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ABSTRACT

Models of auroral processes have been advanced in which the
ionosphere plays an active role in stimulating aurcral particle
precipitation. The validity of these suggestions can be
investigated by releasing an artificial plasma cloud into the
ionosphere and studying the effects. To this end, the sounding
rocket experiment Trigger, comprising a diagnostic and a chemical
release payload, was conducted.

As a consequence of the release, a drastic increase of the
field aligned charged pa-ticle flux was observed over the approximate
energy range 10 eV to more than 300 keV, starting about 150 ms after
the release and lasting about one second. There is also evidence of
a second particle burst, starting one second after the release and
lasting for tens of seconds. In addition, there is evidence for a
periodic train of particle bursts occurring with a 7.7 second
period from 40 to 130 seconds after the release. A transient electric
field pulse of 200 mv/m appeared just before the particle flux
increase started. Electrostatic wave emissions around 2 kHz, as well
as a delayed perturbation of the E-regipn below the plasma cloud
were also observed.

Some of the particle observations are interpreted in terms of.
field aligned electrostatic acceleration a few hundred kilometers
above the injected plasma cloud. It is suggested that the accelerating
electric field was created by an instability driven by field aligned
currents originating in the plasma cloud.

This paper gives an overview of the experiment design and the
general results. Particular observations and their interpretation
are discussed in more detail in companion papers.




INTRODUCTION

t

The classical view of the auroral ionosphere is that of a passive
screen ¢:splaying the. result of processes taking place and being
controlled far out in the magnetosphere. However, present knowledge of
the complex dynamical structure of magnetospheric substorms indicates that a
substorm is the result of a complicated interplay between the ionosphere
and the magnetosphere. Until now, the theoretical understanding of
_ auroral phenomena has neglected either the influence of the ionosphere

or the characteristic effects of thc magnetotail. Goldstein and
Sehindler (1978) have among others recently pointed at the desirability
of investigating the stability properties of the entire ionosphere-
magnetosphere system, although a unified theory is not within the reach
of present theoretical methods.

So far, no detailed treatment of the role of the jonospheric
conductivity in relation to large scale substorms has been presented.
However, a few authors have discussed the importance of conductivity
irregu]a}ities in connection with quiet small scale aurorxl structures
(auroralgarcs). Bostrém (1964) discussed the electric polarization field
within ah arc and external field aligned current systems associated with
the aurofal arc conductivity. In a number of papers (Atkinson, 1970;
Coroniti and Kemnel, 1972; Sato and dolzer, 1973; Sato,1978 and
Mallinckrodt and Carlson, 1978) models are discussed in which the lower
ionosphére actively participates in the formation of quiet auroral arcs.
The essential features of such theories are as follows: Assume that there
is an auroral arc consisting of a local plasma density enhancement with
a large extent in the east-west direction and a small extent in the
north-south direction. A westward component of @ convection electric
field drives a westward Pedersen current and a northward Hall current
within the arc. Due to the variation of the conductivity in the north-
south direction, there is a divergence of the Hall current, This
divergence of Hall current-will result in either magnetic field aligned
currents or a polarization within the arc or both. The primary creation

“of one or the other of these phenomena depends on the ability of the
magnetic Flux tube to carry a sufficient amount of current (Bostrém, 1964).




The created field aligned currents are assumed to close in the
magnetosphere via polarization currents across the magnetic flux tube.
The currents can thus be maintained only if they are varying in time.
Note, however, that the time variation need not occur in the reference
frame of the auroral arc, but only in the reference frame of the plasma
in the region of the polarization currents. If these field aligned
currents exceed the threshold for creation of current driven plasma
instabilities along the flux tube, charged particles might be accelerated
towards the arc. Hence, one has a feedback mechanism capable of increasing
the ionization of the original auroral arc and thus strengthening the
field aligned currents.

The role of the E-region in the formation of auroral irregularities,
such as auroral arcs, cannot be verified by means of traditional diagnostic
sounding rocket or satellite experiments, since it would be difficult to
distinguish between cause and effect. However, by releasing a plasma

cloud, one can artificially introduce a horizontal current divergence,
| and study the perturbations caused by the plasma injection, knowing what
the primary disturbance is.

Increased auroral particle precipitaion has been observed in
connection with a few barium release experiments designed for electric
field measurements. rclley ot al. (1974) have reported observations of
different types of waves and increased fluxes of energetic particles in
association with small ionospheric barium releases at high latitudes.
Wesceott (1976) and kilnelm (1978) have reported indications that shaped
charge barium releases may have triggered auroral particle precipitation.
Indirect evidence of auroral modifications associated with barium releases
are given by Ctoffrigen (1970) and Dechr and Romice (1977) who observed
enhanced auroral optical emissions in connection with chemical releases
in the ionosphere. Hence, it appears possible to modify the auroral
particle precipitation by means of artificial plasma releases as proposed
above. However, the above related observations were not foreseen by the
experimenters. Therefore the collected information about the modifications
is incomplete and in some cases uncertain. We will report here the results
of an experiment, Trigger, fully dedicated to observations of perturbations
associated with a cesium plasma release in the ionosphere.
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EXPERIMENT DESIGN

r

In previous barium release experiments where unforeseen "trigger
effects" were observed (Xelley et al., 1974), the barium canisters
were ejected in directions perpendicular to the rocket spin axis, in
ripdom spin phases, on the trajectory upleg. Hence, the relative
positions of the canister and the payload at the time of the release,
were not known. The fact that a "trigger effect" was observed on some
occasions and not on others, was interpreted in terms of a magnetic
field line connection between the barium cloud and the instrumented
payload in the cases where perturbations were observed and an absence
of connection in cases where no perturbations were seen.

