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A rocket-borne experiment to study the currents associated with a system of multiple auroral arcs was
conducted at Poker Flat, Alaska, at [122 UT on February 2, 1972. The magnetic field in the vicinity of the
auroral system was measured with a cesium vector magnetometer. Possible configurations were inferred
by constructing model current systems that reproduced the magnetic field variations measured along the
flight path., The data are interpreted in terms of a model current system consisting of two eastward
electrojets and one westward electrojet and three pairs of oppositely directed Birkeland sheet currents, all
lying in a plane approximately parallel to the auroral arcs. Sheet thicknesses ranged from 20 to 60 km and
current densities from 10 to 45 uA/m? the electrojet currents ranged from 1000 to 2000 A. A possible
alternate model consisted of four pairs of sheels whose thicknesses range [rom 10 to 40 km with current
densities from 10 to 90 pA/m? There was quite good agreement between the locations of the visual arcs
and the upward current sheets. The overall current configuration is discussed in view of the theoretical
models constructed by Atkinson and Sato and Holzer and of other observations.

[INTRODUCTION

This paper reports in its central part the results of an experi-
ment that provided information about the spatial association
of a multiple auroral arc system with auroral electrojets and
field-aligned currents. In the last part of the article we shall
compare the observations with the theories of Atkinson [1970]
and Sato and Holzer [1973]; their basic ideas are presented in
the first part. We also compare this flight to the results of other
Rice University auroral launches and to observations by other
groups.

MODELS OF AURORAL ARC FORMATION

Before we present the results of the Nike-Tomahawk
sounding rocket flight (NASA 18.111), let us review briefly
two theories of multiple auroral arc formation.

Atkinson [1970] attributes the formation of multiple auroral
arcs to the result of a dynamic interaction between the con-
ductive ionosphere and the magnetosphere. Through the rela-
tive meridional motion of high-conductivity strips in the iono-
sphere and magnetospheric plasma sources, a modulation and
a feedback oscillation are triggered. Moving flux tubes will see
a time-varying magnetospheric electric field, and this will set
polarization currents into motion. The magnetosphere is given
a certain capacitance and the ionosphere a resistance. Field-
aligned currents controlled by the ionosphere will close the
circuit. Precipitating high-energy electrons will create the high-
conductivity strips mentioned above, and this will close the
feedback loop. Thus Atkinson considers the arcs as the stand-
ing waves in the nonlinear mode of an oscillating circuit.

Other assumptions made by Atkinson are the following:
there exist north-south and east-west electric field components,
though the latter one is much smaller than the former (by 1-2
orders of magnitude): the geomagnetic field lines are equi-
potential, which implies perfect mapping of the electric field
between the magnetosphere and the ionosphere (this also leads
to conjugate arcs); there is a reservoir of electrons on the inner
portion of the plasma sheet, ready to be injected in the circuit;
and the propagation time between the ionosphere and the
magnetosphere is ignored (there is no inductance); i.e., the

' Now at Observatoire de Neuchatel, Neuchéatel, Switzerland,
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time for a flux tube to cross the arc (<100 s) is longer than the
propagation time.

From his theory, Atkinson can estimate the following pa-
rameters for a multiple arc system: the arc width and separa-
tion, the current densities, the location of the current sheets (a
broad downward current sheet, typically some tens of kilome-
ters, beside a thin upward one, typically some kilometers,
which corresponds to precipitating electrons and the visual
auroral arc), and the value of the electric field components
within and outside the arcs.

Single arcs can be viewed as very widely separated multiple
arcs or as a case of a very heavy damping of the standing wave
(the oscillation in the circuit rapidly dies out in the meridional
direction).

Finally, the breakup could be explained by a northward
spreading wave of proton precipitation which would enhance
the electron number density inside the arc and produce the
generally observed brightening from the south.

