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INTRODUCTION

This document is the Cfinal report of the investigation “Active Probing of Space  Plasmas”,
During the course of the research period, we concentrated our efforts into the three areas:

I An Examination of Stochastic Electron Acceleration Mechanisms in the lonosphere.

1. A Swdy of the Nonequilibrium Dyramics of the Coupled Magnetosphere-lonosphere System.

1L Laboratory Studies of Active Space Experinvents

In the remainder of this report, we shall Lriefly summarize the results associated with ¢ach of
the above three research areas.

We also include reprints of all journal publications which resulted  through the auspices of
this contract. These articles are contained at the end of this report.

DESCRIPTION OF RESEARCH

L.et us turn now to a discussion of each of the three research areas.

I.  Electron Acceleration by Intense EM waves

Throughout the contract period we have studied in detail the theory of the interaction of o-
lique high-frequency eclectromagnetic (EM) waves with plasma partidles. We have published two
major papers which contain most of the theory we developed, in addition we have also published
two articles in conference proceedings. This analysis is of interest to ionospheric modilica-
tion research which uses the ionosphere as a natural plasma laboratory without walls, to study
high power radiowave propagation and associated non-linear phenamena. The EM fields can be ra-
diated ecither from the ground or from satellites or rockets. These waves interact with the am-
bient elecrrons and may accelerate them to high energies. Suitable ground- based high power
facilities are located at HIPAS-UCLA (Alaska), Arecibo-Cornell (Puerto Rico), and Tromso (Nor-
way). They have produced interesting observations on the propagation of the radiowaves and
the plasma response to them. Experiments from satellites or rockets such as the WISP/HP colThe




effectiveness of this mechanism is Jargely dependent on the value of the incident frequency.
Calculations or single particle acceleration show that initially cold clectrons can gain ) or 2
keV for moderate power levels (1mi/m?) if the wave {requency is chosen equal 1o the second hare
manic of the cyclotron frequency.

The foliowing publications (reprinted herein) have resulted From this aspect of our research.

E. Villalon, Jonospheric  Electron  Acceleration by  Shoet  Wavelength  Elecirostane  Waves,
Physics of Space Plasma, SP1 Conference Proceedings and Reprint Series 1, 317 (1987).

E. Villalon and W.L. Burke, Relativistic Particle Acccleration by  Obliguely  Propagalions
Electromagnetic Ficlds, Phys. Fluids 30, (1987).

E. Villalon, [lonospheric  Electron  Acceleration by Eleciromagnetic  Waves  Near  Regions  of
Plasma Resonances, 3. Geophys, Res., 94,2717 (1989).

Nonequilibeizm Dynamics of a Coupled Magnetosphere-Jonosphere System

Ne have initiated a new line of research and published a first article in the proceadings of
the TPL confercr & (1986). It studied the dynamics of the interaction of Radiation Belt parti-
cles with electromagnetic waves, An important motivation for this line of investig.tion is the
need to develop an analytical Tramework for dynamic Radiation Beit models which can be used tw
support the upcoming CRRES active experiment mission. Based on the ideas of the "Alfven Maser®
by Bespalov and Trakhtengerts we have proposed a theoretical scheme for dumping both electruns
and protons from the Belts, The magnetosphere can be consided as a gigantic maser where whis-
ter and Alfven waves are trapped between the icaospheric mirrors and grow in amplitude as they
cross back and forth across the equatorial regions. We have derived a set of equations based
on the Fokker-Planck theory of pitch-angle diffusion, which describe the evolution in time uf
the number of particles in the [flux tube and the energy density of waves. The rellection of
waves in the ionosphere is very relevant to the efficiency of the Alfven maser. We may use RF
encrgy to heat the ionosphere at the foot of the flux tube to raise the height integrated con-
ductivity and improve wave reflection. In addition to external ionospheric perturbations par-
ticle precipitation also raises ionospheric conductivity. At present we are preparing o lunger
article with these ideas which will be submitted to the Journal of Geophysical Research.

We have also focussed our attention on the propagation of ionospheric disturbences during sub-
storms including associated magnetospheric waves. This work has been reported in the following
papers (which are reported herein),




PL. Rothwell, M.B. Silevitech and L.P. Block, Pi2 Pulsotions and the Westward  Treaellie:
Surge, J. Geophys Res. 91, 6921 (1986).
W.L. Burke, E. Villalon, P.L. Rothwell and M.B. Silevitch, Some Consequences of  Eles

tromagnetic Wave Infection imto Spece  Plasmas, TPL - Publication  §6-19 (NASA  Jet Propul-
sion Lab, California Inst, Tech.) p. 213 (1986).

P.L. Rothwell, M.B, Silevitch, L.P. Block and P. Tanskanen, A Mwlel
Travelling Surge and the Generation of Pi2 Pulsations, J. Geophys Res 93, 8613 (1988).

0/ the Weswand

M. Silevitch, P.L. Rothwell and L.P. Block, Magnetosphere-lonosplicre Coupling  and  Substonm
Dynamics. Physics of Space Plasmas SPI Couference  Procecaings, Yol 7, T. Chang editor,
Cambridge, MA (1987).

P.L. Rothwell, L.P. Block, M. B, Sileviteh and C-G Falthammar, A New Mwdel for Substorm
Onmsets: The Prebreak up end Triggering Regimes, Geopays Res. Lett. |5, 1279 (1988).

P.L. Rothwell, L.P. Block, M.B. Silvetich, and C-G Falthammar, Substorm Breakup on Cloved
Ficld Lwes, Adv. Space Res. § p. (9137 (1988).

P.L. Rothwell, L.P, Block, M.B. Silevitch and C-G Falthammar, A
Breakup During Substornis IEEE Trans Plasma Sci. 12, 150 (1989).

New Model  for Aol

111, Laboratory Studies of Active Space Experiments

During the past three years we have successfully achieved a large volume, low density

plasma that is suitable for simulations of certain space phenomena in the "Jumbo" chamber at
the Air Force Geophysical Laboratory, Hanscom, MA. Much time has been spent in characierizing

the baseline plasma parameters for this plasma.

The plasma can be produced by two techniques. The first technique consists of two large
arrays of hot filament cathodes. This system produced a cylindrical plasma of roughly Im in

radius and 1.5 m in length. We have so Far achieved the following plasma parameters:

Electron density Ng 2 10 » 107 em™3
Neutron density No 2 10! » 6x10!2em™3
Electron Temperature Tc =] 4eV

lon Temperature T;201-° 0.3eV
Magnetic Field B=20-60G




This plasma has been utilized in preliminary studies of the sheath effects of an electric field
antenna  which was employed in the ECHO 6 mission and also in the studies of ijon beam
propagation across magnetic Tields in the presence of a low density ambient ionospheric plasma,

The second technique consists of the use of an ion thruster to produce a flowing plasma
that it suitable {9r studying the effects of spacecraft charging and multibody interaction in
the wake. The parameters of the jon thruster produced plasma are of tha following:

ion energy Eyp, = 100eV at 35mA
ion flow velocity Vp e 2x10% cm/s
ion energy spread AEp = 10eV

electron temperature
Plasma density
Uniform beam width

Te a5-7cV
Nc - 109 - 107<:m'3
Ad{, a 40 cm

We have also teamed up with Dr. Dave Cook of the Spacecralt Interactions Branch AFGL ot
Hanscom MA, and Dr. Maurice Tantz of Radex Inc. MA, to compare our laboratory results with
their numerical simulations. We have also utilized our laboratory at INortheastern University 1o
study the temporal evolution of the near wake of small objects to provide further electron
transport  physics to their simulations. This collaboration has been wvery (fruitful and resulted
in our recent joint publication of the first effort to compare the results of a laboratary
experiment and a numerical simulation that employed the same physical and boundary conditions
for wake studies.

In the first year of the contract, we have successfully achieved a uniform, large volume
plasma for our antenna study. Our experiments on an electric ficld antenna have yielded
unexpected results, We have found out that the antenna detects a strong enhancement in the
flucteation spectrum  corresponding  to  the  antenna  sheath-plasma  resonances  rather  than  the
ambient plasma oscillations, As the antenna sheath changes (e.g. as a result of charging during
particle beam injection) the antenna responses to the changes in the sheath plasma resonances
rather than changes in the ambient plasma characteristics caused by the particle beam
injection. Such results may have important consequences to the interpretation of wave data
during active space experiments,

In the second year, we studied the propagation of a neutralized ion beam across a magnetic
field. We have found the following results:




a) The inital Leam energy density should cxceed the encrgy density necessary o et up a
polarized electric field Ep m -y X B owhere vy, Is the jon beam velocity and U the
magnetic field strength. This is equivalent 10 the condition ¢ = | upi?’/udz EY
where ¢ is the static diclectric constant of the beam in the magnetic field, i i
the fon plasma frequency and oy is the fon eyclotron frequency. If the don beam s
propagated  initially  from a  ficld-free region, the condition is stronger e ¢ »
(milme)'/2 where m; and m, are the ion and electron mass, respectively, ‘This conditian
arises From the possible charge separation at the sharp magnetic-ficld bLoundary amwl
thus the presence of a longitudinal electric field at the beam front.

b) The thickness Dp of the polarization charge layers must be much less than the fon Leam
radius r, so that the beam would not lose a considerable fraction of beam particles as
it propagates. This is equivalent to the condition of pilt << r, where p; is the ion
Larmor radius,

¢) The potential at the positive surface of the beam cannot exceed the fon  accelerating
potential. Lindberg has pointed out that if the radius of the beam is too lJarge, the
potential difference across the beam  will cxcged the bLeam energy and the adiabatie
approximation will be violated, This condition sets an upper-bound on the Leam radius
or

k'l‘i +Tc
P b+2 n}vbz

L jor

l'b<

d) The slowing of the beam in the magnetic ficld can occur due to the transverse
expansion of the bLeam in the direction parallel to the magnetic Cield. This s
equivalent to the condition of ¢ p/fp < ¢ where #p is the axial distance that the beam
has propagated.

We have performed preliminary experiments using an ion beam with energy Ep £ 1.2 keV, ion
current of I; < 150 mA and a uniform magnetic field of B £ 20G. Experiments have been
performed both with and without a low density background plasma. In wur experiments, the
diclectric constant of the beam varied form ¢ ~ 105 to 5 x 10 which is in the regime of
marginal propagation (i.c. (mi/m¢)l/2 ~ 270). However, this regime has not been studied
much previously but corresponds to the active space experimental conditions where very

high energy ion beams, thus very low beam density, are expected to be uged. The present




experiment can alse contribute (o our understanding of using low energy jon beams fuor
active space environmental controls ey, discharging of spacecraft.

In  our ecxperiments, conditions (3) through (b) are satisfied initially so  that  we
expected the beam 10 propagate across the transverse magnetic field to the end of the
chamber, However, at the highest beam current (e.g. Iy = 120 mA} we have only measuced 2
polarization electric field of the order of lspl $ 0005 V/em which is mush lazs than the
theoretical valus of IEDI S 1V/em. We believe the slowing of the jon beam comes from the
following reasons

) The magnetic field hings were terminated at both ends with conducting walls such
that the jon beam was depolarized by current flow to both ends. We will instnl wo
insulated boundaries for a proper termination of the magneric field lines.

(i1) Although we have perfornmed experiments under background neutral pressure as low as

2 x 10 torr, the condition of v;fe; << 1, where v; is the ion-neutral collision
frequency, is not well satisfied as a result of the low magnetic field natwre of
this experiment. This i becauwe conditions (a) through (d) are derived ULased on
the guiding center approximation which assumes that the collision frequencies of
particles are  much less  than  their  cyclotron  frequencies. In  the  present
experiment, the charge exchange frequency is the order of 103 + 10“ Hz which makes
viloy the order of one. However, the charge exchange collision cross-section
decreases rapidly with jon beam energy and this condition would be satisfied at the

proposed E; > 10KeV experiments.

