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Momentum and Energy Transfer in an Ionospheric Critical Ionization Velocity Experiment
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We present new data from the subpayload of the CRIT II ionospheric active injection experiment.
The analysis made possible by these data provides a good understanding of the momentum transfer
between the injected ions and the ambient ionosphere. It resolves the convict between the two
competing models for the energy transfer from the newly created ions to hot electrons, while also
giving a natural coupling between the energy and momentum transfer processes.

PACS numbers: 52.25.Jm, 52.25.Ya, 94.20.VV

TABLE I. Some key parameters in the CRIT II experiment.

Bamb
n. b(o')
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0.43 X 10 4T
56& 10' m

310 kms
8—13.5 kms

190—380 m
4.8 Hz

The CRIT II rocket was launched in 1989 to study the
critical ionization velocity (CIV) phenomenon originally
proposed by Alfven [1]. At an altitude of approximately
400 km, two shaped charge explosions created beams of
neutral barium. The interaction between these barium
beams and the ambient ionosphere was studied by two
separate payloads. Both payloads were equipped with in-
struments for full three dimensional measurements of the
electric and magnetic fields, as well as with charged par-
ticle detectors. The neutral beams were aimed directly at
the main payload, while the subpayload was located out-
side of the beams, close to the same magnetic field line
as the main payload. Some key parameters of the experi-
ment are listed in Table I ~

The experiment performed very well, and is unique in
the sense that it for the first time ever produced data from
two points on the same magnetic field line in an active
injection experiment in the ionosphere.

Various results from the CRIT II experiment, mainly
from the main payload, have been discussed previously
[2—5]. However, we present here for the first time results
based on the processed electric and magnetic field data
from the subpayload, combined with data from the main
payload. The subpayload data have made possible a full
analysis of the momentum transfer between the newly
ionized barium and the ambient ionospheric plasma, and
to some extent also the energy transfer from the barium
ions to the electrons, a necessary condition for CIV to
occur.

We will present some of the most interesting magnetic
field data from the subpayload. These data confirm

the description of the momentum transfer given in [2]
and [6]. Based on this, we will then proceed to study
the currents perpendicular to the ambient magnetic field
and use the results to model the coupling between
the energy and momentum transfer mechanisms, and to
resolve the confiict between the two present models for
the energy transfer: the homogeneous model [7] and the
inhomogeneous, or ionizing front, model [8]. Common
to both these models is that the ionization is caused by
electrons that have been collectively heated through an
instability-driven process. In the homogeneous model
the instability has a wave vector k that is parallel to
the relative motion between the neutral gas and the
ambient plasma, while in the inhomogeneous model k is
perpendicular to that relative motion. The analysis will
be focusing mainly on the low-frequency part of the data.

The raw data from the CRIT II electric and magnetic
field experiments have been extensively processed in
order to remove, or at least minimize, effects due to,
e.g. , dc offsets in the instruments, and to the spinning and
coning of the payloads. The processing methods that have
been used are described in [5] and [9]. The full electric
and magnetic field data set from CRIT II will be published
in the near future.

The coordinate system we will use in this paper is the
magnetic coordinate system, as defined in [5]. In that
system the z axis is antiparallel to the ambient magnetic
field, the y axis is parallel to vb„X B, b, the cross
product between the neutral barium beam velocity vector
and the ambient magnetic field, and the x axis is parallel
to the cross product of the y and z axes, i.e., the x axis is
in the Plane defined by vbeam and Bamb.

Figure 1 gives an overview of the main aspects of
the momentum transfer in the CRIT II experiment. It
also introduces some useful nomenclature, based on the
observation that the injected ion beam acts like a generator
in the ambient plasma rest frame, feeding energy into
the ionosphere [6]. When the injected neutral atoms
are ionized, they create a low-frequency generator region
with a current density iG perpendicular to the ambient
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FIG. 1. The mass loading model for CRIT II. The neutral
barium beams with an opening angle of 14 are denoted by
the solid lines originating at the point of explosion. The
injected ions in the generator region are shown approximately
one barium gyroperiod after ionization, when they have moved
along the ambient magnetic field up to the subpayload (along
the S-shaped dashed line). Also shown are the distances
from the explosions to the payloads for burst 1 and burst 2,
respectively, as well as the angle between the barium beams
and the ambient magnetic field.

magnetic field. i~ closes in the ambient plasma through
magnetic-field-aligned currents i

~~
that are carried by

shear Alfven waves, and through displacement currents
i~ in the fronts of these waves. The region between
the generator region and the Alfven wave fronts is
often called the transmission line region, since no cross-
field currents exist here (AB, = 0 when the z axis
is defined to be antiparallel to the ambient magnetic
field). The normal relationship between the electric and
magnetic field fiuctuations in Alfven waves, AF/AB =
V~, should, however, hold. In the load region, the
ambient plasma is being accelerated by a iz X B,
force. The magnetic-field-aligned Poynting flux S is
always directed away from the generator region. Due to
the neutral beam s initial magnetic-field-aligned velocity
component, the generator region will continue up along
the magnetic field lines, and pass the subpayload as shown
in Fig. l.