The more recent theory of Sato and Holzer [1973] and Hol-
zer and Sato [1973] is an extension and a generalization of
Atkinson’s theory, but several assumptions and end results are
different. Both conjugate ionospheres and the magnetosphere
dre involved in the circuit. Sato and Holzer assume the exist-
ence, in one ionosphere, of an electric field with a meridional
component and an electron density perturbation produced, for
example, by precipitation of thermal electrons from the
plasma sheet: it is thin in latitude, extended in longitude, and
at about 155-km altitude, where there is a low recombination
rate. This dc potential in the ionospheric rest frame will be
seen as an ac potential in the magnetospheric rest frame when
its field lines sweep across the perturbation. Thus one iono-
sphere, called the ‘active’ one, will be the site of an ac gener-
ator. The equivalent electric circuit is more involved than
Atkinson’s circuit: it includes a magnetospheric inductance
(i.e., there is a finite propagation time between the ionosphere
and the magnetosphere) and capacitance, and a resistance in
the conjugate ionosphere.

The current set into motion in the active ionosphere flows
along field lines and closes in the conjugate ‘passive’ iono-
sphere. If the electron perturbation is quenched (e.g., by taking
place at too low of an altitude), no auroral phenomenon will
take place. If the perturbation grows, currents will circulate,
and a threshold will be reached by, for example, an instability
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Fig. 1. Geometry for calculating the total field at the magnetome-
ter sensor as a function of time. The z axis is parallel to the vehicle roll
axis, and the coordinate system rotates with the payload at angular
velocity w,. The bias field B, is fixed in the yz plane at an angle 7 from
the y axis, while the direction of the ambient magnetic field By is given
by the polar angle f and the phase angle w,t,

of the type described by Kindel and Kennel [1971] and the
appearance of an anomalous resistivity. The end result is a
parallel electric field that will energize the electrons and give
rise to a single auroral arc display at an altitude (~100-120
km) lower than where the primary perturbation took place
(~155 km).

The case of two active ionospheres leads to the formation of
multiple auroral arcs in the following way. In order to grow,
perturbations occurring simultaneously in both ionospheres
must adjust their positions so as to work coherently: the up-
ward field-aligned current in one ionosphere will correspond
to the downward current in the conjugate one. The ionosphere
with the smallest recombination rate will take control of the
system. The direction of appearance of successive arcs (north-
ward or southward) will depend upon the relative magnitudes
of the electric field components and the Hall and Pedersen
mobilities in the £ layer.

From their theory, Sato and Holzer can estimate the follow-
ing quantities for a multiple arc system: the arc width and
separation, the current densities, the direction of formation of
each new arc (equatorward or poleward), the electrojet in-
tensity and direction, and the location of the upward and
downward current sheets (it depends upon the direction of the
electric field). _

The case of a single arc is inherent in the theory, since it is
the basic unit that can lead by repetitive process to a multiple
arc system. Conjugacy is predicted, but an arc is not neces-
sarily associated with another one in the conjugate hemi-
sphere.

Critical factors in their theory are the values of the Hall and
Pedersen mobilities, the recombination coefficient (altitude de-
pendent), the altitude of perturbation growth (if it is too low, it
will be quenched), and the relative velocities of the electron
perturbation and the magnetospheric plasma (it is linked to
the induction and to the appearance of a phase lag critical to
the perturbation growth).

DESCRIPTION OF THE EXPERIMENT

The magnetometer used in this experiment was an optically
pumped single-cell cesium vapor scalar sensor [Bloom, 1962,
Ness, 1970]. A very stable regulated current source provides a
bias magnetic field with a magnitude of about 10,000 v at an
angle 7 of about 10° above the rocket equatorial plane. The
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bias field B, and the ambient magnetic field B,;, making an
angle @ with the rocket spin (or roll) axis, combine vectorially,
and the sensor output is a signal frequency very nearly propor-
tional to the magnitude of the total field. Spin of the vehicle
(~5 Hz) produces a periodic modulation of the signal. Further-
more, the presence of a precession motion superimposes_an-
other modulation of much longer period (typically 50 s).