(iii)  The divergence angle of the present ion beam source is quite large (¢ > 3°) so that
condition (a) is marginal at large distances from the beam. As the beam  expands,

the beam density decreases rapidly while the magnetic field strength  remains

constant thus, ¢ decreases as opiz'

In the third year, we have begun to setup a flowing plasma which is suitable to simulate
wake of large and small spacecrafts. We have compared laboratory resuits with numerical
simulations using realistic boundary conditions to understand the ion trajectorics in the wake
of a negatively biased small object. The results are detailed in the following publications
{which are reprinted herein).




C. Chan, M.A. Morgan and R.C. Allen, Electron Dynamics i the Near Weke of @ Cenducting
Body, IEEE Trans, Plasma Sci [5-14, 915 (1986).

M.A. Morgan, C. Chan and R. Allen, A Laburatory Study of the Electron Temperature in g
Wear Weke of a Conducting Baly, Geophys, Res, Lett., 14, 1170 (1987).

M.A. Morgan, C. Chan, D.L. Cooke, and M.F. rautz, The Dynemics of Charged Perticles wm thy
Near Wake of a Very Negotwely Charged Budy - Loboratory Experiment and  Numerical  Stnala-
ton, IEEE Trans. Plasma Sei., 17, 220 (1989),




References

I. L. Villalon and W.L. Burke, Phys. Fluids 30, 3695, 1987,

[ 8
H

E. Villalon, T. Geophys. Res., 94, 2717, 1989,

3. W.L. Burke, E. Villalon, P.L. Rothwell and M.B. Silavitch, TPL - Publication 86~19 (NASA
Jet Propulsion Lab, California Inst. Tech.) p. 213 Out. I, 1986,

4, FE. Vilialon, Physics of Svace Plasmy, SP! Conference Proceedings and  Reprint - Series 2,
317, 1981,




L i

13.

Referced Publications

W.L. Burke, E. Villalon, P.L. Rothwell and M.B. Silevitch, Some Consequences of  Elece
tromegnetic Wave Injecton into Spece  Plasmas, TPL - Publication 86-19 (NASA Jet Propul-
sion Lab, California Inst. Tech.) p. 213 (1986).

E. Villalon, Jonospheric  Electron  Accelerativa by Short  Wavelength  Elecrostatte Waves,
Physics of Space Plasma, SPI Canfercuce Procecdings and Repeint Seriex 1, 317 (1987),

E. Villalon and W.L. Burke, Relativistic Perwke  Acecleration by Obliquely  Propagating
Eleciromagnetic Fields, Phys. Fluids 30, (1987

E. Villalon, Jousplicric  Electron st Waves  Near  Reguons of
Plasnys Resonances, 3. Geophys, Res,, 0.

PL. Rothwell, M.B. Silevitch an e o end e Westward  Travelling
Surge, J. Geophys Res. 21, 6921 (19700,

P.L. Rothwell, M.B. Silevitch, L. Biene s ox dapskanen, A4 Model of e Wewward
Travelling Surge and the Gexeration of Pi2 Pulsatinn ., oty > Res, 93, 8613 (1988),

M. Silevitch, P.L. Rothwell and L.P. Dlock, Magnctosphere-fonosphere Coupling  and - Substorm
Dynanues, Physics of Space Plasmas SPI Conference Proceedings, Yol 7, T. Chang editor,
Cambridge, MA (1987).

p.L. Rothwell, L.P. Block, M.B. Silevitech and C-G Fakhammar, A New Malel for Sulsiwm
Onscts: The Prebreak up and Triggerg Regimes, Geophys Res. Lett. 13, 1279 (1988).

pP.L. Rothwell, L.P, Block, M.B. Silcvitch. and C-G Falthammar, Substorm Breakup on Closed
Field Lines, Adv. Space Res. § p. (V) 437 (1988).

P.L. Rothwell, L.P. Block, M.B. Silevich and C-G Falthammar, A New Mwdel for Auroral
Breakup During Substorms 1EEE Trans Plasma Sci. 17, 150 (1989).

C. Chan, M.A. Morgan and R.C. Allen, Elcctron Dynamics in the Near Wake of a Comducting
Buxly, IEEE Trans, Plasma Sci PS-14, 915 (1986).

M.A. Morgan, C. Chan and R. Allen, A Lahoratory Study of the Electron Temperature in the
Wear Wake of a Conducting Body, Geophys, Res. Lett,, 14, 1170 (1987).

M.A. Morgan, C. Chan, D.L. Cooke, and M.F. Tautz, The Dynamics of Charged Particles in the
Near Wake of a Very Negatively Charged Buody - Laboratory Experiment and Nunwerical Simula-
tion, IEEE Trans. Plasma Sci.,, 17, 220 (1989).

9//0




T-PS/17 72721086

The Dynamics of Charged Particles in the Near Wake of
a Very Negatively Charged Body-Laboratory Expertment
and Numerical Simulation

M. Alvin Morgan
Chung Chan
David L. Cooke
Maurice F. Tautz

Reprinted from
IEEE TRANSACTIONS ON PLASMA SCIENCE
Yol. 17, No. 2, April 1989

11




Potrphesion for further repeosuction By others must be obitalned from
the copytioht oawner,

(2}

ISEE TRANSACTIONS ON PLASMA SCIENCE, VOL 17, NO 2, APRIL 1989

The Dynamics of Charged Particles in the Near Wake
of a Very Negatively Charged Body—Laboratory
Experiment and Numerical Simulation

M. ALVIN MORGAN, CHUNG CHAN, senior MeMutx, 1teg, DAVID L. COOKE.
AND MAURICE F, TAUTZ

Abstraci—A numerical stuzclation that b cylindeical In configuration
space snd X-D (1, b1,y 14) In velacity space hat heen lnitiated te test »
model fur the nesr-wahe dynomics nf & very negatively chacged hady,
‘The slmaletion parsmeiers were clusely matched 16 those of 8 labers.
tory eaperiinesl 2o thal the resulis may be compaced dizecily, It was
found from Ihe loboratery study that the electront and jont con display
dilferent temparnl frateres ln the Bitiag-In of the nshe; sad thet they
both con be found ln the very nesr-wake reglon (withie anc body 4i.
semeter) of an shject with & highly aegative bady potentiel. We bavz
slas found 1hat the temprrature of the clectrons ln the very near wake
could be somenhal calder than the smbleat volve, supgerting the poc.
siblicy of 3 Altering mechanism belng aperative there,

The simalation results ta dote borgely cocroberate the demity find.
Ings b terms of 1he presence of s enbancement for bath lons snd thece
trons nad In M1 locotlon. Thete ks ressan to think toe thot sdditlonsal
agrecmenis con be reslised I (ne hey clements—the lnchusion of a 2.
companenl, seurce checiren dlatribution fn the simulation 3nd an un-
derrtanding of the pertucbotion lmpesed by the dlaguastic probe laelf
o0 1he crpeciment—con be schicved. TS ks an sngeing process, Re-
sulis from both the laborntocy cxpetiment nnd the numerical simula.
thon will be presenicd, sad & medel that sccommedates theve Kadings
will be discusend.

1 INTRODUCTION

HE need to further understand the plasma environ-

ment surrounding spacecrafts has been recognized for
sometime now. With the resumption of shutile flights into
near-carth orbit, and the wide variety of experiments that
arc (o be carried out in its wake or within that of the
planned spacc station, it is becoming imperative that this
information be acquired. Hester and Sonin [1), Samir et
al. [2), and Store [3) are foremost among those who have
reported on experiments that seck to relate laboratory
wake phenomena to the space environment, Others, in-
cluding Martin (4] and Parker [5] have sought to gain
some insight into the physics of plasma wakes by means
of numerical simulation. To date, however, there has not
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Leen much atention given (o corroborating numerical
siraulation results with laboratory findings. A key icason
for wanting to do this would be to obtain some assurance
that & numerical model can indeed provide results that are
realistic: onc could actually test the code with some known
parameters and compare the results. Conversely, if the
model’s efficacy is established, then one might want to
sce how well the laboratory results conform to the model.

This paper is an update of our ongoing effort to under-
stand the dynamics of charged particles in the near wake
of & very negatively charged body. In previous publiea-
tions, we reported on the temporal evolution of clectron
and ion streams within one body radius in the wake of &
metallic disc placed in a flowing plasma [6); and on the
variability of the electron temgarature in the same region
depending on the characteristics of the surrounding plasma
{7). Here, we briefly review these recent and entirely un-
anticipated findings, present same results from a steady-
state numerical simulation (that incorporated much of the
experimental parameters, including the finite boundary
and the wall potential) which corzoborate the steady-state,
clectron, and inn density findings, and propose & model
that links these results together, The organization of the
subsequent matenial is as follows: Scction Il contains a
brief description of the experimental configeration and the
experimental results. Seetion 11 describes in short order
the numerical model and technique that weee used 1o ~arry
out a computer simulation of the experimental stenario.
‘The simulation results achieved to date are also presented.
A discussion of the laboratory and simulation results then
follow, in the closing Section IV,

1. ExpERIMENTAL CONFIGURATION AND RISULTS

Our expeiiments were performed in a pulsed plasma
stream that was produced in the modified double plasma
device shown in Fig. 1. The object used was a thin (thick-
ness < 0.5 cm) aluminum dise of radius = 3.25 cm. It
was suspended in the middle of the stream 5.0 cm from
the plasma entrance into the target chamber. Readers are
referred to previous publications for details on the exper-
imental set-up and diagnostics [6}, and on the specifics of
the generated plasma [7] For the particle density studies,
the typical operating parameters were: Plasma source
density ne = 10° cm™; average plasma stream (target)

0093-3813/89/0400-0220801.00 © 1989 IEEE
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density n, & 10°-10 cm™”; ambient clectron temperature
T, = 2-4 ¢V and ion temperature 7, 5 0.3 ¢V; ion flow
velocity () = | = 2¢,, where ¢, is the ion-acoustic
velocity; Debye length (Ap) = Q.33 cm; and the steady-
state floating potential of the object was = =20 = =25
V. The ratio of the ion flow energy (o the object potential
energy—subsequently referred to as the A parameter—was
<1.0.

Figs. 2 and 3 are illustrative of the results obtained for
clectron and ion cuirent density in this plasma regime.
The figurcs both infer particle density at a fixed location
(Z/Ry = 0.8V in time, from 30 to 100 ps for the electrons
and to 500 us for the jons. The salient points here are that
1) a strong enhancement in density for both particles in
the wake is evident at this locauion. Indeed, 1t can be scen
that at 70 us for the ¢lectrons and 55 ps for the ions, the
wake density exceeds the ambicnt density in magnitude,
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Fig 4 (3) A < 1.0; Transvenie clectron current density profile at 100 us
and J.0cm{Z/R, w 0 9) dehind dise. tb) 4 > 1.0: Transvene clectnin
current density profile 51 100 j and 3.0 con{Z /Ry w 0.9) behind dise.
(t) Encrgy « nalyzee probe location forambient data, () Energy analyzer
probe location for wake data.

2) the electrons' profile exhibits a double peaking feature,

suggestive of crossing clectron streams but which may be

due to other factors that are absent in the ion profiles.