The net generator current i~ consists of a number
of different components, both parallel and perpendicular
to the beam. There are low-frequency components that
are caused directly by the gyromotion of the newly
created barium ions, and there are also high-frequency

300
200
100

0

Burst 1 Magnetic Coordinates

&, -200
&0

20
N

Q3 0
0.5

Burst time (s)
Burst 2 Magnetic Coordinates

40
20

Q n
mr ~&l I ~ l I

50
0

—50
I

2O
I I $ ~ I } f

I g
)O = I

&~-~tali Ja .& La.~,
'~%% p~~ PF%R~y~-p~ q&0—

0.5
Burst time (s)

~i~I~ ~ plt saLl a

I
I

I

r'T I

FIG. 2. The subpayload B field data in the magnetic coordi-
nate system.

components due to instability-driven processes. (We use
the gyrofrequency of the ambient oxygen ions, fg o
40 Hz, to separate the two frequency regions. ) Of
course, only the low-frequency part of i~ is closed by
means of Alfven waves. The high-frequency components
are closed through other mechanisms, possibly whistler
waves. These components are, however, only marginally
involved in the momentum transfer to the ambient plasma.

Figure 2 shows the subpayload magnetic field data
from both bursts. The upper panel shows burst l, while
the lower panel shows burst 2. The vertical dashed lines
refer to the times when the denser part of the fast neutral
jet (8—13.5 km/s) crosses the magnetic field line at which
the subpayload is located.

Note in the upper panel of Fig. 2 the small (=5 nT)
peak in AB, at t = 0.12 s. This peak coincides with the
time when the neutral barium stream first reaches the field
line of the subpayload (the left dashed line). Because
field-aligned currents give magnetic perturbations only
in the plane perpendicular to the ambient magnetic field
B, b, this small peak must be sign of a cross-field current.
Since it occurs at a time when no barium ions have had
time to reach the subpayload, we interpret it as a sign
of the displacement current, iD = e„(dE&,„z/dt), in the
front of the Alfven wave that is propagating away from
the barium cloud. This interpretation is supported by
a theoretical analysis based on Ampere's law, curlB =
p, oi. Such an analysis using the CRIT II data results in
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an expected amplitude of AB, due to the displacement
current that is in the order of 5 —10 nT, in good agreement
with the observations.

At t = 0.32 s after burst 1 (Fig. 2, upper panel) an
arrow in the AB, panel indicates when the first barium
ions reach the subpayload, while a second arrow at t =
0.62 s indicates when the last ions from the fast part of
the barium jet reach the subpayload, assuming that after
ionization they continue up the field lines with the parallel
velocity of the neutrals. Similar arrows have been drawn
in the burst 2 subpayload data (Fig. 2, lower panel). The
arrival of the barium ions is shown by a large b, B,
component in the subpayload data. The AB, components
connected to the passage of the ion cloud do not coincide
precisely with the arrows. The probable explanation is
that the ions were scattered in velocity space during the
ionization process, something which is confirmed by the
particle detector measurements [10].

Based on these magnetic field data, we will now
establish the geometry and strength of the momentum
transfer current system, i.e., the low-frequency large scale
current which Rows to the distant ionosphere during
the active phase (the phase when the fast part of the
neutral barium stream passed the payload, and when the
ionization of the barium ions took place). For this purpose
the electric and magnetic field data from the main payload
inside the stream is of little use. The main payload
low-frequency electric field data were corrupted by a
dc offset, which occurred during the active phase [5],
and the interpretation of the main payload magnetic field
data is complicated both by strong instability-associated
currents and by the unknown geometry of the current
system. At the subpayload the currents are constrained
to Row along the magnetic field, and the analysis can
be made. This is the first ionospheric CIV experiment
in which such an analysis is possible. (The subpayload
did not observe any of the strong high-frequency features
seen in the main payload data. We therefore suggest
that the high-frequency currents caused by the ionization
process merged into larger structures in a matching region
between the main and the subpayload. )

We assume that the generator current density iG (see
Fig. 1) is approximately homogeneous inside the genera-
tor region, and that this generator region coincides with
the active region of the fast jet, defined as the region
where strong wave activity and ionization were observed
by the main payload [5). iG then results in field-aligned
currents iii(x, y), which, in turn, give a magnetic field per-
turbation ABo above the generator region inside the fiux
tube through that region. ABo is turned 90 with respect
to i~.