In the Trigger experiment it was thus essential to establish a
field line connection between the Cs-injection and the instrumented
payload. That was achieved by taking advantage of the geometrica)l
situation at Esrange (68.1%N, 21.0%), the sounding rocket facility
near Kiruna( Sweden. For a rocket launched in the magnetic meridian
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Figure 1. Positions of the release point, the intersecting magnetic
“field line and the payload shortly after the explosion, .~
in the plane of the magnetic field. ]
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with a 200 km apogez and 60 km range io impact, a considerable part of
the downleg trajectory is closely parallel to the geomagnetic field
lines. The chemical package was accomodated in a separable module

mounted on the top of an instrumented payload. On the upleg, the upper
module was separated forward by means of a spring mechanism at a relative
velocity of 5.5 m/s.

The ejected payload was thus given a slightly higher trajectory
than the mother payload. At the approximate altitude of 164 km on the
downleg, the Cs'-cloud was released. The instr mented payload was at
that time situated below the Cs'-cloud within the magnetic flux tube
through the cloud as shown in Figure 1.

The chemical payload

Traditionally, chemical releases in the iorosphere have been used
to measure neutral winds and electric fields. In the latter case barium
is the most commonly used material. For electric field measurements, it
is essential to introduce a disturbance as small as possible, that is
the ratio of the-height-integrated conductiviiies inside and outside the
ion cloud, should be as close to unity as possible. In our experiment,
however, the efforts should be the opposite. We were not primarily
interested in tracing the ions, but desired to create as large conductivity
gradients as possible. In order to meet the requirements of creating a
large disturbance within a 1imited volume and avoiding a dependence on
sunlight, thermal ionization of cesium by means of explosives was
employed (% .nni oz and <7 i, 1963). In the Trigger (S21/3) experiment,
described here, approximately 12 kg of a TNT-AIO-CSNO3 mixture was
explosively released at 164 km altitude, giving an estimated conductivity
increase of more than two orders of magnitude above the undisturbed
conductivity. In such an artificial ion cloud, the height integrated
conductivity would be significantly enhanced compared to the undisturbed
value, although typical auroral arc conditions would pro@ably not be
reacked. Note, however, that the most relevant parameters are the hori-

zontal conductivity gradients and the dynamics of the cloud expansion,

not the conductivity itself. Since the volume of the Cs*-cloud will be
quite small (scale size of a few kilometers), large conductivity gradients
will be achieved during the initial expansion phase and a while there-
after.




The height of the release, 164 km, was chosen well above the
E-region, in order to make it possible to perform radio and optical
observations of expected secondary effects in the E-region below the
fon cloud, and in order to facilitate wave propagation upwards.

In addition, at 164 km altitude, the cesium ion gyro frequency
approximately equals the ion-neutral collision frequency. As a consequence
of that, the specific conductivity (conductivity per electron-ion pair)
assumes its highest value, a fact which is favourable for the experiment.

The instrumented payload

The time of the detonation of the explosive cesium mixture was very
accurately determined by detecting the flash with an optical sensor at
the top of the payload. The time resolution was 4.88 us as determined by
the bit rate of the PCM telemetry system.

The charged particle experiment comprised two different types of
detectors. Five low energy.detectors consisting of curved plate electro-
‘static analyzers and channeltrons designed to measure electrons
?nd positive ions with energies in the range 10 eV - 15 keV and four
iintermediate energy particle detectors consisting of solid-state
detectors for detection of electrons and positive ions with energies
igreater than 40 keV, Viewing directions were 0°, 90° and 150° relative
to the rocket spin axis. One of the channeltron detectors was semi-
‘logarithmically swept up and down in energy with a sweep time of
‘approximately 0.35 s. The basic sampling time for all detector

‘channels was about 3.1 ms. The charged particle experiment is described
in more detail in a companion paper (Lundin and Holmgren, 1979),

The quasi-static electric field was measured by means of a double

. probe experiment. Two pairs of booms, 3 m tip to tip, were used. The
“sampling time was 3.1 ms.

The wave experiment consisted of measurements of wave associated
electric fields, using the same probes as in the quasi-static electric
field experiment, ahd measurements of the relative plasma density
fluctuations én,/n, made with a fixed-bias spherical probe mounted on
3 50 cm radial boom. The simultaneous measurement of the wave associated
electric field and the plasma density wave component made possible a
distinction between electromagnetic and electrostatic waves. Together
with electron temperature measurements the experiment also yields
information on the real part of the dispersion relqtiiu*?b?wziectrostatic

- waves (Kelley and Moser, 1972). ’




The plasma density was measured by operating one of the E-field
probes in Langmuir mode every 6.4 second during the flight, except
during an interval of about 40 seconds around the time of the plasma
injection, Between the Langmuir sweeps the plasma density was given by
the DC-component of the fixed-bias éne/ne-probe current. The relative
ion density was given by a plane circular ion collecting surface at the
top of the pay?oad.\

The electron temperature profile was deduced from the Langmuir
sweeps. However, it was important to have at least a qualitative measure
of the electron temperature associated with the expansion of the plasma
cloud (= wo. oo 2., 1979). In order to meet the requirement of high
time resolution electron temperature measurements, an instrument
specially devoted to temperature measurements was included in the payload.
The instrument is based on the idea of continuously measuring the slope
(di/dv) in the transition region of the Langmuir curve. Thus, the
instrument was not capable of telling whether the plasma had really

a single Maxwellian distributipn, but it gave qualitative information
about rapid changes in electron temperature.