The geometry of our experiment is shown in Figure 1. The
total field magnitude can be expressed as

|B(1)| = [Bg? + B2 + 2BgB(sin 7 cos 8
' + cos 7 sin § cos w,t)'? (N

or
| B(t)| = x**[1 — k? sin? (wyt/2)]¥? )
where
x = B + B’ + 2BBysin (6 + 7) 3)
k? = (4B;B, sin 0 cos 7)/x “4)
which in terms of frequency becomes
f(t) = Leex'?[1 — k?* sin® (wst/2)]"/2 5)

where L, is the first-order Larmor constant for cesium (L¢, =
3.49854 Hz/7).

Since the bias field parameters B, and 7 can be determined
accurately by calibration, the two unknowns B, and 6 can be
computed by direct integration of f(¢) over a spin period.

The maxima of f(¢) occur when the bias field lies in the plane
containing the ambient field and the rocket spin axis, so that
variations in the azimuth ¢ of the field appear as changes in
the phase of the modulated signal.

In the case of a precessing vehicle the polar angle # and the
azimuthal angle ¢ of the magnetic field exhibit a modulation
at the precession period, and the expressions given above take
a slightly different form. It is then more advantageous to con-
sider a reference system fixed in the center of coning coordi-
nate system, i.e., the direction of coning ¢é.

Thus the final measured quantities will be the ambient field
magnitude B, its polar angle 6., and its azimuth ¢, with
respect to the coning direction, i.e., a complete vector measure-
ment.

A detailed presentation of the mathematical expressions
leading to these final quantities is given by Park and Cloutier
[1971].

The experiment package also contained an array of charged
particle detectors and a lunar aspect sensor.

Launch Conditions and Geophysical Data

The payload, carried by a Nike-Tomahawk sounding rocket
(NASA 18.111), was launched from Poker Flat, Alaska, at
0122 LT (1122 UT) on February 2, 1972, At the time of the
launch, Kp was 2+. An average value of Kp of 3+ was meas-
ured for the three 3-hour intervals preceding the flight and for
the three 3-hour intervals following the flight. The azimuth of
the trajectory was within 1° of magnetic north. The rocket
passed close to the zenith of Fort Yukon, 196 km north of the
launch site. The apogee was 170 km at a flight time of 204 s.

Unfortunately, owing to an instrument failure, the two
doors protecting the payload instrumentation were not
ejected. Consequently, no data were obtained either from the
particle detectors or from the lunar aspect sensor. However, a
clear signal from the magnetometer was recorded from lift-off
to impact. This signal indicated that vehicle stabilization
(force-free precession) was achieved by about 93 s and contin-
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ued until about 320 s when atmospheric drag on reentry
caused perturbations. The initial coning half angle was 9.61°
+ 0.01°; it increased to about 10° by 320 s. The coning period
was about 53.2 s, decreasing by 0.2 s during the flight.

An attitude determination based on the magnetometer only
was devised by Sesiano [1972]. The method is briefly as fol-
lows: from the IGRF (International Geomagnetic Reference
Field) geomagnetic field expansion the angle between the field
lines and the local vertical (zenith angle) is known at any point
along Lhe flight trajectory, as is the held azimuth. Taking these
angles at two widely separated times during the flight and the
two corresponding values of the magnetic field polar angle 6.
(defined more explicitly in the next section), it is possible to
obtain the zenith angle and azimuth of the direction of coning.
This method is valid if one can assume that no intense currents
circulate close to the payload at the points of the trajectory
chiosen for this calculation. '

By using the relevant quantities the total angular momen-
tum (coning direction) elevation angle was computed to be
55.3° £ 0.1°, and its azimuth was 1° 4+ 2° at 95 s,

The observatory at Fort Yukon provided all-sky camera
coverage, magnetic and photometric data. Only magnetic data
were obtained from the observatories at Poker Flat and Col-
lege because of a high cloud cover.

At the time of the launch a system of three ill-defined arcs
(maximum intensity, ~20 kR) extended south of the zenith,
superimposed upon a bright background (intensity, ~5 kR).
Around apogee, the two southernmost arcs had merged into
one broad arc of similar intensity, and the northernmost arc
intensity decreased. The whole structure was spatially stable
until 250 s, when the northernmost arc reintensified slightly,
occupying a position about 20 km to the south of its initial
one. The azimuth of the arc system was about 135°.