Only a single 10n enhancement peak was cver observed in

these experiments, 3) it is nuted that whereas the clectron

profiles exhibit aa electron void in the wake at 30 us, the
13
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equivalent ion profile dispiays a significant ion enhance-
ment. This strongly suggests that particle enhancement
occurs first with the i¢ns and subsequently with the elec-
trons,

In the ¢lectron temperature experiments two plasma re-
gimes were investigated. One regime corresponded to that
used for the aforementioned temporal studies as outlined
above. In the other, v, was increased 10 3 = Sc, and ¢,
was = =10V, such that A = 2,0 = 3.0, 0r4 > 1.0.
Fig. 4(a) for the A < 1.0 regime and Fig. 4(b) for 4 >
1.0 effectively summarize the contrast be*veen the two
plasma regimes in terms of the near-wake density. They
show the clectron current dengity profiles as obtained by
scanning transversely at 3.0 cm (Z/R, = 0.9) behind the
disc; us can be seen in Fig. 4(b), the density profile dis-
plays a void ir. the wake with respect to the ambient den-
sity. This is in sharp contrast to the profile shown in Fig.
4(a) for which a density enhancement in the region is
clearly evident.

Figs. 5 and 6 show the electron energy distribution for
the A < 1.0 and 4 > 1.0 regimes, respectively, at the
location (Z/R, = 0.9) of Fig. 4. It was found that in both

regimes the anergy distribution consists of & Maawcllian
bulk population at the plasma potemial, and another pop-
ulation of hotter-tail zlectruns. However, the location at
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which this is true is different for the (w0 regimes. As a
result, while the ambient temperature is clearly colder than
that of the wake region in the A > 1.0 regime, the con-
verse is tree in the A < 1.0 instance, It is seen then that
ford < 1, alarge-density cnhancement in the near wake
corresponds to cold amblent electrons being drawn into
the region. On the other hand, in the absence of any near-
wake density enhancement the clectron temperture in
the region could be even hotter than the ambient value due
to the presence of a hot-tail component in the bulk elec-
trun distribution of the flowing plasma.

HI. NuMericaL MonEL, SIMULATION TCCHNIQUE,
AND SIMULATION RESULTS

In order to further venfy the results that were achieved

in the experiments, a full computer simulation of the ex-
perimental scenario was initiated. The approach taken was

to mbdel the plasma kinetically; that is, the net motion of

many interacting narticles was regarded as the determin-
ing factor in the plasma flow. The laws of mechanics are
therefore applied to the individual particles of the ensem-
ble, and statistical techniques are then used to determine
the nst movement of the bulk plasma A such, the rele
vant equations that govemn particle behavior in a rarefied
plasma flow with singly ionized ions and electrons sur-
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rounding an object are 1) the Viasov cquations for both
jons and electrons which provide the local valus of both
species, and 2) Poisson's equation, which govems the
electric potentizl. Since the thermal velocity of the elec-
1rons (Uae & 10* cm /5) significantly exceeds the plasma-
streaming velocity, which is on the order of the ion-
acouttic velocity (i.e., ¢, = 2¢, = (5)10° cm /s, where
¢, = jon-acoustic velocity). it is therefore usual to con-
sider the electrons (o be in thermal equilibrium and 1o have
a Maxwell-Boltzmann energy disinbution so that

LR
Jlr v t) = no(gﬁ";)

' exp [(ct(x. Q- %m,v‘)/ ’T,] (1)

where n = |nitial stream clectron density, and v = ¢lee-
troa thermial velocity'
The local clectron density is then given by

nlx ) 2 ngexp [(e#le, V/RT)).  (2)

The jon-encrgy distribution cannot be as easily speci-
fied, for there is no ready form in which the jon density
can be expressed. The local ion density is thus expressed
2

*e
me | g ()
X
where f; is 10 be detemined.
Substituting (2) and (1) into Poisson's equation, one
ge

Ve = 4x¢[ng exp (e®/KT,) ~ Sﬁ dv] (4)
which is solved along with the Viasov equation for ions,

3,

ot (5)

+ U Of =V T f 0.
m,

It is then necessary to solve (4) and (5), subject to the
appropriate boundary conditions, 10 get self-consistent
values for n,, n;, and 9,

In genenal, four boundary conditions are required to ob-
tain a solution. These are as follows:

1) The potential on the body; i.c., $(R) = &,, where
R = body radius, and $, = surface potential,

2) The potential fur away from the object, usually ex-
pressed as $ (o, 1), but necessarily the boundary
potential in a bounded plasma.

3) The distribution function for jons, far away from the
object f;( o0, v); also, it is just the distribution func-
tion for ions at the edgs in a bounded plasma.

4) The distribution that describes the charged ions
ieaving the suriace of the vbjeat—j, (R, g > O,
where vp = velocity of the emitted 10n at the bound-
ary of the object; i.e., at the body radius R,

b3

Genenlly, all of the abave information cannot be raad
ily known and some assumptions muit be made. For
boundary condition 4, for example, it was assumed that
the ovicct surface is perfectly conducting to incident ions
and secondary emission was ignored; fi(R, tx > 0) was
therefore st 10 zero. fi( oo, ¥), on the other hand, was
specified to be a drifting Maxwellian, given by

[ m 2
Jum (m) cxp = (’3‘7‘("' - u,) )

where v, is the plasma flow velocity.

The boundary potential was set at =1 KT, which
roughly corresponded to the actual experimental chame
ber-wall sheath value and the object body potential was
scl at a steady-state value of =20V,

The actual solution technique wad was the *tinside
out'* method [8]. Particles were followed from a point
within the wake, then back outside into the ambient
plasma in a time-independent fashion. With no time de-
pendency the distribution function along the particle tracks
is constrained to be whatever it is specified 10 be in the
source region, thus affording a means of solving Viasov's
equation to obtain particle densitics. The program used
wai the Mesothermal Auroral CHarging (MACH) pro-
gram. 1t is an adaptation ot TDWAKE, 1 program origi-
nally developed for the National Aeronautics and Space
Administration (NASA). Cuercatly in the possession of
the Space Physies Division of the U.S. Air Force Geo-
physics Laboratory, MACH wax developed in pant 10
study the sheath strustures surrounding large bodies in
space, 10is 2-D (R, Z) in configuration space amd 3-D
(e, Uy, ;) i velocity space.

Computations were carried out in a cylindrical mesh
centered on the object, and the Viasov and Poisson equa-
tions were solved 10 produce electron density, ion den-
sity, total density, and electric potential at esch itcration
node point, The machire on which the program was ex-
ecited was 1 RIDGE-32 supermini computer.

‘The steady-state results for the electron and ion density,
as obrained by inputting the parameters forthe 4 < 1.0
regime of the experirnental study and iterating in a cylin.
drical space scaled to the dimensions ol the plasma cham-
ber, are shown in Figs. 7 and 8, respectively. Corre-
sponding plots from Jata taken at 500 us (the longest time
for which experimertal data was available, and which is
cssentially steady state in the experiment) are shown in
Figs. 9 and 10. It is clesrly seen in the experimental re-
sults that a density enhancement occurs in the wake region
of both saecies; in addition, the location at which this is
true is roughly equivalent, for it occurs between Z/R, =
0.6 = 1.2 for th electrons, and between Z/Ry = 0.5 ~
1.0 for the ions. In the simulation results, some density
enhancement is also seen in the wake region. The location
at which this occurs, tawever, is a littde further down-
stigdin frum tind of the eaperimentad vesulls, ui Z2/8y =
1.6 — 2.1 forions and Z/R,, = 1.7 = 2.1 for clectrons,
It is noted too that in the clectron profiles of Fig. 7 there
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is some apparent enhancement at Z/R, = 0.7 -~ |0
which is in very close uecord with the expenmemal re-
sults. The amphitude of this feature with respect to the
ambient density 1s considerably less than was observed in
the corresponding experimental result however, and fur-
ther effort is required to fully resolve this feature in order
to determine exactly what is occurring there. One possible
16
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explanation could lie in the fact that actus! number den-
sities were calculated . the simulation, while current
density was the actus! quantity measured in the experi-
ments,

A different perspective of the information in Figs. 7 and
8 is shown in Figs. 11 and 12. These figures essentially
show the 2-D density contours of the clectrons and ions,
respectively; in both, the density-enhancement regions
(indicated by an arrow) can be clearly seen. The unnum-
bered contours to the left of Z/R, =~ 0.5 are indicative of
jons impinging direttly onto the backside of the object
and creating; a region of significant densiiy enfianceimicnt
in the process. Such a feature could not be observed in
the experimental results because of the single-sided nature

of the Langmuir probe that was used (o make thz density
measurements, This is due (o the fact that the trajectories
of the particles that give rise to it would have impacted
directly onto the backside of the probe which was covered
with an insulating ceramic coating. This does serve to il-
lustrate very nicely, however, how numerical simulations
can direct experimental work, for the presence of such
impinging ions will certainly be allowed for and possibly
be detected in subsequent laboratory investigations.

IV. DisCusSION OF LABORATORY AND SIMULATION

ResuLTs

Although the experimental ion and electron current
density profiles are similar in their essential features to
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the numerical profiles, there is a significant difference in
their magnitudes. To begin with, the experimental data
shows a much larger electron current density enhance:
ment in the wake when compared to the electron-density
cnhancement seen in the numerical data. Tliis might be
explained by the fact that: a) Electron eurrent density was
the quantity m2asured in the experiment. while the actual
electron number density wag caleulated in the simulation.
As such, then, the velocity of the wake electrons could
play a role in the observed differences in magnitude, b)
there could also be some secondary electron emission from
the backside of the dize, which is being impacted by ions.
These eleetrons would contrivute addutionally to the en-
haneement of the wake cleetron current density as mea-
sured in the laboratory. Since secondary emission was not
considered in the numerical simulauon, this added en-
hancement effeet would therefore not be a factor in the
simulation results: ¢) another matter that cauld have some
bearing on the observed differences is that the physical
presence of a probe in the wake region of an object will
influcnce to some extent the very parameters which the
probe seeks to measure. Perturbations of this type are par

tieularly noteworthy in these experiments, for the physics
of Langmuir probes in the wake of a larger objeet i3 cur

rentiy not well undersiood. ‘To illustrate, 1t is noted that
the wike of the prabe eould conceivably interaet with the
wake of the dise in such a manner that some of the eb-
served differenee between the experiment and simulation
data might be attributed to the perurbing inftuence of the
probe We are currently engaged in studying how such
effects could potentially arise by companng the obtained
1-¥ ehareteristic of a Langmuir probe that is physically
immersed in a plasma (suppored on a conducting probe
shaft) with those obtained from numeric:! wimalations of
4 prabe-like object thn is biased at vany g potentials to
collect electron current in the wake of a larger object. It
is hoped that along with the wall effects, which have also
been included in the simulation parameters, we will amve
at u better understanding of labaratory wake dynannes in
the presence of dingnostic probes.

The picture that emerges from the experimental and
simulation data then, regarding the Jynanies of electrons
and ions in the near wake, 15 a somewhat more involved
process than that depicted in what has become the stan
dard view of the near-wake envirnmens. From that per
spective, ions follow straight line or “*hallisuc™ wmjec
tories in going past an object immersed in a collisionless
plasma Nlow and cross the geametne axis of the wbject
somewhere in the mid- (o fur-wake region. The near wake
{the region in the immediate vicinity of the object and
extending out to roughly Z/R,, < 4) is thought to be jon
free These are the underlying assumptions in the works
of several authors, including Taylor [9], Martin [10]. Ko
nenvuna [11], and Stone [12].