Bremsstrahlung X-ray measurements

A companion rocket experiment was ;onducted as part of the Trigger
experiment. A Super Arcas rocket carried an X-ray detector to an
apogee of 80 km at which point the payload was ejected and descended
by parachute. The trajectory of this vehicle placed the payload at
a horizontal range of 16 km from the 100 km footpoint of the explosion
field line and at an altitude of 62 km ( ~ 0.175 g cm™’ ) when the
explosion occurred. X-rays > 5 keV were measured with a Nal scintillation
counter with a geometric factor of 10.4 cm’sr. A complete account of
the X-ray measurements appears in an accompanying paper (serinc et a!l.,
1979).




Ground based experiments

If high enerby particles within an appropriate flux and energy
range were precipitated, they should give rise to optical emissions from
the E-region altitude. Therefore, a ten channel photometer, looking
torwards the E-region footpoint, was set up at Esrange. The pointing
direction for each of the different channels was slightly divergent.
In each direction the 427.8 nm and 557.7 nm auroral emissions were
recorded. The angle of view for each channel was 3° giving a typical
observed surface with 2.6 km radius at the 100 km level, Also the wave-
lengths 630.0 nm and 486.1 nm were monitored by single channels. Further-
more, a wavelength-sweeping spectrophotometer was employed. In order to
obtain good time reference all photometer data were recorded on the same
magnetic tape as the rocket data via a pulse code modulation system, with
a time resolution of 30 ms.

Two low light TV-systems were employed to record the auroral situation.
One was situated at the launch site and the other one near the magnetic
'footﬁoint through the fon cloud.

. , A Doppler-sounding system was set up for the Trigger experiments.
The doppler sounding experiment consisted of three radio transmitters
dist?ibuted along the Kiruna-Abisko railroad line west of the rocket
range. They transmitted CW signals in the frequency range 1.5 - 2.0 MHz.
The three signa1s were received at 3 single point east of the range,
situated so that the reflexfon points in the E-layer fell close to the
maghetic footpoint through the released fon cloud. Both phase and
ampiitude of the three received signa?s were recorded (Jones and
Spngeklén, 1978). ‘

In order to detect triggered VLF-euissions. VLF gonioueter stations ,
were operated.in northern Norway and Finland (Ryeroft, 1978).
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EXPERIMENTAL RESULTS
Launch conditions

The 521/3 (Trigger) Nike Tomahawk vehicle was launched 11 February
1977 at 2049 UT from Esrange and the Supervﬁrcas vehicle was launched
at relative time + 100 s.

The geomagnetic situation was calm and had been so for more than
three hours before launch as chown in the magnetogram of Figure 2.
There was no visual aurora overhead, but therc were stable arcs on the
northern horizon, and some magnetic activity in the north, About one hour
after the launch a magnetic substorm appeared at Esrange.

Q?gpﬁﬂQgpjpymgq;

The mother-dgaughter separation accurred on the upleg, as planned,
and the detonation took place nn the downleg at the approximate altitude
of 164 km, as shown in Figure 1. The time of the explosion, according to
the flash indicator, was treig 314.15336 s or 2054:19.15 yT.

From theoretical (loud models and the current measured by the
positively biased electron probe, we can derive a simnle model of the
plasma cloud which was created. Immediately after the explosion, the
internal pressure will cause the cloud to rapidly expand until its
pressure has been reduced to the pressure of the ambient atmosphere,
Aiter the forced initial expansion, the cloud expansion will be dominated
by ambipolar diffusion., [, .- (1963) has estir-*2d the radius of such
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Figure 2, The magnetic disturbance situation at the time of the
Trigger experiment.
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a cloud after the initial expansion by calculating the work done against
the atmosphere during the expansion, Following his calculation, we derive
a radius of 1200 m for the 12 kg load at 165 km altitude. Furthermore,
Groves analysis predicts, for our case, that the ¢loud reaches its
max{wm radiuc 0.6 seconds after the explosion. After that follows an
oscillatory adjustment to equilibrium whereafter the ambipolar diffusion
dominates the expansion.
According to Rocenberg and Golomb (1963), a total of 430 moles or

2.5 « 10?% gaseous molecules are liberated from 18 kg of the kind of
mixture used in this experimént. Accordingly it may be assumed that
1.7 + 107 molecules would be liberated from our 12 ke mixture. Racar
reflexions from ion clouds hive indicated that the degree of ionization
is 10" when the initial expension is completed (Rosenberg and oo lomb,
1963). We therefore expected a total electron content in the cloud in
the order of 10°7 2lectrons,
’ After the initial expantion, when ambipolar diffusion 1s dominating,

3 Gau§sian plasma density distribution probably gives an appropriate
description of the cloud (Ra> at al., 1973). Since we will orly consider
the first few secornds after the explosion, we use 3 spherical madel,
whereas later an ellipsoidal model with its major axis along the field
lines, would give a better description. We thus assume a plasma density
distribution

n(r) = n, cxp(-r’/kg) (1

where Y is the plasma density in the cloud centre and Ro is the scale
size of the cloud.

, At 164 km a1titude, the ion-neutral collision frequency is on the
order of 40 Hz. Therefore the centre of mass of the fon cloud should
stop well within 0.1 s. We wii) assume that the cloud centre was
situated at the estimated poirt of explosion. In the Trigger experiment,
the electron probe current shcwed clearly that the ion cloud expanded
past the payload, situsted more than 1500 m away from the exolosion point.
Referring to the above discussion we consider the current varistion after
2 s as basically » spatial variation of the plasms cloud density. Figure 3
shows an attempt to fit a spherical Gaussian plasma density distribution
to the measured density. Such 2 procedure yields a peak plasma density
of 3.1 ¢ 10'? w?, » tota) electron content of 1.4 - 10*’ .and-a-scale

ize of 2000 w. The derived values are higher than expetted. However,'
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considering the uncertainties of the theoretical models, especially
the rate of ionization, we adopt the above experimental values for
the following discussion.