The magnetometer at Fort Yukon (see Figure 2) shows a 52-
v decrease in X and no deflection of the Z component at the
time of the flight. This corresponds to a westward electrojet
over the station. Similar behavior was exhibited by the Poker
Flat and College magnetograms.

An electron number density of 5 X 10° m~? was calculated
for the zenith at College with data from the ionosonde located
at that station; this value is slightly larger than the predicted
ionospheric nighttime value [e.g., Bostrém, 1964]. This was
probably due to the diffuse glow over the entire sky south of
the zenith during the flight.

Experimental Results

As was previously mentioned, no data from the particle
detectors were obtained, and thus only the vector magnetome-
ter data will be presented. They are shown in Figure 3. The AB
curve is the difference between the total ambient field (geomag-
netic plus perturbation) measured at the payload and the geo-
magnetic field. The latter is obtained along the trajectory from
the IGRF spherical harmonic expansion updated to the launch
time,

The . and ¢. curves are plots of the polar and azimuthal
angles, respectively, of the total magnetic field direction in an
inertial coordinate system whose polar axis is coincident with
the total angular momentum (coning) direction. Once every
rocket spin, these three parameters are measured. The plots in
Figure 3 show an average over 10 spins, i.e., about 2 s of flight
time.

Owing to the good radar acquisition of this flight we are
confident that the AB data represent features induced by circu-
lating currents in the vicinity of the payload. One can see that
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Fig. 2. The Fort Yukon magnetogram for the 4-hour interval con-
taining the flight on February 2, 1972.

two major signals are present, well above the 2-y noise level.
The smooth decrease of . is due to the payload flying
toward regions of larger dip angle. Superimposed upon it,
three signals can be seen, well over the noise level of ~0.05°.
Once the linear variation due to translational motion has
been removed, the azimuthal data ¢, show clearly three signals
significant in comparison with the noise level of ~0.3°.

Interpretation of the Data

Before we present the models fitting the data, it is instructive
to discuss some important points concerning the geometry of
our experiments. The signals in AB and 6, arise from per-
turbations in the meridional plane, and the signals in ¢. arise
from perturbations in the magnetic east-west plane. Thus field-
aligned currents producing a magnetic perturbation per-
pendicular to the geomagnetic field and in the magnetic east-
west direction will affect the ¢, data but will alter 6, to a lesser
extent and AB negligibly. Conversely, the magnetic per-
turbation from an east-west line current lies in the meridian
plane and will affect AB and 6, but will leave ¢, unaltered. So
the effect of Birkeland (field-aligned) currents is to change the
direction of the geomagnetic field while it has a negligible
effect on its magnitude.

The observed AB profile must be attributed to line currents
orthogonal to the geomagnetic field. Two eastward electrojets
of about 2000 A corresponding spatially to auroral arcs and a
westward one of 1100 A slightly to the north of the visual
auroral display (but in a region very active in the previous 30
min) could reproduce the most prominent features in AB (see
Figure 3). These weak model line currents did not affect ¢, at
all,

A system of field-aligned current sheets able to reproduce
the ¢, signals was constructed. It is shown in Figure 4. It
consists of three parallel pairs of current sheets having infinite
extent along the east-west direction. Closing horizontal cur-
rents flow at an altitude of about 120 km. The current densities
range from 10 to 45 pA/m? in the different sheets; these values
are uncertain by about 50%. The rocket trajectory and the
intensity of the 5577-A line of O I as recorded at Fort Yukon
for two different flight times are also shown. The small overlap
between the second and third current sheets is probably due to
a temporal variation in the intensity of the precipitating par-
ticles. There is quite a good correlation between the observed
maxima of the visual display and the upward current sheets if
we associate them with downward going electrons. Because of
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Fig. 3. Plot of the vector data obtained during the dynamically

stable part of the 18.111 flight. The AB profile represents the magnetic
field magnitude difference between the flight data and an IGRF spheri-
cal harmonic expansion. The 6. profile represents the polar angle of
the ambient magnetic field in a coordinate system centered along
vehicle total angular momentum. The ¢, profile represents the azi-
muthal angle of the ambient magnetic field in a center of coning
system, referred to the field position at 95 s. The error bars represent
the average standard deviation, and the solid lines represent the best fit
to the data when electrojets and current sheets are included.

the uncertainty in ¢, the current sheet boundaries can be var-
ied by £8 km while a reasonable fit to the data is still main-
tained.