One dilliculty with this standard viewpoint 1s the fuct
that for plasma-flow regimes in which the putential ooy
of the object exceeds the kinetic flow energy of the plusma
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stream—i.c., when 4 < 1.0-icn trjectories will not fol-
low ballistic paths, and as seen in Eige. 2-6, 9, and 10—
fons do enter into the near-wake regien, Such conditions
could arise from the charging of a spacceraft duning the
cmission of a charged-particle beam or during an auroral
cvenl.

The results indicate that if an 4 < 1.0 seenario sud.
denly comes about, fons will be attracted to the olyeet,
and under the influence of the surrounding charge sheath,
which initially 1% large in extent (on the order of the abject
radivs prior (0 the arnival of the man bulk plasmar, will
follow a curved trajectory into the region betind the ob.
jeet. This focusing action is cnhanced by the fect that the
sheath contracts 3% the plasia density increases at the ab.
jeet leeation (the fival Debye length 18 50.33 ¢ms i our
experiment), for the contracting sheath serves 1o pull 1ons
cven eloser te the objeet. Indeed, it is seen from the sime.
vlation data that some ion tryectones ympinge directly
onto the backside of the abject, even .n a steady state.

The excess positive space charge generated by the
buildup of ions just behind the object~clearly scen i Fig.
12=subsequently senc 1o attract more clectrons o the
ares. This is supported by the caperumenial dae 10 Figs.
2 and 3. As was pointed out in Section I, not only do the
ions move into the wake region before the clectrons, but
the elcctron density is at a maximun, at a later ume than
the corresponding time for the 1008, 1415 thus mechamism
that 13 thought te bring abou, a coldee-than-ambrent clec-
tron temperature in the near v.ake region.

Of cousse, the electrons ,an never directly inpact the
object, as the 1ons canily <an, unless they posaess energy
sullicient 1o overvume the object’s poteatial barner. ltcan
be expecied that the electrons will be ultimately refiected
at the point where the poteatsal barne: equals their Kinene
energy. Fur an electron population that is perfealy Bolte:
mann in distribution, the | X7 potential vontour will be
roughly the closest that electruns can be eapected to ap-
proach the object. For an clectron distabution that has a
hot il component, as was the wase i the eapeniments, 1
mght be expected that electrons would approach even
closer to the abject With cle.tron densiues on the onder
of 10" cm Y. the Debye length was = 0.3 cm. which cor-
responded o a Jocauon of Z /Ry = 0.1, It would therefore
seemn posaihle Tot dlectrons o approach o within 2R, <
10, evenin steady state, and that both wons and electeons
would be present an the ncar wake. The steidy -state re-
sults seem to indieate ths  be true
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A LABORATORY STUDY OF THE ELECTAQN TEMPERATURE
IR THE NEAR WAKE OF A CONOUCTING BODY

¥. A. Horgan, Chung Chan and Ryna C. Allen

Centar for Electromagnetics Research and
Deparesant of Electrieal and Cospurer Engleeering,
Yorthaastern Universiey

Abseract. The tezporal evolurfon of the
electron enerpy distributing in the ear
vake of a conducting odjerr has VLeen
studlcd experimenzally, using a pulsed
plassa screan. Ve have found thax
depending on cthe electron energy diacel:
butlon of the {ncldant plagsa sreeax and on
the extent to vhich the fon flev enerpy is
greater or lower than the perentlal enerpy
of the objaetr, the electfon rezperatura mav
ba hotrar or colder thaa the aablent value
In the reglen.

Introduction

The issue of vharher or nor the electron
tesparature in the near vake of a comduct-
fng body 13 hotter or coldar than tha
astifant value has baen rhe concern of
several authors over the past few years.
The Genini/Apena satellice dara reporced by
Hedved {19691, vas among the fivst to
provids svidence of an erhanced elertron
tesparature In ther near vake Subsequently,
Saalr and Vaenn [i972) reporred a tespe
erature evhancesent of 50— 102% frem thelr
analyzis of the Explorer )l data. Since the
advent of the space shuttle, the alectron
tesparature fzsus has becose less clear.
Siskind et al. [193%] and Ralsr et al.
[198%], report no teaperature enhance=ant
In the near vake of the shuttle. Siskind
[1985) In fact mentions cthar fres thelr
aralysis, the electron temperatuce actually
decreazad In the vaks of tha space shuttle
Orbiter by alzost 2000%% fros the anbient
valua, On the contcary, Mucphy et al.
[1986] report measuring a factor of &~ 5
increase in eleciron tesperature, in a
different experisenc, in the vake of the
sane STS+) ghutcle mlssion.

The issue iz equally controversial in
laboratory investigations. Incriligazor and
Steele [1985] rapors no enhancezent In
thalr experizanz using & very high energy
(= 1KeV) plasza streas; vhile Illiano and
Stoxay [1974], Oran et al. [19/5) and
Shuvalov {1980), found an enhanced electron
tezperature i{n the wake using a much lower
energy plasza streas, Sanir et al. (1986},
and others, have gpeculaced that the
electrons could be energized n the
negative potencial gheath of the wvake by

Copyright 1987 by the Aserican Geophys{ .al Uanion.
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0094-8276/87/007L.-6639503.00

fome wave-parricle inresartion. futevich ot
al. [1966] and curevieh and Mesheherkin
{1981h] offer rvo other possible theories
for enhanced eleoetron temperature In the
near vake The first Is asseclsred with ths
expansicn of rhie azblone plasaa Inro rhe
vold of the near wake, and the reaulring
reunterutyeasing elecreans thar can
sonrpibate to rhe hearing of the waka
elesrrans. A recant rusarieal sisulation
by Singh et al 119071 indlcares thar ehis
18 indead a poseible mechanlze for electyon
hearing The sacend theoty pasrulares thar
Ju=p discontinulries exlae in the plagas
paganaters In the vake reglen and this
gerves ro exelte fen acewstie vavaz. As the
daxning of these vaves veeur through Landau
abzorption by the cleetrens, an enhancexent
in the electron tespezature in that reglon,
{2 agaln puggested, Hovever, the fact thae
a ¢colder electron temperagure iz ohseeved
{n the Jear vake of tha §7S.) ghuttle
ntasion for exazpla, ls not predicted by
alther theory.

In this letter, ve provids laberatory
resulrs vhieh show thag tha electron zeap:
erature in the near vake can be efther
coldar or hotter than the asblent value. Ve
have found that key Influencing factors ste
the nature of tho electron distributlor In
the plassa streas and a dizensionieas varl.
able A » which is delined as the racio of
the lon {lov energy to the mapaftude of the
nagacie body porential enerpy. Vhen A >
1.0, only che tall populaclon of the buik
electron distribucion can penatiate into
the near vake. For a bulk electron distri-
bution with a relacively anergetic tall,
the wake clectron tamperature vould appear
hotter - by a factor of tve lun our
exparizent for exazple, than the azblenc
value. On the other hand, for A < 1.0 fc
vas found rhat a significanc nuaber of cold
elactrons - vhich probably entered via the
fon zpace cliarge electric fleld, are
present {n the near vake: and the electron
tezperature in the reglon can be aven
colder than the amblent value

Exparimental Consideracions

Our rxperiments were carriad out in »
modified double plasaa device, vhich has
baen dascribed in a previous publicatfon
{Chan et al., 1986]. The body used vas a
thin (thickness < 0.5cn) aluainfun disc,
with radius P, = 3.25¢a, vhich vas
suspended in the middle of che arrean,
5.0cm from tha plassa entrance i{nto the
target chamber.

The U.5. Government Is authorlzed 1o reproduce and sell tnls report.
Peemisilon for further reproduction by others must be obtalned {from

the cupytight owner.
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(2/8, - 0.7) behind disc.

t Enerpgy Analyser Probe locatlon for amblent data
§ Energy Analyzer Probe locatlon for wake data

Vo have found that tha near vake
vlectrorn temperature can either be hotrer
or coldar than the aablent value, depending
on the variable A. Two different plazma
repinmes vere studled. Typical parazeters
for the (brat regina vare: Source denaity
{n.) =2 10 ca'): Target denxzily (n,)

5 10%ca”; Ion flov velocity (uy) = 3= 3¢,
where ¢, i3 tha lon acoustic velocity:
Dabye lengthk (ip) = 0.33em. Tha steady
state LY < potentlal of the body dy
vag » s * JA=20~30,

In the a.cond regime, the fon {lov
velocity was reduced to 1= 2¢,. Source and
targec densities vere about the sama as the
flrac reglme, but éy vas = =23V, The major
differense hare vas that A decreased to
0.45 - 0.52 or A <1.,0.

The electron dizcribution funcclon
mensuremonts vere aade with an electro-
statlc enorgy analyzer of radius < 0.5¢n,
The [ront grid vas blased at s)lightly above
the local plasaa potential of 1.0 2.0V,
to ensure that it was not see¢n as a barrier
to tha anblent electrons; and it also
ensured that the svept voltage on the
discriminator did not penetrate into the
plasma.

Exparinental Resulrs

The electron densicy profile obtalned by
scannlng transverse to the plasas {lov, at
Y.0cas (Z/R, ~ 0.9) behind the disc, Is
seen In Flgure la for the A > 1.0 regime,
and {n Figuze 1b for A < 1.0, Compared to
the aahient density in Figure la, the vake
{s 2 velative vold. Contyastingly. a
densivy enhancesment In the vake of figure
1b is clearly avident

Diffegences In densivy are alza apparenc
for the thrae time periods shown in Flgure
2 and Flgure 3, vhers the alectzon snergy
discribucion for the A > 1.0 and A € 1.0
vépimax respeccively, are indlcated on
zeml-log plets. It 13 noted alzo froa the
profiles in Figura 2 and Figore J, that
while the asblent teaperature s claarly
colder thun that of the vake reglon In the
A > 1.0 regire, the converse {3 true for A
< 1.0. Indsad in Figure 3 {t {3 sten that
the vake profile displays s somevhat colder
characteristlc than the anblent profile.

Ue have found that in hath reglues, the
clectron anargy discributions conslsc of a
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Maxvellian bulk electron populacion at che
plasza porencial and anothar population of
hotter tall elactrons. This tall elactron
populacion originaces from thres probable
sources, These are. l)che switching process
at the grids [Chan et al,, 1986);
2)degradsd prizary electrons from the hot
filazents; and J)other heating process
associated with the fisving plasma,

For A > 1.0, the amblent temperature 7,
around the plasaa potential is approx-
{zately 4oV and the ta{l populacion is
hotter at 10eV. The waka temperature in
the sase regizme holevar is clearly
different, vith a value of T, » 100V at the
plagaa potencial and no obvlous cal{l, On

Tadle 1| Samary ef Asdfent and Uske tesperature
values, at location and tinas indlcated in Figure 2

Axbient Lacatisn Vike lacatien

Tiza  Bulk Texp Tall Tesp 2ulk Texp Tall Tenp

tes) (V) (a¥) (8}] (eV)
bD] 3.4 - 19 3-9 none
109 L3 y .10 = 10 nons
400 -3 1011 [ B | none

Fleceron Teeperature {n Near Wake

Tadle 1 Susmary of Asblent and Vady fesreratute
valust at Yesatfan and qinas Cndivatad tn Tigure 3

PN,
Axblant baratt- - 'J‘ne :AMHM

T — o sy w R

Tine  Hulk Teop Tat) Teep  Qull !na T4t Tesp

(£13} te¥) (B3 7] (L%} ({3}]
3] 1 3¢ nane [ IEY L
{e 12 < 13 Bt LN &0
At 1210 rene LN P9

- v—a

the other hand, the vake electron diacrct-
butlon for the A <€ 1.0 repine consists of a
coldar bulk electron populacion of T, = eV
as vall a tail population, which {s on
averapge lotter at approxisataely 9&V, It la
noted {froa Flgure 3 also, thac tha asblent
plasna & falrly Maxvelllan - L.e &
llralght line on the seajlog plot, vith T,

= 10 - 1JeV and no diatinet cafl populntlou
pregent. A listing of the parcicular
eloc:ron temparaturas az obtalned f{ros
analyzing the slopes of the distribucions
in Flgure 7 and Figure )} {3 presented In
Tables 1 and 2 raspectively.