It is essential to estimate the conduztivities inside the ion
cloud. However, in order to calculate the Hall and Pedersen conductivities
one needs the ion-neutral collision frequency. According to “anke, (1966),
at low temperatures the most important ion-neutral interaction arises from
an induced dipole attraction, which is independent of the chemical nature
of a given ion and depends only upon the atomic polarizability of the
néutral gas. For temperatures greater than 300 K the induced dipole force
of attraction is countered by a short range quantum mechanical repusion.
The repulsive force is linked directly to the details of the ion and
neutral orbital electron structure. Thus, variations in cross section
are to be expected for different ions in the same neutral gas at elevated
temperatures. Banks further states that, since there exist virtually no
data for either collision frequencies or cross sections at high tempera-
tures, the study of ion-neutral collisions must be based on the
assumption that the polarization force is the dominant process.
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Considering the uncertainties involved in a theoretical estimate of
the collision frequency and the lack of knowledge of the éxact composition
of the ion and the neutral atmosphere in the cloud, we cannot find any
better approximation than using values representative for the ambient
ionosphere. According to Holway (1965) the ion-neutral collision

« frequency Vin 40 s=! at 164 km height. (For cst ina N2 background the
polarization process yields v, 19 s71),

For the peak plasma density n = 3.1 « 10*?m~?, we obtain the Pedersen
conductivity, op= 5.0 + 107 S/m and the Hall conductivity
oy = 5.7 « 10% S/m. The conductivities inside the cloud were thus more
than two orders of magnitudes higher than the background conductivities
ap = 1.3 - 1075 S/m and oy = 4.4 ¢ 10°¢ S/m. The height integrated
conductivities through the cloud centre become zp =18 S and Ty = 20 S
for the Pedersen and Hall conductivities respectively.

- The first evidence of plasma density perturbations were seen at the
mother payload at relative time, tre] = 314.212 s, that is 58.6 ms after

the explosion. 58.6 ms is an unreasonably short time to transport
mass §ome 1500 m between the explosion point and the instrumented
mother payload. However, the small time delay can be understood in
terms of "frozen in field lines" during the cloud expansion, and a
subsequent Alfvén wave travelling along the field lines from the cloud
to the plasma density probe, as illustrated in Figure 4, and discussed
in more detail by Kelley et al. (1979).

:The initially observed plasma density perturbation could be
associated with such a "field line displacement” with an associated
displacement of the background jonospheric plasma. The relevance of such
a mechanism can be tested by considering the time it would take for the
ambient magnetic field to diffuse into the expanding overdense plasma
cToud. A rough estimate of the time constant, v , for such a diffusion
is given by

= 2 -
T = ugocl’ " | (2)

where L is the scale length of the spatial variation of the magnetic
field, Yo is the permeability of vicuum and o is the Cowling conductivity.

Uc’ UP + a:./OP | " i (3)

" i R
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For our purpose we put L equal to the scale size of the cloud,

L = Ro = 2000 m and oc = 1.1 x 107°S/m. We thus derive a time
constant 1t = 58 ms, which is not smaller than the observed delay
and hence consistent with the proposed mechanism. The above time
constant nas been calculated for the situation (t = 0.6 s).
However, assuming a constant electron content in the cloud, the
time constant is 1n!erse]y proportional to the cloud size. Hence,
earlier in the expansion phase the time constant should be
greater than 58 ms, and the "field line displacement" is even
more efficient than our calculation indicates.
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Figure 4. The cloud deployment sequence.

The distance between the mother payload and the field line
‘through the cloud is about 350 m (Fig 1). Assuming that tke cloud
expands with the detonation velocity, about 7000 m/s, the
perturbation should reach the field line through the mother payload
after 50 ms. We thus have good agreement with the observed delay
of 58 ms, since the vertical propagation time would be less than 2 ms.
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Particle observations

1

Since the payload was launched under calm auroral conditions,
the particle flux was very low and structureless during most of the
flight. The fluxes in the 2 keV channels were genérally less than
10% particles cm2 sec™! sr-! keV~!. However, in connection with -
the Cs*-release a most remarkable increase in the charged particle
fluxes occurred as shown in Figure 5. Figure 5 displays only the
2 keV particle countrates. However, we observed increased particle
fluxes over the whole measured energy range 0.01 to 300 keV, although
the increase was not as pronounced for all energies as for the 2 keV
particles. A remarkable feature of the particle bursts at 314 s,
associated with the cesium release, is that no increased
fluxes were observed near 90° pitch angles, while both upward and
downward field aligned particles showed severa} orders of magnitude
increases. The slightly emhanched countrate on the 2 keV positive ion

'detector, shown in Figure 5, was probably due to an increased electron
backgr@und caused by the very intense electron fluxes.
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Figure 5. 2 keV particle measurements of the Trigger experiment.
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Same details of the particle burst are shown in Figure 6
and can be summarized as follows: Approximately 150 ms after the ot
explosion, the downward and upward directed field aligned 2 keV
electron flux increased by more than two orders of magnitude for
about half a second. It should be emphasized, however, that we -

did not see any increase of the perpendicular flux. The 2 keV
particle burst &hus can be described as two oppositely directed
field aligned beams of electrons. '

In comparing the upward and downward fluxes, we note that the
backscatterfng ratio is very high compared to that prior to the burst.
Actually, the very high backscattering ratio sometimes observed in the
burst at 2 keV suggests that only about half of the downward energy
flux at that enerqy -.as deposited in the lower ionosphere. As an
example of the high enerqgy particle bursts the > 40 keV countrates
are shown in Fiqure 6 for the downcoming electrons, The initial peak
is due to saturation related to the light flash of the cesium release
and should be disregarded. The high energy ( > 40 keV ) particle

e
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Figure 6. The particle burst immediately after the piasah'
“injection of the Trigger experiment. V
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burst appeared at approximately the-same time as the low energy burst,

but decreased at the time when the 2 keV electrons reached maximum, ,
About one second after the release, the high energy countrates increased
again, and the increased flux prevailed for the rest of the flight.