As was mentioned in the previous section, the activity was
widespread in the southern sky, so that the rocket penetrated
part of the first auroral arc on its way up. This resulted in an
uncertainty in the base line (0°) of the ¢, data: another base
line about 0.3° lower than the one shown in Figure 3 could
have been chosen. Consequently, an alternate current system
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capable of reproducing the ¢. profile was devised; it is shown
in Figure 5.

It consists of four pairs of current sheets whose current
densities range from 15 to 90 uA/m? The same uncertainties
given above apply to this model.

The north azimuth of either system is 120°; it can be varied
by £10° while a relatively good fit to the data is still kept.

The two current configurations just presented reproduce
well the observed data, are the simplest ones, and are the most
likely on physical grounds. Because of the nonavailability of
the particle data, no correlation could be made with the spatial
location of the precipitating and upgoing electrons and pro-
tons.

DISCUSSION

Two models fitting our data have been presented. We will
now examine their agreement with the ground data and the
predictions of the two theories discussed at the beginning of
this paper.

As was mentioned above, the deflection of the Fort Yukon
magnetogram can be interpreted in terms of a westward line
current above that station. Furthermore, taking into account
the earth currents, the magnitude of the electrojet is calculated
to be about 40,000 A. This value is a little more than an order
of magnitude higher than what we inferred from our magne-
tometer signal. The discrepancy could be explained in terms of
a horizontal current sheet flowing in the highest conductivity
zone of the E layer, below the altitude (~115 km, at 95 s) when
data reduction started.

As has been observed by Rostoker and Kisabeth [1973], the
eastward and westward electrojets can coexist around the mid-
night hours, the latter flowing north of the former. This is the
geometry observed in our experiment, with an eastward circu-
lation south of College and a westward one above and north of
Fort Yukon. It has already been mentioned that there is a
good spatial agreement between the upward current sheets
(downgoing electrons), the eastward electrojets, and the visual
auroral arcs, while the westward electrojet corresponds to a
region that exhibited active auroral displays less than 30 min
before the flight but was visually quiet at the time of the flight.

Let us now consider our experimental results in view of the
different parameters defined by Atkinson [1970]. Using his
constants and those of Bostrom [1964] for the conductivities
and the electron number density, we obtain for a current sheet
20 km thick a current density of 5 uA/m? i.e., a value less than
an order of magnitude smaller than the values observed during
this flight. Owing to the absence of conspicuous moving fea-
tures along the arc, no meridional component of the electric
field could be deduced; nevertheless, a very slow southward
displacement (~100 m/s) of the arc system was observed dur-
ing the flight. Taking out the apparent rotation of the auroral
oval over the station, a westward electric field of 5§ mV/m
could be inferred.

A critical parameter introduced by Atkinson in his paper is
K; it depends upon the inverse of the cube of the electron
number density in the arc and linearly upon the recombination
rate, the arc system meridional motion, the height-integrated
Pedersen conductivity, and the sheet current density /.. For a
complete description of this parameter the interested reader is
referred to Appendix A. Using the constants given by Atkin-
son and our flight data for /,, we compute an average value of
K equal to about 2 X 10% This value, | order of magnitude
larger than the mean value estimated by Atkinson, is still
within his estimated range of variation, The other important
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Fig. 4. A possible current system including three pairs of current sheets, two eastward electrojets, and a westward
electrojet which is capable of reproducing the magnetic field changes observed during the flight. The view is in a plane

perpendicular to the arc system. Arrows indicate the direct

ion of current flow. The intensity profile of the 5577-A line as

recorded by the Fort Yukon photometer for two flight times is shown below the current system. The altitude of the

horizontal closing current is assumed to be at 120 km.