Dizcussion

As tha major difference betvaen the
regines A > 1.0 and A < 1.0 {r that the fon
trajectory {s aimoat ballisnclc {n passing
by tha objeer In the forser case while
this {s not trus in the latter instance,
our experismental results augpast the
folloving hypothesiz for the eleccron
behiaviour, and the resulting ceaperature
fn the near vake. In the A < 1.0 inatance,
the fona ase attracted Into the near vake
of the body az a vesult of tha high
negacive body potential of the object and
the relacively low flov energy, They In
turn, attract In the relaclive cold anmblent
electrons via thelr space charpge eslectric
fleld. The net effect {s that a
significant aphancerent In lon and electzon
donsicty occurs in the near vake, with che
cold azbient electrons belng transferred to
the vake, avidenced by the cold bulk
clactron population with Ta = 4eV, that wa
observed, This i{s much colder than the
anbient value. In fact, the ambient
tenporature nov deplaeted of ic's cold
population, can ba axpectad to be hotter
than usual, and it doe¢s display a hotter
tesperature of Te = 10eV, When A > 1,0, the
floating potential of the olLject is suall
in cozparison with the kinetic energy of
the fons, {mplying that the ions are not as
strongly attracted into the near wake.
Since the lon trajectory is essentially
ballistic, one would expect only enargetic
tail olectrons vhich can overcome the
sheath clectric field, to get inta the
vake, and tha tecperature there should be
on the order of that for the anblenc tail.
Tho data sceas to support these expect-
ations.

The results therefore suggest the
operation of a veloclty filtering mechanism
in the near wake electron dynamics, and as
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such, appears to contrailct the slmulatlion
rexults of Singh et al. [1987]; for the
ctountearstresming electron populations that
interact to produce a single vars eleactron
population reported in that work, vere not
obsarved by us vhen A > 1.0 - the regime
th=t corresponds to thelr simulation
condiclons. Rathar, the wars electron
population {n the near vake rogion coaes
from the tail portion of tha anblent
alestron distribution. It {3 noted that of
tha previously mentionad lahoratory
experiments {n vhich a temparature
enhancemant vas observed, the plasaa
streans all originazed from dlacharge
plasmas vhich contalved a population of
energatic tail eleccrons. Our results ara
therefore consistent with these
ubxervations,
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Electron Dynamics in the Near Wake of a
Conducting Body

CHUNG CHAN. mumuer, 1eeet, M. A. MORGAN, asp RYNE €. ALLEN

Absiract=The tempural behavior of Ihe near wahe of 2a cleciricolly
Hmotlag dise i Mudied vrpecimentally weing 3 pulsed plosma stream.
The time cvuhution of the chectenn sad fon curcent denity pealiies, ree
vo! the prevence of checiren sad len sireame within wae bedy radiue
duwnmirenm of ihe disc during the varly stoge of the wahe formoting
procars, The trujecinry ol Ihe clectrnn strrams depends sn ihe budy
poicatinl sad is found 1n be mnre cmpliciied than that of the e,
Siace the lnns spprar lnide the nake nt sn enclicr thwe than the vhee
Trwen, the clecirnn streame may be savciated with the space charge of
e Jomn nhich nre slitncted lnin ihe near wake by the Righly negative
bady putentiol,

L. INntRODUCTION

B physics associated with a body maving rapidly
through a plasma and a plasma streaming past a sa-
tionary hady are essentially similar. In the most eom-
monly considered case, the by ucts as a sink for the
charged particles which strike it and leave behind a4 wake
where the panticle densities are disturbed from their am.
bient values, Although most of the disturbances are cre-
ated in the vicinity of the body. the disturbed zones can
reach large distances downstream. The study of plusma
wiukes has long been a subject of interest in space physics,
especially in the context of solar wind/planctary ady in-
teractions 1), acrodynamics of spacecrafts in the 1ono-

sphere [2), and the structuring of comet tails {3].

Since it ix difficult 1 obiuin detailed measurements of
plasma-wake regions in space, lehoratory experiments
[4]-17]) have been utilized to simulate the various wake
phenomena. Most laboratory experiments in the past have
cemployed steady-state plasma streams und stationary bod-
jes. These so-called plasma wind tunnel experiments have
revealed a number of interesting effects, including the fo-
cusing |5] of ion streams onto the wake axis by the elec-
tric ficlds within the sheath of a floating body, and the
excitation [5)-17] of wave-like disturbances downstream
of the bady. However, there is still a dearth of knowledge
with regard to the temporal behavior of the wake region.
Such information has become even more important in the
space shuttle era with the Yarge size of the shuttle and the
variety of active experiments tuking place within the shut-

Manusenpt received Apnl 4, 1986, revised August &, 1986 This wark
was supparied in part by the National Science Foondation under Grant ECS
8o (9906, and by the Air Force Geophysical Labonatory

‘The authors are with the Department of Electnical and Computer Eng
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Bostit, MA 2115
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tle wake, Significant temporal variations of plasia pa
rameters (i.e.. Auctuatioas in plasma potentialst i the
shuttle wake may also aYect the operation of sme dug:
nostic instruments 8] (c.p. ac electrie field sntennas and
particle analyzers) which may be placed within such re-
gions of disturbed prasma. In this paper, we present lube
oratory results on the temporal evolution of the wake re-
gion hehind a conducting dise using 3 pubed plasma
stream. An sdditional advantage of umng a pulsed plasma
stream instead of 2 steady-state sream, is that the plasma
potential and density profiles in a steady state are deter-
mincd by a balance of the electron and jon loss to the by
and the chamber walls. A such, the mcasured protiles of
the wake in & steady-Mate expernment may Jepead on the
conditions at the boundaries, as well s the confinement
characteristics of the deviee in which the experunent
perfonmed,

By pulsing the plusma stream on and off at a trequency
of 100 Hz, we are able o examine the veny early stuge of
the wake formation process (i.e., before the main plasma
stream reaches the chamber walls), Our imuial investiga-
tion has been concentrted on the electron und 1wn dynam-
1cs in the near wake. This study 1s motivated by our recent
observations (9] of sigmilicant electron temperature vari
ations in the near withe of an electrically floatng by,
Since there have heen u number of contheung obaerva:
tions {10]=]17] in lubortory and space plasmas regarding
the 1ssue of electron temperature enhancement in the near
wuke of a floating body. u detmled study of the clectron
und ion dynamics i that region seemed to be i order

Unlike most previous gesults [§], [6) wineh repont an
ton voud region one to two body radn R, downstream of
the bady, we have found the presence of both electron and
ton Streams an that segion. The electron streamy hine
rather comphicated flow paitesns and are present only when
the body potential ¢ 1y negicane with respect ta the plasinia
potential, indicating that they nny be associated wath the
positive sheath elecinic field of the negauvely floating
disc. To our knowledge, the data presented here i the
only attempt so far to investigate the temporal dynamics
of the electrons in the near wike of a body. The organi-
zation of the paper is as follows. Section Il contains 4
brief description of the expenmental apparutus. Section
11 presents data on the temporal and spausl evolution of
the clectron and 1on current density profiles i the near
wike, A companson of our results with previous work
and our conclusions are given i Section 1V,

0093-3813/86/1200-0915801.00 © 1986 IEEE
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1. EXPERIMESTAL CONSIDERATIONS

Our experiments were pecformed in 2 modified double
plasmu device shown in Fig. 1. An argon plasima was pro-
duced hy hot filaments placed inside u multidipole surface
magnetic field (18] in the source chamber. The target
chamber was separated from the source chamber by four
fine mesh gnds (2 60-percent trunsparency each). The two
outermost grids were always held at ground so that all of
the chamber walls and the plasma boundaries 'were at the
same potential (i.e., at ground). The two inner grids were
biased at +50 V and ~100 V, respectively, in order to
prevent the source ions and electrons from entering the
target chamber (which was a vacuum with neutral argon
pressure P < 1.5 X 107! tom) at time ¢ < 0. The plasma
potential of the source can be adjusted by the bias on the
source anodes. At time r = 0, both inner grids were
switched to ground and source plasma expanded freely
into the target chamber. Since the source plasma potential
was always positive (¢, = 5-20 V) with respect to ground
and the target plasma potential (6, = 2 V), the source
electrons entered the target chamber with no directed en-
ergy. On the other hand, ions entering the target chamber
were accelerated by the potential difference between the
source and target plasmas, i.c., with directed energy E,
= ¢(¢, — ¢r). By adjusting the gnode bias voltage and
hence ¢,, the ions stream into the target chamber with an
adjustable range of Mach number M (i.e., M = wy/c,
where ug is the velocity of the ion flow and ¢, is the ion
acoustic velocity). Since the two outermost grids are at
ground potential, pulsing the inner grids does not affect
the boundary conditions of the target and the source
plasma (i.c., they are not seen as cffective anodes for
cither plasma). The characteristics of the expanding
plasma stream with M = 1 have been described in some
detail in a previous publication [19). In that experiment,
the motion of the plasma was found to be self-similar {20)

IFFE IRASNKACTIONG ON FEAMA SCHENCE VO PR N e DECEMIE R boen

except at very carly times (¢ << 40 ug) when an jon front
was obgerved, At the expanding front, the ¢lectrons
moved shead of the jong and the resultant ambipolar clee
tric field accelerated a few ions to velocities a few imes
the ion ucoustic velocity ¢,. In the main plasma Mream,
the electrons moved along with the ions at approximately
the ion flow veloeity,

In the present experiment, the source plasma potential
&, was set at 10-20 V above ground which resulted in a
plasma stream velocity of 1y & 3=5¢,. Typical o(:cmiu#;
parameters were plasma source density #y & 107 em
average plasma stream (target) density », & 10° 107
em Y, ambient clectron temperture 7, & 2-4 ¢V, amd
ion temperature 7, & 0.3 eV, Thene also appeared 10 be
a very small populaticn of higher saergy clectrons aml
ions at the front of the plasina streum. We believe that
these particles were origina'ly trapped between the two
inner switching grids at ¢+ < 0 und scquired a directed
energy when the grids were switched to ground ut 7 = (),
These ballistic particles are therefore similar o the so.
called pscudowave effects observed in other plasina ex-
periments when the potential of a grid immensed in
plasma was changed abruptly, Although the density of
these panticles is very low (less than | percent of the am-
bient density) they can contribute to the initial charging
of the floating body in our experiment. One obvious evi-
dence of this eflect is the dependence of the floating po-
tential of the body on the bias voltage of the switching
grid at very carly times 1 < 10 us. In this paper, we will
concentrate on wake data which utilize thin aluminum
discs (thickness 50.5 em) with a radius ranging from |
o § cm as floating bodies. The parameter regime in our
experiment is quite similar to the innospheric plasmi cons
dition with the exception of a higher clectran-to-ion tem-
perature ratio in our experiment.

A series of experiments has been performed in order to
study the electron dynamics in the near-wake region. Al-
though the boundary conditions are almost the same for
cach set of the experiment, the initial conditions were
slightly different (i.c., the source plasma potential may
differ by a few volts from day to day even though the
operating parameters are kept the same). As such, the de-
tails of the wake region varied somewhat in cach experi-
ment, but the overall results remain essentially the same.