The solid state detectors (D40 keV particles) did not show any significant
increase of the upward going particles, but a slight increase of the

flux near 90 deggees pitch angle, thus indicating a more isotropic

pitch angle distribution than the 2 keV particle fluxes.

The short duration and dynamic nature of the event makes it
impossible to deduce any detailed pitch angle information and energy
distribution. However, by‘assuming a flat pitch angle distribution in
the range 0 to 45 degrees with negligible fluxes at higher angles, and
using the measured energy spectrum during the burst, Lundin and /i.oimgren

(1979) obtain 11 erg cm™>sec™! as an upper limit of the downward
energy flux during the burst. The corresponding current density
would be about TuA/m?.
In comparing the three curves of Figure 6, we note that there is
a strong resemblence betwegn the upward and downward 2 keV fluxes,
while very little detailed correspondence can be seen between the low
energy (2 keV) and high energy (>40 keV) electron fluxes. A noteworthy
feature of the 2 keV flux is the quasiperiodic modulation with a
frequency of about 25 Hz in the peak region, most apparent on the 0°
detector, a feature which is discussed more by Lundin and Holmaren (1979)
and in the discussion section,

A widespread beam of high energy electrons with the observed
energy flux would produce Bremsstrahlung X-rays observable by the
payload located at 62 km altitude below the explosion. Since no such
X-rays were observed at the time of the plasma release we conclude
that the increased prompt particle flux was limited to a very narrow
flux tube. As shown by Bering et al. (1979), the flux tube radius
was limited to $3 km, .4, comparable to the cloud dimensions. Also,
the absence of detectable optical or VLF emis;ions support the
concept of a narrow flux tube.

In addition to the directly observed particle f\uxes. shown
in Figures 5 and 6, there is indirect evidence of particle
precipitation in the time period 40 to 130 seconds after the release
given by the Bremsstrahlung measurements. The X-ray payload observed
a periodic train of X-ray pulses occurring every 7.7 se:ongs during
that interval ( Bering et al., 1979). ’

.
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Electric field observations

The electric field measured prior to the plasma injection never
exceeded 10 mV/m, and was typically a few mV/m during most of the flight.

However, following the cesium injection, a pronounced, temporary
increase of the electric field appeared. Figure 7 shows a detailed

plot of the amplitude variation during a short time after the
explosion.'ApproximateTy 40 ms after the explosion the field amplitude
suddenly increased, continued to increase in an oscillatory manner,

and reached a pronounced peak of almost 200 mV/m about 140 ms after

the explosion. Three more oscillations occurred during the decrease

of the field after the large pulse at the same time that the first

flux of energetic particles arrived. The oscillations before and after
the large pulse seemed to be of different character, They all had
approximately the same period, but the last three oscillations seemed
to be circularly polarized, while the first seven osciilations were
more 1inearly polarized. The rapid arrival of the electric field pulse
prec?udes waves propagating at the acoustic speed. Thus the propagation
mode must be electromagnetic or hydromagnetic. As discussed in a
comﬁanion paper (Kelley et al., 1979), the generation of the pulse was
proﬁably associated with the rapid initial expansion of the neutral cloud
in the presence of the earth’s magnetic field,

150}- | .
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Figure 7. The electric field amplitude after the Trigger plasma
injection.
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Wave observations

A number of differe.t wave phenomena were observed subsequent to
the Trigger explosion. The electric-wave observations are summarized
in the frequency-time sonogram presented in Figure 8. Black patches
indicate high wave amplitudes in that particular frequency-time regime.
Within twenty milliseconds after the release, a first burst of noise
reached the payload. This noise burst lasted for about half a second.
About one second after the release a second burst of signal
arrived which lasted for about two seconds. That emission was band
limited between 1 kHz and 2 kHz and the electric field was spin modulated,
The signal was also detected by the plasma density fluctuation experiment
which showed a very similar spectral distribution as shown in Figure 9.
Nulls in the E-field occurred when the antenna was perpendicular to the
earth”s magnetic field, Hence, it seems likely that the wave electric
field was parallel to the ambient magnetic field., Thus the wave was
electrostatic and, in‘éhis frequency regime, it must have propagated in
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Figure 9. Wave spectra in association with the Trigger plasma
injection.

i
an ion acoustic mode. The signal occurred while the cesium ¢loud was
sti11 surrounding the payload. lon-ion streaming is suggested as a
possible source for the waves, as discussed in more detail in a
companion paper (iintuer ¢ al., 1979).

Ground based observations

A search for influence on the E-region below the released ion
c¢loud was made by means of optical and radio methods as described in
a previous paragraph.

No evidence of increased optical auroral emissions from the E-region
footpoint was found with photometers or TV-systems. Nor were any VLf-
signals detected, which could be related to the artificial plasms
injection (Aycrcft, 1978).

Theoretical estiﬁates, based on the particle energy spectrum
during the immediate particle burst (Lundin and Holmgren, 1979) yields
an expected light emission between 0.1 and 1 kR at the wavelength
427.8 nm. The absence of such observations can be understood if the
emission region did not subtend the whole solid angle of the photometer
aperture. Hence, we take this as another indication that the event
was limited to a flux tube smaller than 3 km in radiys.’ 7
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some revarkdble delayed effects in the E-region did show up on one
vt the boppler sounding radio receivers however. Beginning 202 seconds
after the release, the signal received from one of the three transmitters
suddenly increased by 5 dB. The high signal level persisted for 95
seconds when there was a sudden return to the undisturbed level. A phase
disturbance beqan some ?0 seconds before the amplitude enhancement and
there was a marked increase in the rate of phase advance of 6 wave-
lengths per second. No phase or amplitude disturbances were observed on
the other two propdgation paths further away from the footpoint of the
cloud, This suggests that the disturbance was limited in extent and did
not move a sufficient distance to produce effects on the other paths.
An explanation of these observations in terms of an image cloud formed
in the E-region below the released plasma cloud has been proposed by
cioand Lol (1978).