parameter of Atkinson’s model is f, (see equation (A3)), which
is approximately the nondimensional meridional electric field
when the east-west component is small. Its predicted range of
variation goes from 3 to 100. From our observed arc parame-
ters, fo ranges between | and 3; furthermore, using the values
of K found above, we compute an arc spacing S of about 70
km versus 20-40 km for the observed values. The arc thickness
g is calculated to be 20 km versus observed values ranging
from 10 to 30 km. The parameters S and o are defined in
equation (A2).

The electrojet intensity, given by (A4), is approximately 102
A integrated over a height of 10 km and for an electron num-
ber density of 10 m=2,

Finally, the electric field distribution between and inside the
arcs can be estimated. We compute a meridional component
that is maximum midway between the arcs (~100 mV/m);
inside the arc we find a value of ~80 mV/m, which seems to be
a little high in comparison with other published data. Another
estimate using Bostrém’s [1964] conductivity values and our
observed sheet current densities gives values around 15 mV/m,
apparently closer to what has been measured [Kelley et al.,
1971; Mozer and Lucht, 1974).

In summary, we can say that Atkinson’s theory is in agree-
ment with several observed parameters. The values of the
constants K and f, were found to be quite different from the
values given in his paper but still within his predicted range of
variability. On the other hand, the electric field values calcu-
lated seem tod high.

Let us riow look at the predictions of Sato and Holzer's
[1973] model. The most critical parameter in their theory is
the combination V, = MpE," + MyE,,", where Mp and My
are the Pedersen and Hall height-averaged mobilities, re-
spectively, and Ey." and £,," are the components of the zero-
order electric field in the rest frame of the neutral gas (x
toward the south, y toward the east). This parameter gives
the spatial distribution of the current sheets: the downward
current sheet lies equatorward of the upward one if ¥V, <

0, and vice versa if ¥, > 0; we note also that in their model the
upward current corresponds to the visible arc. ¥, indicates
also the direction of formation in a system of multiple arcs:
each new arc will appear equatorward of the established ones
if ¥y < 0 and poleward if ¥, > 0. Furthermore, V; also enters
in the expression giving the current density, the electrojet in-
tensity, the arc width, and separation. Other quantities enter-
ing in these expressions are the electron number density 'in the
arc, the capacitance and inductance of the magnetosphere, and
the resistance of the ionosphere. Let us now compare Sato and
Holzer's predictions with what we observed, For the east-west
electric field component the observed value of 5 mV/m will be
used; with Sato and Holzer we shall assume a value of 20 mV/
m for the meridional component (in the absence of such a
component, their theory would lead, in aur particular case, tp

i ELECTROJETS: _|
150 k= © EASTWARD _ |
L ® WESTWARD
fé - -
= L -
w 00— =
S
[ I 20
E kT ohowe® ot T
< F < o To+273 sec
~
- 1820
50 r—»< 10 =
C 0 To + 105 sec 1
o P YT NS (G RN L O (= 1 D T | o L 1= T
0 100 200 300 400
FLIGHT TIME (sec}
| Py T ey Y (D ISR S R SRy ) (o e LT
9] 100 200 300
RANGE (km)
Fig. 5. Another possible current system deduced using a ¢, profile

with the alternate base line discussed in the text.
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physically unreasonable results). For the electron number den-
sity a value of 5 X 10" m~? seems reasonable in view of the
brightness of the system [Dalgarno et al., 1965; Rees, 1963].
Finally, for the mobilities we shall adopt Holzer’s values (from
unpublished calculations), though they seem to be too low by
an order of magnitude according to the estimates of Bostrim
[1964].