In order to minimize the effect of the radial walls on the
wake formation, an aluminum aperture with a 20-cm -
dius was placed onto the grid that is closest to the target
chamber (i.c., the top grid in Fig. 1). The presence of the
aperture limited the radius of the plasma stream to ap-
proximately 20 cim. In previous experiments [21], we have
studied the expansion of a plasma stream through such an
aperture and found that almost no radial transport of the
plasma stream had occurred for ¢ < 100 ps due to the
high velocity of the plasma in the streaming (axial) direc-
tion,

The electron current density profile measurements were
obtained by scanning a single-sided Langmuir probe (a
tantalum disc with a 0.1-cm radius) in the transverse di-

27




CHAN of wl REAR WARE OF A CONDUCTING BODY

° - —
i .
4
! -0 e ————
L
e =m0 e 100

a® oo
e (¥s)
The lemporal behavios of the Aoating potetial of the disc,

<
|

Fig 2

t~p

P

I

B3,

Fig. 3. Tunc-cvolving clectron curent density profiles st 21k = 0.2 (the
dise with K, = 3.3 o is placed at 2Ry = U)

rection, The probe had a specially designed inner shaft
made with spring steel tubing. By extemally adjusting the
length of the inner shaft, the probe can be placed at var-
ious distances downstream of the body (see Fig. 1). This
design eliminated the use of mechanical maneuvering sys-
tems inside the plasma and significantly minimized the
perturbations created by the probe. Faraday cups and
electrostatic energy analyzers can also be placed on this
probe shaft for obtaining particle measurements in two
spatial dimensions.
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Fig. 4. Time:eralving clection current demity profiles st /8, = 0 6

II. EXPERIMENTAL ReSuLts

Attime 1 = 0, the source plasma was allowed to enter
the target chamber with an average ion flow velocily 4o
= 4¢,. An electrically floating disc with radius R,y = 3.3
cm was placed on the axis of the device, § cm away from
the aperture grid. The ratio of body radius to Debye length
was on the order of 10 in steady state. In Fig. 2, we show
the temporal behavior of the disc potential &p. As the
plasma stream expands past the disc, the floating potential
of the disc first decreases rapidly to ¢g = =25 V and then
settles back 10 a steady-state value of ¢o = =20V for ¢
> 50 us. The initial high negative value of &, is possibly
caused by the existence of some ballistic electrons after
the switching of the grid as discussed in Section 11, The
ratio of the body potential 1o the electron thermal encrgy
(edo/T,) was on the order of 10 in steady state,

Figs. 3, 4, 5, and 6 show the temporal evolution of the
transverse electron current density profiles at successive
axial distances 2/R, = 0.2, 0.6, 0.8, and 1.1 downstream
of the disc, respectively. The electron current density pro-
files were obtained by scanning the Langmuir probe in the
transverse (R) direction with collector surface facing the
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plasma source A Boxear interferometer aseraging tech
migue [19] was used to obtuin the ume resolved current
density profiles. The Langmuir probe was biased posi-
tively (5=30 V) with respect to the targe? plasma potential
50 that the probe collected clectron saturation current. We
have obtained essentially identical electron current den-
sity profiles for a probe bias voltuge range of 3-50 V when
1 > 20 ps. This indicates that the biasing on the probe
has not altered the electron trajectories nor the plasma po-
tential contours significantly. The higher positive bias
voltage, ¢.g . 30 V, is needed to prevent the ballistic ions
from reaching the probe right after the switching of the
grids.

As the plusma stream expands into the target chamber,
the plasma density at a fixed axial location increases with
time and reaches a steady state at time ¢ .- 100 ps. This
effect is shown clearly in Figs. 3-6 where the density of
the plasma stream is higher near the source (i.e., at smaller
2R, values) and increases in time. The wake boundary is
also found to narrow in time. The narrowing of the wake
boundary may be auributed to the following effects. 1)
The increase of the plasma density in time results in a
decrease of the Debye length \p. and therefore the shicld-
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ing distances of the dise potential, in tme. As such, one
wankd expeet the extent of the perturbation created by the
texdy (0 ahso decrense in time. 2) The wake region may
be filled by a radial expansion of the ambient plasmi
stream into the void region {22].

The transverse electron current density profiles at carly
time (e.8., ¢ < 40 ps) in Figs. 3-6 resemble that of an
electron voud, However, for time 1 2 40 ps, two distinet
electron streams are observed to emerge inside the wake
at axial distance 2/Ry = 0.6 downstream of the dise, The
two electron streams appear to be more separated when
they are further away from the body: i.e., at 1 = 50 ps,
the two electron peaks are further apart at /Ry = 1.1 than
at 2/Ry = 0.6. O the other hand, the two peaks also up-
pear to menge together us time increases; i.e., wt /R, =
1.1, the two peaks arc closer at ¢ = 85 us then at 1 = 40
pns. The amplitudes of the electron streams also increase
with time and become even higher than the ambient value
fort = 70 us and 2/Ry = 0.8.

In Figs. 7 and 8, we show the two-dimensional profiles
of the ncar wake at time £ = 55 us and 1 = 70 ps, re-
spectively. The data were obtained 1n a different experi-
ment under similar conditions, Since the Langmuir probe
can only see electrons which have a velocity component
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in the +2 direction, the electron streams appear o evolve
immediatley behind the disc (iue.. as a single stream at 2
= 1.5 cm or 2/Ry = 0.5) and then diverge as they prop-
ugate downstream. ‘The trajectory of the clectron sireams
at distances o/Ry < 2 resembles that of a “trailing-V
wave'* reported in the jon wake experiment by Stone [3].
However, the truiling-V wave in that experiment actually
consisted of jon streams focused by the sheath electric
held into the wake. When the focusing ion streams crossed
cach other, they emerged as  trailing-V structure many
body radii downstream (i.c., at /Ry > 15). The trailing-
V structure in our experiment actually appears almost right
behind the disc and seems to propagate downstream in
time (i.e., compare the stream trajectories at 1 = 55 ps
and 1 = 70 us). Note that the floating potential of the disc
had reached a steady-state value of ¢ = ~20 V atr >
50 ps so that the changes in the stream trajectories cannot
be caused by the change of the body potential. Moreover,
instead of diverging even further apart as one would ex-
pect for the trailing-V wave, the electron streams actually
merge together again at 2/Ry: > 2. In Figs. 7 and 8, the

Hy

gradient of the wake boundury is ubserved to decreuse in
distance and in time, indicating a filling-in process {22},
[27) with the ambient plasma expanding rdwally mward
into the wake. In steady state ¢ > 150 py), the two
streamys are observed 1o merge together with very small
umplitudes.

The origin of the clectron streams is not y et understood
but 1y clearly associated with the sheath electre ichl. As
shown in Fig. 9. the clectron streams disappear when the
disc is grounded or biused positively. Since the targel
plasma potential is also close to ground, the sheath elec-
tric field is negligible in the fonmer case und is pointing
radially outward ir the latter. The dependence uf the sep-
aration of the electron streams on the potential of the dise
is also illustrated in Fig. 9 where a more negative dise
potential is found 10 result in a wider separation of the
streams. We have performed experiments with discs of
various sizes (R, varics from 1 to 5 cm) and found that
the separation of the clectron streams also increased with
the body radius. The above evidence indicates the impor-
tance of the sheath electric field to the existence of the
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Fig. 8. Two-dimensional electron currest density profiles at lime ¢ = 70

electron streams. This result is quite unexpected because
the sheath electric field of the floating disc (which is di-
rected towards the disc) should deflect electrons outward
from the wake region. As such, one would expect an elec-
tron void in the very near wake of the body [17].

The behavior of the ions in the present experiment was
found to be quite different from that of the electrons. As
shown in Fig. 10, the two-dimensianal jon current density
profile at ¢ = 70 us shows the presence of only a single
ion stream inside the wake while the corresponding elec-
tron profile shown in Fig. 8 clearly reveals the compli-
caled clectron flow pattern. The ion current density mea-
surements were made with the same scanning Langmuir
probe and the results were confirmed with a gridded Far-
aday cup. The ion profile in the present experiment re-
sembles the steady-state profiles reported by Hall ef al.
(23] and those of Fourier and Pigache [6] to a large ex-
tent. In Figs. 11 and 12, we show the temponal evolution
of the transverse jon current density profiles at two axial
locations in order to facilitate a direct comparison with
the electron data already shown in Figs. 4 and 5. It is clear
from these jon data that only a single ion enhancement

i

peak is present inside the wake. We have detected neither
detached-focusing ion strearas nor trailing-V waves in this
expériment.

Furthermore, the ion stream appears to be present in the
wake at an earlier time than the electron streams. For ex-
ample, the electron profile exhibits a void at ¢ = 30 us in
Fig. 5§ while the corresponding ion profile in Fig. 12
clearly shows an jon enhancement peak inside the wake.
On the other hand, both the electron and the ion streams
reach their maximum amplitudes at ¢ =~ 70 us and /R,
=~ (0.8-0.9. We also note that the ratio of the ion ¢nhance-
ment peak to the ambient density decreases at a later time
(¢ > 100 us) in agreemenmt with the electron data. For
example, at steady state (¢.g., f = 500 us) the ion current
density profile in Fig. 11 resembles that of an ion void
even though the initial ion enhancement density (i.e., at
t = 40 us) is companable to the ambient density.

IV. ConcLusiON

By studying the temporal evolution of the near wake of
a conducting disc, we have found the presence of electron
and ion streams in regions less than one body radius
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downstream. The flow patterns of the electron streams are
more complicated than that of the ions und their origin is
nt yet fully understood. The dependence of the electrie
streams on the sheath electric field indicates their possible
association with the focusing ion streams which are free-
streaming ions that are attructed by the sheath electrie field
and are focused onto the wake axis, Previous experiments
141-17] have investigated only the jon curren: density pro-
files in steady-state plasma streams and found an ion void
in the region of 2/Ry < S. For example, in the experi-
ments by Stone [5] and Stone er al. 4], there was no
measurable ion current in the void and the effects of the
focusing ions began to show up at 2/Ry = 10, as a small
ion enhancement on cach side between the void and the
ion narefaction wave. The ion streams converged and
formed a single ion enhancement region at the crossing
point (z = z,) and a trailing-V structure appeared for dis-
tance z > z4. The trailing-V structure was actually di-
verging ijon streams, which emerged from the focusing
ions at the crossing point with very little collective inter-

action. Severul authors [25], [26) have esumated the lo-
cation of the crossing point as

Rty
Veal7,

For the present experiment, M = 4, R, Y iem, A,
Slem gy = 20Vound 7, = 2 4 eV, winch resulis
iRy 2 2.2 0r 2y = 7.3 cm. On the other hund, most
previous experimental and theoretical results |5]. [?9)
seem 1o indicate that 3, = MR, which implies that 2, =
14 cm in the present eaperiment. Both estumates indicate
that the ion focusing point is further downstream from the
observed locations of the electron streams in vur experi-
ment,

A possible explanation of this discrepancy is that most
previous studies [4]-]7], [24]-[26] were concemned with
conditions in which the similarity parameter A, defined as
the ratio of the ion stream flow energy to the magnitudz
of thenegative body potential, was greater than one. In

=M Ry. (n
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our present experiment, A = 0.7 and our ton data are ac.
tually consistent with the only other reported A < | ex-
periment by Hall ¢r al, [23], Using a steady-state plasma
flow, they found that jons ulways appear right behind the
body and in cuses of sulliciently high negative body po-
tentials, ions can even strike the rear surface of the body,
As such, the presence of electron and ion streams in the
near wake 15 probably caused by the highly negative float.
ing potential of the disc in the present experiment,

The fuct that we have not observed any detached ion
streams and trailing-V waves indicates a more compli-
cated trajectory of the ions thun the ballistic ion trajectory
assumed in (1). The behavior of the electron streams is
also shown to be much different from that of the ion~ and
cannot be explained by the assumption that the electron
follows the ion trajectory because no focusing ion streums
were observed to precede the ion enhancement region,
From the emporal evolution of the ion and electron cur-
rent density profiles, the ions were found to appear inside
the wake at an earlier time than the clectrons. This sug-
gests that the ions enter the void due to the highly nega-
tive body potential and their corresponding space charge
attracts the electrons into the void. Swnce the sheath clec-
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trie ficld of the Noaring disc should deflect the electrons
outwand from the wake region, the presence of the elec-
tron streams in the near wake must be induced by the ion
motion.

