolves structures smaller than the injected ion gyro radius, in

__ contrast to fluid models of injected ion clouds as for example those by Borovsky et al

(1987) or Gatsonis and Hastings (1991). This resolution is necessary to study processes

like the barium oscillations.

Apart from increasing our understanding of the CRIT releases, the detailed comparison

between these and the model results serve as a test of the validity of the assumptions

behind the model. Two major such assumptions concern the dimension along the

magnetic field, which is perpendicular to the plane of the simulations. The first assumption

is that the parallel current from the ambient plasma can, even in a time-varying and

complicated electric structure (i.e., far from a periodic sinusiodal wave), be calculated by

^ Eq. (2) using an Alfvén conductivity such that I/^/R is preserved. The second assumption

concerns the expansion of the injected ion cloud along the magnetic field. In the CRIT

experiments, the ion cloud which initially has approximately the same extent in all

directions soon becomes an elongated structure which extends several km along the field.

As far as the K value in Eq. 7 is concerned, however, this elongation has no effect since

the product AnL// is not changed. This independence of the expansion along B is a central

assumption behind the barium swarm model, and also behind the computer simulations.

From the good agreement between simulation and experiment we conclude that the

assumptions used are sound, that we understand the physics involved in the

electrodynamical coupling between the injected cloud and the ionosphere, and that the

process can be successfully modeled in this type of computer simulations. The present

one-dimensional simulation on a medium-size computer was partly intended to test the

value of making simulations of this type, and to check the scaling rules. The encouraging

agreement with the observed barium oscillations on CRIT II shows that the simulation

works, and indicates that it would be worth while to make a two-dimensional simulation

program on a bigger computer. Such a simulation program could be used to shed further
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light not only on the CRIT releases, but also e.g. on the CRRES barium clouds releases in

sunlight (where barium photoionizes rapidly) or of ionospheric ion beam experiments.
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IA/R [Q]

P [s]

Intended

to simulate:

A

10-7

2.7

165

CRIT II

Simulations
B C

10'7 10"7

0 2.7

165 900

Reference

cases

D

10-7

0

900

CRIT I

Experiments
CRIT I

1

0.8

1800

CRIT II

1

2.67

200

1

Table I. Comparison between the parameters used in the simulations and the values

observed in the CRIT experiments.



Theoretical Observed

fgj = 4.8 Hz

|E| = 30 -80 mV/m

xdecay = 0.19-0.47 s

Ion detector: 4.6 Hz

Main payioad: 54 mV/m

Sub payioad: 60 mV/m

SB, sub payioad: 0.24 s

Table II. Comparison between the Barium swarm model and the observations in CRIT

burst 1.



Theoretical Observed

fgi = 4.8 Hz

|Ej|=25-35mV/m

xdecay = 0.4 -0.6 s

Field fluctuations: 4.6 - 5.0 Hz

Main payload: 10 mV/m

5B, main payload: 0.7

Table III. Comparison between the Barium swarm model and the observations in CRIT II

burst 2.
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CRITII, burst 1: amplitude (peak-to-peak): 60 mV/m; decay time: 0.24 s.

CRITII, burst 2: amplitude (peak-to-peak): 15 mV/m; decay time: 0.7 s.

Model A, burst 1: amplitude (peak-to-peak): 155 mV/m; decay time: 0.46 s.

Model A, burst 2: amplitude (peak-to-peak): 28 mV/m; decay time: 1.0 s.

Table IV. Comparison between the CRITdata and the uncorrected simulation values from

simulation model A ([5=165 s, IA/R=2.7 ft).
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Fig. 1. The geometry for the CRIT I release (from Kelley et al. 1991).
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Fig. 18. Output from the ion detector 5 AB on the CRIT II main payload, burst 1.
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(1)

Fig. 21. An overview of the simulation model and its relation to the CRIT experiments.

(1) The neutral barium stream is injected with a density which is a factor R

below the real CRIT values.

(2) The ions are produced out of the neutrals with an ionization time constant B.

(3) The magnetic-field-aligned currents are calculated with an Alfvén

conductivity £4 such that 1^/R is presented.

(4) History plots are taken of the electric field and the density at distances

x=1600 m from the explosion and x=4000 m from the explosion, corresponding

to the main payload positions in bursts 1 and 2, respectively.

The values of R, I/\/R and B in the different simulations are given in Table I. ri
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One-dimensional numerical particle simulations have been performed of the ionospheric

barium injection experiments CRIT I and CRIT II, using a realistic model for the shat J and

the time development of the injected neutral cloud. The electrodynamic response of the

ionosphere to these injections is modelled by magnetic-field-aligned currents, using the

concept of Aifvén conductivity. The results shows very good agreement with the CRIT

data, especially concerning the low-frequency oscillations that were seen after the initial

phase of the injections. The shapes, amplitudes, phases, and decay times of the electric

fields are all very close to the values measured in the CRIT experiments.

Key words: Particle Simulations, Low-Frequency Electric Fields, Active Ionospheric
Experiments.
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