The wavelength A,, (explicitly given in equations (Bl) and
(B2)) of the perturbation (approximately the arc spacing) is
calculated to be about 3 km, and the arc width is about 1 km.
Both these quantities are smaller than the observed ones by
about a factor of 10. The current density (see equation (B3)) is
then computed to be about 8 pA/m?, also several times smaller
than what was observed. In the calculation of the electrojet
intensity an estimate of the perturbation electric field E,* must
be made; its extreme possible values range from zero (no per-
turbation) to a value equal and opposite to the zero-order
component E,°. If we adopt a value somewhere in between
(i.e., E;* = —(3)E.° approximately), we find an electrojet in-
tensity much too low,

Lastly, the parameter ¥, being negative, the theory forecasts
a downward current sheet equatorward of the upward one;
this is what was observed.

A summary of the results predicted by the two theories and
of the observed values is given in Table 1.

Finally, let us present results from other rocket and satellite
experiments that took place over multiple or structured arc
systems; these results indeed provide further evidence for the
existence of multiple field-aligned current sheets, but they also
show the complexity of the problem and the possibility of
different configurations at different times.

In a sounding rocket experiment at Fort Churchill, Canada,
by Choy et al. [1971] over an active auroral display comprising
bands, rays, and a bright moving fold, simultaneous measure-
ments of the electric field and the electron fluxes were ob-
tained; the on-board magnetometer did not have a high
enough resolution to detect Birkeland currents. North of the
energetic precipitated electrons responsible for the visual au-
rora a softer spectrum was detected (<1 keV) simultaneously
with a rotation of the electric field direction from the west or
southwest to the east. This configuration suggests a plasma
sheet origin for the less energetic particles. Simultaneous meas-
urements by the satellite ATS 5 at 6.6 Ry, believed to be
magnetically connected to the southern edge of the auroral
form, show an electron spectrum similar in shape and absolute
differential intensity to that recorded by the sounding rocket.
This suggests that no further acceleration mechanism is needed
between the equatorial plane and the auroral ionosphere if the
assumption by Choy et al. of magnetic connection is valid.

Another sounding rocket was launched at Fort Churchill by
Whalen and McDiarmid [1972] over several east-west auroral
arcs. Intense fluxes of low-energy electrons with near 0° pitch
angle were detected at the northern boundary of the auroral
precipitation. A current density of 200 uA/m? at 0.55 keV was

TABLE 1. Summary of Predicted and Observed Results
Parameters Atkinson  Sato and Holzer Observed
Arc width, km 20 ] 10-30
Arc spacirig, km 70 3 20-40
Meridional electric 80 20 15
field, mV/m
Current density, 5 8 10-90
uA /m?
Electrojet intensity, A 1000 10 1000-2000
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estimated in a current sheet 10 km thick. Field alignment was
observed for electrons of energy from less than a few keV to
greater than 8 keV. At higher energies the electron pitch angle
distribution headed toward isotropy at times of maximum
fluxes, and it generally was peaked toward 90°. No significant
field-aligned distributions were found south of the boundary
or between the arcs. This configuration was attributed by Wha-
len and McDiarmid to local acceleration from a parallel elec-
tric field with a potential drop greater than 7 keV.

Very similar observations were made by Maehlum and
Moestue [1973] with a mother-daughter sounding rocket pre-
midnight flight over two stable auroral arcs. They were found
to be imbedded in an ‘ocean’ of 0.5-to 3-keV field-aligned
fluxes of low-energy electrans. Within the visual auroral forms
the pitch angle distribution was roughly isotropic with a ten-
dency for the 3-keV electrons to be peaked around 90°.

Additional information on the relationships of field-aligned
electron fluxes, visual auroral forms, and Birkeland currents
has been obtained by several other rocket flights by the Rice
University group. Data were reported in the literature by Park
and Cloutier [1971], Vondrak et al. [1971), and Cloutier et al.
[1973]. They all tend to show a relationship between pitch
angle and energy of the particles opposite to the one presented
by Choy et al., Whalen and McDiarmid, and Maehlum and
Moestue. The maximum current densities were indeed ob-
served for the highest-energy electrons (10-20 keV), this effect
being due to differences in pitch angle anisotropy. Less than
50% of the total upward current detected by the magnetometer
was attributed to electrons in the energy range 0.5-20 keV.
Thus it appears that both upward and downward Birkeland
currents were carried by particles with energies less than 0.5
keV.