P

tvent summary

Figure 10 summarizes, on a logarithmic time scale, the
temporal relation between the events related to the plasma release.
[t shows that most of the observed effects started within 150 ms
after the explocion and were 6f rather short duration. We also have
indications of a long lasting (10 s) high energy particle effect
and « delayed (40-130 s) pulsed high energy electron precipitation
effect. The 2 kHz electrostatic waves were observed inside the
plasma cloud, after the initial rapid expansion of the cloud, when
the ambient atmosphere was streaming back into the plasma cloud. The
E-region disturbance detected by the Doppler sounding experiment,
started well after the payload had returned to the ground.
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Figure 10. Trigger event summary.




DISCUSSION

A large number of phenomena appeared in association with the cesium
release in the Trigger-experiment. Here we concentrate on phenomena
pertinent to a possible artificial triggering of auroral particle
precipitation or a local acceleration of particles. The observation of
an electric field pulse is extensively discussed by Xelley et al. (1979).
Wave phenomena with no obvious relation to the observed particle pre-
cipitation are discussed in a separate paper by Kintner et al. (1979).
Delayed effects occurring in the E-region footpoint, observed by the
Doppler sounding experiment are discussed by Jones and Spracklen (1978),
and the X-ray Bremsstrahlung results are discussed by Fering et al.(1979).

Most of the immediate effects measured by the Trigger payload were
made inside or close to the cesium cloud. In addition to normal ::erimental
considerations, our measurements therefore have to be carefully examined ‘
with respect to instrumental malfunctions caused by the chemical release
and §t hasto be considered whether our measured quantities were
directly related only to the release as such or if they bear any
information about the jonosphere-magn2tosphere response to the release.
Especia11y the particle measurements showed some peculiar behaviour.

Since an understanding of them is essential, a separate paper (Luwniin
and /Holmgren, 1979) is devoted to the interpretation of the particle
measuremeats, and the conclusions are briefly related above.

Earlier related studies

A striking feature of the particle burst observed in the Trigger
experiment is the high energies involved. However, this is not a unique
feature of this particular experiment. k#hn and Fage (1972) observed
electron precipitation at energies above 15 keV in conjunction with a
small isotropic barium release in the F-region above Esrange. About
200 ms after the ignition of a barium canister, the electron flux
increased by a factor of about two and decreased to its former value
with a time constant of approximately § s. Thesé observations were made
above the barium cloud. The pitch angle distribution changed from aimost
complete isotropy to anisotropy with higher intensities at grsster pitch
angles. That last feature appears to be contradictory to the Trigger - .
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results. However, K8hn and Page (1972) covered only the pitch angle
range 45-90 degrees. The two results might therefore very well be
consistent with each other, although we lack informatinn about the
field aligned flux in the experiment of Kohn and Page.

The only additional report of directly observed stimulated
auroral particle flux in conjun. tion with chemical releases, that we
know, comes from tRe Porcupine experiments (Wil’ -Im 1978). Here the
electron flux was field aligned during most of the flight except for
50 seconds after a barium shaped charge explosion. During that time
the 1.7 keV electron flux shifted to a symmetric pitch angle
distribution centered around 90 degrees.

Potential particle acceleration processes

First it should be established that the observed prompt high
energy precipitation fluxes were the result of an acceleration process'
and not the result of pitch angle scattoring. Two strong pieces of
evidence point to this conclusion. The flux of precipitated («00 pitch
angle) was much greater than‘the preexplosion ~90° pitch angle flux
for all observed energies below 40 keV. There is no mechanism whereby
scattering alone could account for this observation. Additional
confirmation of the presence of an acceleration mechanism is provided
by the fact that the flux of .40 keV electrons at ~90° pitch angle
was enhanced after the explosion, as discussed above. This observation
cannot be accounted for by pitch angle scattering. A third, weaker
piece of evidence that the event was not a pitch angle scattering event
is the absence of any explosion associated VLfF-emissions.

Secondly it should be made clear that the observed prompt
energetic particles were not directly accelerated by the explosion
* itself, but some secondary acceleration process had to be involved.
From an energy point of view, the observed particle flux could have
been erergized by the released explosive energy. However, with the
explosion temperature of 3500 K, only a negligible fraction of the
electrons would have ener- s higher than 40 keV, assuming a Maxwellian
electron velocity distribucion., The ordered particle motion caused by
the explosion is not expected to exceed 14000 m/s, which is twice the
detonation velocity (Michel, 1974). A direct explosive energization of




the charged particles should have resulted in, predominantly,

radial or isotropic velocity distributions. Since, for example,

2 keV electrons have gyroradii of only 3 meters, they ought to have
been detected on the perpendicular detectors, as well as on the
parallel detectors. We thus conclude that some secondary nonisotropic
acceleration process had to be involved in order to explain the
sppearance of the field-aligned high energy particles.