Figure 3 shows i~ during the active phase of the two
bursts, calculated using the subpayload AB data. From
a physical point of view it is suitable to separate the
discussion of these currents into the beam-parallel com-
ponent i~ and the cross-beam component i~~. A beam-
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FIG. 3. The generator current in the two bursts, calculated
from the subpayload magnetic field, and projected on the plane
perpendicular to B, b. The current is shown for t = 0.12 s in
burst 1, and t = 0.35 s in burst 2.

parallel current component is expected already in the
absence of CI I/' for an injected heavy ion cloud [2]. The
current density can be directly estimated from the den-
sity increase measured inside the beam by the main pay-
load as i Gx = nba + &pa, perp e. Using estimates of nba
from [3], this gives io = 0.6—1.3 mA/m in burst 1 and

iG = 0.13—0.22 mA/m in burst 2. For burst 2, these
iG values agree we11 with the iG components in Fig. 3,
while during burst 1 they are off by a factor of 2. The
iG X B, b force is simply the magnetic force on the ions
which makes them gyrate; no energy exchange is involved
and the connection to the CIV process is, therefore, only
indirect.

The i~~ X B,~~ force, on the other hand, dece1erates
the injected ions and thus taps the beam energy. Already
in the absence of CIV there should be such a component
due to Hall drifting ambient electrons [2]. It should,

(a)

1(y

FIG. 4. Observations from CRIT II burst 1. (a) The k vector
and the high-frequency electric field Eh& in the generator region
for CRIT II burst 1, as well as the generator current i~ from
Fig. 3. (b) A possible combination of ion and Hall currents
that would add up to the measured generator current.
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however, be weak —an order of magnitude below the
observed cross-beam currents.

Using results from the main payload [5], Fig. 4(a)
shows the k vector and the high-frequency electric field
Ehf in the generator region for CRIT II burst 1, as well as
the generator current i~ from Fig. 3. The angle between
k and i~ shows that i~ has to be a combination of
currents flowing along and across the instability wave
fronts.

Figure 4(b) shows a possible combination of ion and
Hall currents that would add up to the measured generator
current. The currents I; ~t (a low-frequency beam-parallel
ion current) and itt h f (a high-frequency, instability-
driven Hall current) drawn in Fig. 4(b) are not based
on measurements, but are found by combining a beam-
parallel current with a Hall current Aowing along the
instability wave fronts, such that they add up to i~.

Based on Fig. 4, a model for the current systems and
the momentum transfer in CRIT II emerges that has con-
nections to both the homogeneous and the inhomogeneous
model. In this new model, the macroscopic current along
the injection direction is basically the low-frequency ion
current described in [2]. The electric field set up by the
ion motion forces the ambient electrons to Hall drift across
the injection direction, and the relative motion between the
injected ions and the drifting electrons results in an insta-
bility with a wave vector k directed along the direction
of that relative motion. The high-frequency electric field
caused by the instability drives strong Hall currents along
the instability wave fronts, which then results in a net cur-
rent at an angle to k. This model gives a natural coupling
between the energy and momentum transfer processes.

According to Fig. 4, the cross-beam current can be
attributed mainly to the instability. The instability s
effectiveness in tapping the kinetic energy of the ions can
therefore be estimated as follows. The rate of change
of the barium ion velocity is found from dvn, +/dt =
~iGy X B,~b~/mn, nn, . This gives the time constant for
ion energy loss r~„, = W/(dW/dt) = 0.01 s in burst 1,
using parameters from [3]. This is definitely significant,
since it is comparable to the time duration of the active
region in burst 1. Since the ions start with the beam

velocity and therefore initially follow the active region,
their residence time might even be longer than that. It
seems likely that a substantial part of the ion energy
is rapidly fed into the process, which maintains the
transverse current i~~. This agrees very well with the ion
data from the active region, which shows that the ions,
starting as a beam with small velocity spread, very rapidly
are scattered both in energy and in pitch angle [10].

The exact nature of the instability is, however, not
yet entirely clear. From Fig. 4, we find it reasonable
to assume that the Hall currents flow along the wave
fronts, but that still remains to be proven. A new current
component is also seen in the CRIT II data that has not
been observed previously in any similar experiment. This
is a high-frequency beam-parallel current that is caused
by the instability through a modulation of the ion current.

It is obvious that more efforts are needed in order to
fully understand the energy transfer mechanism. How-
ever, regarding momentum transfer and the connection
between these two processes, it is our opinion that the
results from CRIT II now give a rather complete picture.
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