The description of these experimental data and those from
our flight suggests that the high-latitude ionosphere is in nearly
constant electrical contact with the magnetosphere through
Birkeland currents; they are quite weak and diffuse during
magnetically quiet periods but are strongly enhanced during
active times.

The auroral structure observed in our experiment is of a
scale much smaller than the ionospheric mapping region of the
steady state quiet time Birkeland currents (several degrees in
latitude). It is not yet clear if these observed auroral currents
are a compression of larger auroral zone currents or if they are
different entities related to a local acceleration mechanism
(arising from anomalous resistivity) and superimposed on the
larger auroral zone currents.

Though no particle data were obtained in the flight dis-
cussed in this paper, data from other Rice University flights
tend to support the idea that the energetic electrons are not the
principal current carriers, even though they are responsible for
the visible emission; furthermore, they have always shown a
striking spatial coincidence of the upward net Birkeland cur-
rent inferred from the magnetometer with energetic electron
current,

APPENDIX A

Taking the x axis toward the south and y toward the west,
the parameter K of Atkinson’s theory has the following form:

K =(y + 1)Cv.l; /20ePN,* (A1)
%

where v is the electron-ion pair number created by an in-
coming electron (typically 100), C is the capacity of the electric
circuit (typically 30 F), v, is the velocity of flux tubes and
convecting plasma as seen from our reference frame (typically
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1 m/s), I, is the x component of the ionospheric current at the
origin of our reference, « is the recombination coefficient for
a height-integrated electron number density N (a is typically
4 X 107® m? s7'), e is the electron charge, P is a constant
(typically 10~** mho m?) such that P = Z/N, where Zp is
the height-integrated Pedersen conductivity and ¥, is the per-
turbed height-integrated electron number density (typically
10'* m~2).

Note also that I, = Ny(PE, — HE,), where N, is the
unperturbed height-integrated electron number density (typi-
cally 10" m~2), H = Z4/N (typically 1.6 X 107! mho m?),
E,, is the x component of the electric field at the origin
(typically 50 mV/m), and &, = E, — U.B, where E, is the y
component of the electric field in the moving frame, U, is the
velocity of the neutrals in the moving frame, and B is the
geomagnetic field; &, is typically 5 X 107% V/m.

The arc parameters are given by the following expressions:

a = 2(K/fy)"* S = 4(Kfp)* (A2)
where the parameter f, is
_ [ pE., — HE) }“2 ~
L [(PE,.,,;., — H) A

where E, and E, i, are the maximum and minimum values of
B
The height-integrated electrojet intensity is given by

I, = N(P§, + HE,) (A4)

APPENDIX B

In Sato and Holzer’s theory the wavelength of the per-
turbation is given by

2m(2LC) v,
A = 5T 0.9(L/R°C) (B
where L and C are the inductance and capacitance of their
equivalent electric circuit (LC is typically 2.9 X 10* s?), v, is the
initial phase velocity of the perturbation, and R is the resistance
of their circuit (L/R?C is typically (5§ X 10~*)n,%, with n,
the electron number density at the altitude of the perturbation
(typically 5 X 10" m~%)).
An equivalent expression for the wavelength is

Am = (1.6 X 10°) (Eox™ + 0.1Eq,") (B2)

where E,. and E,, are defined in the main body of our paper.
The maximum value of the field-aligned current density is
given by

. s |Bo" 4 Eo(Mu/Mb)
= 6 1 6‘! [} Oy I P
i TR = ot

(B3)

and the maximum current flowing in the east-west (y) direction
will be
L

wihne[(§ — 1)MyE,, + ME,] (B4)

where w, is the arc width given approximately by the follow-
ing relation: w, = A/, w, is typically 4 km. Here A4 is
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the height over which we integrate (typically 30 km), 7 the
average electron density in the final steady state (typically 4
X 10" m~*), e the electron charge, £ a factor between 0 and
1, and ME = (fMﬂz + Mpz)/Mp.
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