Events occurring in four different time regimes are of interest

with regard to the particle acceleration mechanisms (c.f. Figure 10).
a) The immediate particle burst occurring in the time interval 150-

900 ms, including energetic particles in the energy range of the
instruments (0.01-300 keV).

b) A delayed particle precipitation, beginning one second after the
explosion, consisting predominantly of high energy particles (-40 keV).
¢) A delayed electron precipitation, beginning about 40 seconds after
the explosion, consisting of periodic bursts of high energy electrons.
d) The much delayed effects that appeared in the E-region and were
detected with the ground based Doppler sounding equipment ( Jornes and
Spracklen, 1978). These effects were observed in the time interva)
182-297 seconds after the explosion.

i The most dramatic and indisputable effect of the plasma injection
was L~ inmediate particle burst (2). Let us, to begin with, focus on
the <15 keV electrons, and especially on the 2 keV electrons. We have
siready concluded that the 2 keV particle burst consisted of two
oppositely directed, field aligned beams of electrons, with fluxes more
than two orders of magnitude higher than the background (see also
Lundin and Holmgren, 1979). The two oppositely directed beams is 8
unique feature of this experiment, not observed in natural aurora.
‘In fact, the very high “backscattering ratio*, which increased towards
Righer pitch angles, appeared more 1ike a reflexion than a normal
stmospheric backscattering. This observation combined with the
observation of the quasiperiodic modulation of the electron flyux in

the burst (Figure §), has been used by Lundin and Holmgien (1979)
‘to model the event in terms of a local trapping of the 2 keV electrons
between two reflecting potential barriers in the ionosphere. The result
using the 2 keV electron detectors for both 0° and 150° and also taking




into account the accumulated time dispersion for several bounces
versus pitch angle, gives an average altitude for the lower boundary
of the upper potential drop of about 500 km., From the time dispersion
for different pitch angles they estimate the altitude extent of the
potential barriers to be on the average 32 km, corresponding to a
uniform parallel electric field of approximately 60 mV/m, Thus, the
particle measurements indizate potential barriers both below and above
the plasma cloud, although we expect the critical current density
to be exceeded only above the cloud. Note that if the model is relevant,
it offers an altrernative explanation why no optical emissions were
observed, namely that the particles were reflected above the E-region.

The concept of a sudden parallel acceleration, within a fow hundred
km, above the placii cloud is supported by the almost simul’aneous in-
crease of the flu. detected by all the upward directed particle detectors,
regardless of the ensrgy passhand. An estimate of the "source" altitude.'
using the 0°. 2 keV and the D°, energy sweeping clectron detertors has
been made by .. i7noand Solvgpen (1979), They derived a source altitude
in the altitude region 350-850 km, with the higher value corresponding
to a case with constant velocity from the height of acceleration, and
the smaller vulue corresponding to a case with uniform acceleration from
the source altitude.

In most cases when field aligned particle fluxes have been observed
in natyral aurora, the field a?ignment'is explained in terms of
acceleration by field aligned electrostatic fields, for example electro-

static double layers (:7c, 1972) or anomalous resistivity
(paloncce, 1977), both of which can be created by field aligned
electric currents, We will therefore consicer the ability of the plasma
cloud to create field aligned currents of densities high enough to
exceed the threshold for current driven plasma instabilities. There
are at least two different mechanisms that are capable of creating
field aligned currents, We will call them “the expanding cloud
mechanism” and "the conductivity gradient mechanism" respectively,
The expanding cloud mechanism can be understood as follows.
Rs the TNT-Cs mixture detonates, an overpressure develops, which
forces the vaporized cloud to expand, The expanding cloud thus
constitutes a neutral wind, ¥+ With a component perpendicular to the
geomagnetic field B. Such a wind causes electric currents, J. to




flow as given by the expression
Jd=op - (v x B) + oy x (v x B)/B (4)

Since the cesium plasma density and hence the conductivity inside
the cloud is much higher than outside the cloud at the same height, the
component of current in the radial direction cannot be carried in the
background medium in the direction perpendicular to the magnetic field.
The current is therefore reduced by the creation of a polarization field
within the cloud, and a part of the current is closed in the magneto-
sphere or the lower ionosphere via field aligned currents. This model
is treated in detail in one of the companion papers (Kelley et al., 1979).
They conclude that it is posSibie to reach many hundreds of micro-
amperes per square meter in parallel current densities. Furthermore, the
polarization field could very well explain the cbserved electric field
pulse mentioned above. In some of the theories for acceleration of
auréral electrons via fiéld aligned electrostatic fields, a critical
rel*iionship between the curréﬂt density and the ambient plasma density
is ?odﬁd A common critical value predicted for the differential,
electroa—ion, drift velocity is in the order of the electron thermal
"speed With the paral!e1 current density estimated by XKelley et al. (1979)

tbqlqaard current density corresponds to 30% of the thermal velocity
anq the downward current is well above the thermal speed within
sesenal hundred kilometers above the explos:on point. The typvcal ,
altitude range is roughly 500-800 km altitude depending on the
smbient electron temperature. That altitude range is much below the
a]titude. Of more than 3000-5000 km, where natural auroral part1c¥e
adceleration is thought to take place. Houever, one should keep in

~ mind that we are here talking aboit cufrent densities that are perhaps
about tno nrders cf mngaitude greater than natural field aligned
frcurreat densities in connectiea with turoral arcs. ‘and the accetz?ation
15 activated by a current puls rom below. Then the instapility. starts
85 3000 45 the pulse reaches an altitude whare the given high current
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For the other way of producing field aligned currents by releasing
a plasma cloud, the conductivity gradient mechanism, the energy source
of the parallel current is not the cloud itself, as in the expanding
cloud mechanism, but a large scale external perpendicular electric field.
In this case, the cloud deployment acts as the connection of a load
impedance over the transmission line represented by the magnetic flux
tube through the ion cloud. In other words, parallel currents are
created above and below the cloud by discharging the magnetic flux tube.
The magnitude of the parallel current density depends on the external
large scale perpendicular electric field and the magnitude of the height
integrated Hall and Pedersen conductivity gradients in the plasma cloud.
A numerical estimate shows that even with the very weak external electric
field of the Trigger experiment, it is not unreasonable to reach current
densities of 10 pA/m* during the initial expansion of the plasma cloud.
Of course, the associated polarization field cannot exceed the magnitude
of the external field, that is a few millivolts per meter.