Additionally, the thermal velocity of the streaming ions
is small {with 7, 5 0.3 eV) and the streaming jons could
only thea be attructed into the wake at distances ¢ <
by the sheath electric field. The void can also be filled by
charge-exchange cold ions that are attracted into the void
by the sheath electric field and by the radial expansion of
the ambient plasma into the void. For the present range
of neutral pressure (5 % 1073-1.5 x 107 tor), the
charge-exchange time is considerably longer than 100 us,
thus charge exchange cannot affect the wake formation
process for titnes 1 < 100 pus. On the other hand, elecirons
can enter the void due to their high thermal velocity but
would be expelled from the void by the sheath electric
field. As such the trajectory of the ions and the electrons
depends on the potential profile in that region and there-
fore can be influenced by the body potential ¢, as shown
in Fig. 9. It is not yet clear whether these processes can
account for the observed electron streams at z/R; < 1.
However, their presence will affect the measurement of
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clectron emperature in that regien A complete under-
stamding of their origin awaits data on the temporal be
havior of the potential profile in future experiments.
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Abstzact=A moded foe substorm hreahug §s devcloped, based un 1)
the eclunstion of sieciehed (clased) dipolar ficld lines, und 2) the for-
matien of an Incipient current wedge within u singhe sre stenctuce. It
Iy segwed that the eviablishment of » coupled current steucluce within
a tingle arc lends 1o a quasiatable yyatem: Le,, the pre-brosdup re-
gime, Perturbation of the peeibecakup structure lords ta an Instahtity
criterkan, 10 [« found, comyiitent with observatlons, that narrowes au.
torsl aecs a0 fawgr L shelle undergo the mast explosive palewnrd cxe
pantion. According te LN model, the precise focation ut which beeakup
wccues depends o the O° demity I the plasenn whed?, e Kol of mage
netic activity 1K, ), and the Intensity of the substaem o iward clecten.
Jot I the fonmphere, An enhancemeit of say of Hiese features will
cavuse beeahup ta occur at lawee L shells, Commarasn of our model
with the Heppaer-Maynard polsr-cap potential model Sndicatex that
heeahup s resteicted (o the west of the Harang discontinulty consistent
wlth recent Abservatiant from the Viking satellite,

I. InTRODUCTION

HERE is considerable evidence [1]-[S] that a sub-

storm, as first seen in the auronal gegion, may stant
carthward of any associated near-carch neutral line. This
leads to the following possible physical scenario: Tail
magnctic ficld lines reconnect to a stretched dipolar con-
figuration through a near-carth neutral line, The relaxa-
tion of these stretched dipolar field lines requices a de-
¢rease in the cross-tail current by Maxwell's squations.
Presumably, part of the required current Jecrease can oz-
cur self-consistently (Kaufmann [6]) through the effect of
dipolarization on ion gradicnt and <urvature drifts. On the
other hand, part of the current decrease oceurs due (6 a
diversion of the cross-1ail current through the ionosphere,
forming what is commonly called a substorm current
wedge (McPherron #7 of (7)). The dipolar collapse pro-
ceeds by the conversiwt of magnetic energy that is stored
in the stretched magneiic lield lines imo ionospheric Joule
heating via this current wedge.

One basic question that we addeess in this paper is the
location where the wedge can selfeconaistently exist within
a single arc structure for given magnctospheric and ion-
ospheric conditions. This provides an enhanced yet quies
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cent coupling between the magnetosphere and the iono-
sphere. A simple stability analysis shows that narow.are
strustures that form at lower L shells may be un-
stable to poleward expansion, while wider ares structures
at higher L shells are stable. This, in our model, is the
cause for substorm breakup being observed well inside the
diserete arc region. We also find that breakup should oc
cur more cquatorward the higher the 0 concentration in
the plasma sheet, a finding which connests our work with
the recent results of {8)=[11] that indicate tha the ijon-
osphere seedy the tuner edge of the plasma sheet with en-
ergetic OF during times of high magnetic activity. The
oblained instability also depends on the presence of a tail-
ward clectric field component in the cquatorial plane
which maps to a polewand component in the ionospherc.
(According to our model, this allows the kinetic energy
of casthward convecting plasma to gencrate clectrical ens
ergy that drives the instability.) Such an electric field
component is present in the Heppner=-Maynard maodel {12)
et west of the Hamng discontinuity, which is consistent
with the preferential location for breakup as observed by
Shepherd et al. [13). Although our model is first formu-
lated for a dipole field, we rescale the results using the
Tsyganenko 1987 (14] model for various K, values. We
find that for higher X, values, breakup should occur even
more equatorward. A key feature of our model is, there.
fore, that although the formation of & near-canth neuiral
line is required to create the stretched dipolar field lines,
substorm breakup may occur much closer 10 the carth
through the formation of a substorm curent wedge,

It should be pointed out that another recent model for
substorm onscts has been proposed by Han er al. {15)
based on the carlier work of Kan and Sun (16]. In theis
model, substorm onset is dircctly caused by an enhance-
ment in the magnetosphere-ionosphere coupling due to an
enhancement of magnciosphcric convection following a
southward tumning of the IMF. This produces a narrow
belt of intense upward lield aligned current that can, 0
their model, lead to substosm onset, The major difference
between our approach {17] end that of Ken ef al. {15) is
that we treat the suability of a single arc structere, while
they examine the global effects of enhanced convection.
Both models consider avroral breakup to he direetly re-
lated to cnhanced magnetosphere~ionosphere coupling
which does not explicitly depend on the formation of a
near-earth neutral line. However, in our model we can
predict the location of substorm breakup as a function of
arc size, whife Kan er al. [15] cannot.

0093-3813/89/0400-0!%0150].00 © 1989 IEEE




ROTHTELL o of: A NEW MODEL FOR AURORAL BREAKUP DURING SUBSTORMS i}

Substorm breanup, as observationally defined, is the
sudden brightcning of # previously quiescent guroral arc
near local midaight. Once it is *‘triggered,** the arc dy-
namics is characterized by a rapid poleward and westwand
expansion (2], (3], {5). Hallinan (S}, asing real-time TV
imaging techniques, observed a new arc forming pole-
ward of the diffuse auroms, rapidly followed by the se-
quential formation of up o three more arcs, cach pole-
wand of its predecessor. £ one are formed, Hallinan {S)
observed another one fading. This process lasted between
15 % and 10 min until one of the arcs cstadlished domi-
nance, brightened 2xplogively, then initiated the poleward
surge. Auroral imtensifications with characteristics similar
to thase of substorm breakup can occur in the evening
sector, as detected on Viking [13). They expand poleward
and castwand, abrupily stopping at local midnight. Trig-
gering genenally occurs on the poleward boundary of the
diffusc aurora, which can be at invariant latitudes which
correspond 1o dipolar L shells as low as 5-6, The purpose
of this puper i% 10 establish the quiescent pre-breakup con-
ditions which are necessary for iriggering 1o oceur at such
low latitudes and to examine the dynamics of the breakup
in the finst few seconds before inductive effects beecome
important,

The basic idea in our model is that the pre-breakup are
is an arc in which two coupled electrical circuits are es-
tablished between the ionosphere und the magnetosphere;
i.e., it is the incipient formation of a substorm current
wedge similar 10 the one proposed some time ago by
McPherren er al, |7} that distinguishes the breakup arc
from adjacent arcs and leads to the observations described
by [5). As such, it has the basic features of the Westward
Traveling Surge (WTS) current system that we have pre-
viously used {18)-121] and as used by Coroniti und Ken-
nel [22]. As implied from Fig. 1, the physical picture is
of two current sheets: One flowing upward on the pole-
ward boundary and another fowing downward on the
equatorward boundary of an enhanced conductivity region
in the ionosphere. Our approach is comparable to one used
some years ago by Coroniti and Kennel {22]. However,
we treat a nonzero polarization fiekd in the magnetosphere
which is considered essential for the breakup instability,
Moreover, our approach depicts the L shells at which a
self-consistent . uiescent current wedge can form over a
wide range of dimensions, while Coroniti and Kennel {22
treated breakup as occusring over the entire auroral oval,
Inshe present model we examine the possibility of breakup
occurring in arc structures from the size of an individual
are o the size of the WTS,

I, Tus Two Circurr Mobil.

The extended cast-west orientation of the breakup arc
motivates an approach which models the system as two
coupled circuits, one north-south and the other east-west.
In our model these circuits ciose in the magnetosphere via
field-aligned currents which are calculated from the model
of Fridman and Lemaire [23]. The field-aligned currents,

g [
R-R-Q-R-R-O-0-0=-8

Fig. 1. The Inhester=Baumjohann curremt sysiem for subnionn brealup that
fn uved in the modkl

in tum, are the continuation of magnetospheric eurrents
in the equatorial plane and are dependent on the plasma
characteristics there. In particular, in the MHD approxi-
mation cnhanced carthward convection of magneto-tail
plasma and the attached magretic field lines that are as.
socisted with dipolar collapse are the primary cnergy
sources for both circuits. It is the consistency of this
carthward convection and the ficld-aligned currents with
the ionospheric configuration that determines where
quriescent current systems can be established between the
ionosphere and the magnetosphere, The associated au-
roral arcs arc the most likely candidates for auroral
breakup.

Fig. | shows the ionospheric elements of the two cir-
cuits. Briefly, a westward-directed electric field drives
both a westward Pedersen current and a poleward Hall
current in a highly conducting slab. The Jack of full con-
tinuation of the Hall current into the magnctosphere cre-
ates positive charges along the poleward boundary, gen-
eniting a southward-pointing polarization field. This field
drives a southward Pedersen current and a westward Hall
current, thereby creating a Cowling channel, As previ-
ously stated, we believe that the establishment of this
Cowling channel is an essential element of the breakup
mechanism. Fig. 2(a) and (b) shows the mapping of the
ionospheric circuits into the equatorial plune. The mag-
netuspheric westward electric field, Ey,,, is mapped, con-
sistent with ficld-aligned potential drops in the cast-west
circuit, to the ionosphere as £, in Fig. 1,

We denote W and # circuits as containing the iono-
spheric westward and poleward currents, respectively, us
shown in Fig. 2. The W circuit (henceforth denoted WC)
is a current wedge connected to the near-cunth cross tail
or ring current, which is correspondingly weakened within
the wedge in the night sector. The H circuit (HC) is
closed by an earthward current, Jy,, in the equatorial plane
between the upward and downward current sheets, We
explicitly derive J,,, below.