In both the expanding cloud mechanism and the conductivity gradient
mechanism, the disturbance introduced will propagate with the Alfvén
velocity as a current pulse along the magnetic flux tube. Both mechanisms
are capable of producing current densities comparable to those observed
in connection with natural auroral arcs,-and that are expected to be
able to drive instabilities in the topside ionosphere (Xindel and Kenmnel,
1971). However, due to the weakness of the external electric field, the
expanding cloud mechanism is more powerful in this particular experiment.
Kindel and Kennel showed that in an ijonosphere consisting of pure 0+,
current densities as strong as those of the expanding cloud model can
drive the plasma unstable to ion cyclotron waves down to an altitude
of a few hundred kilometers. For the comparatively weak currents of the
conductivity gradient model, the corresponding unstable region would fall
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at a few thousand kilometers altitude. It is apparent that, with our
atmosphere model, the current pulse could not have reached higher than a
few hundred kilometers before the first high energy particles
appeared., It is therefore unlikely that the first particle burst
was associated with such an instability in the topside ionosphere
due L0 the conductivity gradient mechanism. However, we also
observed high energy (>40 keV) particles arriving later than a
second after the explosion. They could, with respect to the time
delay, be associated with an interaction between the current pulse
and the plasma at an altitude of a few thousand kilometers. To the
extent that the delayed précipitation event involved precipitation
of electrons, the X-ray Bremsstrahlung results are consistent with
the continued confinement of the precipitation to the cloud flux
tube (Bering et a/., 1979). With present knowledge of auroral particle
acceleration mechanisms, the extremely high energies of the particles
cannot be understood, however, especially since the expected voltage
acrgss the plasma cloud was only on the order of 500 volts.

The long duration of the delayed particle effect is consistent
with the conductivity gradient model, since, after the initial forced
clodd expansion, the conductivity gradient decrease is determined by
theéslow ambipolar diffusion across the field lines. The expanding cloud
mechanism, on the other hand, is effective only during the initial cloud
expénsion (t <0.65s). . §

E

In the third period of interest, 40 to 130 seconds, periodic
X-ray pulses were observed. These pulses cannot be directly attributed
to repeated bounces of initially injected particles because 7.7 seconds “
corresponds to the bounce period of 1.5 keV particles which are too low 3
in energy to have produced the observed X-rays. The most likely source g
of the particles is a periodic pitch angle scattering of trapped
electrons. This pitch angle scattering is produced by VLF whistler
mode waves whicn have been generated by the 1.5 keV electron pulse from
the release via a combination of electron cyclotron and bounce resonances.
This relatively complex model is discussed in more detail in a companion
paper ( Bering et al, 1979). -
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A fourth period of interest is 180-300 seconds after the
explosion when the E-region effects were observed. Jones and Spracklen
(1978) have proposed a possible explanation of the effect in terms
of an image cloud below the plasma cloud, and a local transport of
thermal particles between the F- and E-regions. However, it cannot be
excluded that high gnergy particles originating in the magnetosphere
were involved in that effect. Assuming that electrons or protons in
the keV energy range were the active particles, and that they were

accelerated as the result of an interaction between the current pulse
and the magnetospheric plasma, then with regard to the Alfvén velocity
the interaction might have taken place within 15000 km from the
equatorial plane. In this context it should be roted that the X-ray
Bremsstrahlung experiment observed an unexpectedly high level of

10-20 keV photon flux starting about 60 seconds after the explosion
which continued for about 10 minutes thereafter.

SUMMARY AND CONCLUSIONS

By releasing a cesium plasma cloud at F-region height above
Esrange, it has been confirmed that it is possible to artificially
stimulate auroral particle precipitation. Contrary to previous similar
experiments, the Trigger experiment was performed during calm auroral
conditions, and with a different release technique, namely thermally
ionized cesium, which gives a sudden jonization, instead of barium
thermite or shaped charge releases, which result in a more gradual
ionization.

The stimuilated particles were measured within the flux tube of
the ion cloud, and it was shown that the increased particle flux most
likely was limited to this narrow flux tube.

Four independant observations indicate that the initially observed
electrons, in the energy range 50 eV to more than 300 keV, were
accelerated in the approximate altitude range 350-850 km.

a) It is consistent with the altitude an Alfvén wave would reach
within the time between the explosion and the arrival of the
particles.

b) It is consistent with the dispersion in time of arrival of the
intermediate energy electrons (Lundin and Holmgren, 1979).




c) It is consistent with the concept of a local trapping of the
2 keV electrons ( Lundin and Holmgren, 1979).

d) It is consistent with the altitude where critical current
densities are reached using the estimated current densities
deduced by Keliey et al. (1979).

. No definite theory for the event is presented, but it is suggested
that the low energy acceleration was due to parallel electric fields,
created by field aligned currents set up by the plasma injection.
Pitch angle scattering in the deep magnetosphere may account for
particle precipitation continuing for as long as 130 seconds after
the release.

It remains to be explained how particles could be accelerated
to the very high energies that were observed, a problem which has
to be solved also with regard to natural auroral particle acceleration.,

‘ A very early plasma density perturbation observed about one
kilometer away from the cloud center, has been interpreted in terms
of magnetic fiéld and associated ionospheric plasma perturbation
caused by the forced expansion of the ion cloud.

Other effects of the plasma injection, not discussed in detail
here, are generation of ion acoustic waves during the cloud expansion
(Kintner et al., 1979), and delayed disturbances in the E-region below
the plasma cloud (Jonee and Spracklen, 1978).
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