The Cowling channel is a dissipative structure. In Fig.
1 the dissipation is driven by the Pedersen currents only.
This is simply due to the fact that the **Hall** terms-of-
power balance out. In the ionosphere the WC load (west-
ward Hall current paraliel 1o the westward clectrie licld)
exactly equals the /C generator (northward Hall current
antiparallel to southward polarization ficld). When we re-
fer, therefore, to the ionospheric Hall generator in the HC
circuit we do not mean to imply that the ionosphere is an
energy source. The ultimate energy source is the magne-
tospheric portion of the WC. This electrical energy trans-
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Fiz 2 (31 The substorm current wedge looking towards the canh from the
magnctotad Note the mapping of the cvrrents of Fig 1 to the equatonal
planc b1 A closeup near the carth of the wedge current system. o, and
d. denote the northesouth and castwest dimensions of the breakup rer
gion in the lonosphere.

fer from the WC 1o the HC contributes to the power re-
quired 10 sustain a field-aligned potential drop in the /HC.
However, narrower breakup arcs may also require the
presence of a magnetospheric generator in the HC to sus-
tain a ficld-aligned potential along the poleward bound-
ary. As discussed below, this situation is inherently un-
stable and is associated with the triggering of substorm
breakup.,

One of the key clements of our model regards how the
HC current is closed in the magnetosphere. The north-
south extent, dy, of the ionospheric system shown in Fig.
1 is mapped to the equatorial planc as dy, = d /F,, where
F,is a scaling factor equal to AA /A L. F, is the azimuthal
jonosphere-magnetosphere scaling factor which, in a di-
pole field, is equal to L™>/2 (sce Fig. 2). We choose a
coordinate system in the equatorial planc such that x points
towards the sun (ecarthward), y points towards dusk, and
z points northward. Over the interval, dy,, the magneto-
spheric current, Jy,, causes the bulk plasma to be accel-
erated in the —~y direction:

Jpe X B, = d.d(p Vr)/d' = dlA(p V)‘)/A' (‘)

where B, is the equatorial value of the magnetic ficld and
dy = LRg/3 is the assumed field-line segment over which
Jy, is nonzero and p is the plasma mass density. We re-
pluce the derivatives with differentials. The plasma crosses
dy, in a time equal to At = dyB,/Ew., where Ey, is the
dawn-to-dusk electric field in the equatorial planc. We
must now make some assumptions regarding the initial
plasma velocity in the y direction. If it is negative (cast-
ward) there is a load, since both the clectric field, E,,
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and the current density, Jy,. are directed earthwarnd, If the
initial plasma velocity has a positive y component, how-
ever, there is r generator (£,, < 0) and the bulk plasma
motion is decelermted. For the load case, we assume that
the initial y velocity is zero. For the gencrator case, we
assume the final y velocity to be zero. Thus, A(pV,) =
+pE,/B,, where the plus and minus signs refer o the
load and generator cases, respectively, Therefore, Jyy,, is
given by

Jne = 20 EpoEredi /(e B) (2)

where Ey, and £, can be expressed in terms of the ion-
ospheric electric ficlds and field-rligned potential drops,
Pw and ¢, according to Kirchhofl's law

Eu'c = ru(Eﬂ + "'l“/‘[n) (3:‘)
Eﬂ = F, (Ep - *Il/"h)- (Sh)

111, DESCRIFTION OF QUIESCENT SOLUTIONS

We assume (see Fig. 2) that a field-aligned potential
drop, by, exists in the westem leg of the east-west cireuit
and that a field-aligned potential drop, Py, exists in the
poleward leg of the north-south circuit. Knowing the
expression for Jy, s given in (2), we can determine all
the relevant parameters nieeded in our model to define the
structure of the pre-breakup regime.

Fig. 3 shows a flowchart of the logic used. Assume
that in the equatorial plane there is a plasma with an ion
density ny, an ion mass ay, an ¢lectron density n, = n,,
and the clectrons have a parallel temperature 7y, and a
perpendicular temperature of T, . The model of Fridman
and Lemaire [23] is then used to calculate the precipita-
tion flux (current density) at the ionosphere for both the
cast-west and north-south circuits for given field-aligned
potential drops. Current continuity at the ionosphere is
then invoked to calculate the ionospheric westward and
poleward currents Jy and Jy. They are

Jw = EoEp + E,Ey = jiw | X 10° (4a)
Iy = BBy = E.Ep = jyuRy (4b)

where L)y and I, are the ionospheric height-integrated Hall
and Pedersen conductivities inside the arc region. For lack
of a detailed model for current continuity at the westem
boundary, we scale the precipitating flux so that 1 uA /m’
of precipitation current corresponds to 0.1 A/m of iono-
spheric current. This corresponds to a circular hot spot at
the westem boundary with a radius of 64 km, R, is the
extent of the poleward boundary and is estimated from
auroral studics as being about 20 km. The ionospheric
conductivities are calculated using the model of Robinson
et al. [24]. The electric fields inside the Inhester-Baum-
johann current system shown in Fig. 1 are then found by
inverting (4a) and (4b). Equations (3a) and (3b) are now
used to find the corresponding electric fields in the equa-
torial plane. These results are inserted into (2). Current
continuity, however, requires that J,, = F,Jy, where Jy
is the net poleward ionospheric current density (4 /m) in-
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side the pre-breakup arc. Thc equatorial B ficld is as-
sumed to be dipolar(~ L~ 3). Therefore, L is determined.
Note, however, that in order to initiate the calculation an
L shell had to be assumed for the sealing fuctors in the
Fridman and Lemaire model {23]. Usually, this witiul as
sumption differs from the value of L finally obwined. For-
tunately, convergence is abtained by successively iterat
ing the calculation using the final £ vajue for the initial
assumption in the Fridman and Lemaire model {23).

We now want to give a numerical <xample of our
model. Unfortunately, the large number of parameters in
volved precludes an exhaustive exploration here, We ot
sumne that the plasma sheet moves sulliciently inward dur
ing magnetically disturbed times [25] so that plasma sheet
values apply. Thus wesetn, = lem™and 7,, = T,, =
1 keV. The substorm cunent wedge is able to form when
the ficld-aligned potentials can aceelerate electrons 1o the
E layer (-4 b2, 176]°. On the other hand, we choose
32 kV as a reasonable upper limit to the field-aligned po-
+ential drop which corresponds to a precipitation current
of ~30 pA/m?. Using this range for ¢y (sce Fig. 2(b))
corresponds to a net westward ionospheric current, Jy, of
~0.3-3.0 A/m according to (4a). By using the four val-
ucs of 4, 8, 16, and 32 kV for ¢, our results are thereby
parameterized according to the intensity of the westward
clectrojet. For purposes of illustration, the east-west ex-
tent of the breakup arc is fixed at 200 km.

Fig. 4(a)~(d) depicts the quiescent arc structures as a
function of the ionospheric north south extent of the en-
hanced conductivity breakup region and in terms of in
variant latitude fc  :ree values of &, 2.5, 5.0, and 10.0
kV. These first three runs assume 50 percent O in the

cquatorial planc (this affects J,,, as given in (2)) Fig. 4(d)4

(R}

is discussed below. All curves in this fligure were gener:
ated by incrementing dy in S-km sten=. The peaks in the
curves comespond 10 the magnety ' portion of the
HC, switching from a generator  roud a8 d), increases.
When this happens all the energy in the HC is supphed
by the Hull generator. As discussed below, the wransiion
from a HCload to a generator is inherently unstable. Thus,
the peaks in our model will be elosely associated with the
triggering of breakup. These peaks occur at smaller val-
uves of dy, for smaller values of 4. This is due to the fact
that smaller ficld-aligned potentials are smaller loads
the £1C, so that the ionospherie Hall generator can suppon
these loads at smaller values of dy. The figure shows that
self-consistent quicscent solutions eccur closer to the eanth
the stronger the westward electrojet (dwe) is. The mag.
nitude of &, scems to have linle effeet on the location at
which pre-breakup solutions (¢, = 15-20 km) may oc-
cur, But both &y and &y do affect the transition point at
which the magnctosphere becomes a generator in the HC,
Note that the model prediets that larger quiescent current
structures can be formed at higher latitudes, as seen from
the figure,

Fig. 4(a;~(¢) also indicates that me:pient breakup re-
gions (15-20 km in the N=$ dircction versus 260 ki in
the E-W direetion) ean occur on invariant latitudes cor-
responding to dipolar L shells below 6 (A = 65.9°) as
observed by 3] and (27). We have found that solutions
can occur on even lower L shells if the oxygen concentra-
tion is increased or a mare realistic field model is used.
The solutions are also consistent for surge-type quiescent
structures (dy, ~ 100°s km). That is, the surge counter-
part 1o breakup is predicted 1o occur at lgher L shells, as
observed,

Fig. 4(d) is the sume as tb) except that there 18 no ox-
ygen in the plasma sheet. A higher concentration of O~
presumably originating in the ionosphere, sllows a pre-
breakup arc to form at lower £ shells. This is because the
magnitude of J, is fixed by 4, through the Fndman and
Lemaire model {23], which unphies by (2) that am,L'°F,
is constant. If the magnitude of the O* sceding of the
plastna sheet by the ionusphere [8] s dependent on the
duration of the growth phase, then ow model predicts that
breakup associated with these proloaged growth phases
should oceur more equatorward.

It is also found that the arc location s relatively insen-

sitive to the plasma-sheet electron temperatures above |
keV.

IV. StaBiaty oF QuIESCENT SuLLTIONS

Recall from (3b) and Fig. 4 that the magnetosphenic
partof HC is a generator if dyyidy, > E,. Now, 1f 4, -
creases, as between Fig. 4(a) and (b), then for some au-
roral arcs the magnetosphenie purtion of the HC switches
from a load to a generator, (Nute that 1n the earlier ap-
proach of Coroniti and Kennel [22] this generutor does
not exist, since they assumed the magnetosphenic polar-
ization electric ncld to be zerv.) We now show that this
leads to irstability and the tnggenng o1 breakup. Let us
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do this by considering the effect of poleward expansion
on &, itself. We assame that inductive effects keep Jyy
approximately constant during the initial stages. By solv-
ing cquation (3b) for &y, it is casy to show, using (2)
(with the plus sign), for E,, that 8¢, increases with &,
as long as &, > E,d,/2. That is, even when the mag-
netospheric portion of /C is a weak lozad, &, increases as
the breakup arc expands poleward. In Rothwell et al. [20],
we showed that the speed of the poleward expansion is
proportional to the electron precipitation energy along the
poleward boundary or ¢. Therefore, in our model there
is a positive feedback between poleward expansion and
the field-aligned potential drop along the poleward bound-
ary. This inherent (global) instability initiates breakup.

In more detail, the dynamical equation for dy, the north-
south extent of the breakup arc in the ionosphere, is given
by

od, = CP )81 (5)

from [20] and where € = Sa Ey/ B;. Here, B; is the value
of the carth's magnctic ficld at the ionosphere, £ it as
defined in Fig. I, and o is the closure parameter as de-
fined in [20]. Basically, it is the fraction of the poleward
Hall current (Fig. 1) that is continued into the magneto-
sphere by the electron precipitation along the poleward
boundary. The dynamical equation for &, the field-
aligned potential drop along the poleward boundary, is
given by

&by = C(2%y/dy — E,) $ 26t

We will now look at some numerical solutions.

Figs 5(a) and G6(a) show the time cvolution of ¢, as
normalized to its initial value at ¢ = 0 as the arc (surge)
expands Figs 5(b) and 6(b) are the corresponding curves
for dy. Five initial values for d}, are listed (20, 50, 100,
200, and 400 km) in Figs. 5(a) and 6(a). The associated
L-shell locations are also listed for the quiescent, pre-

(6)
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Fig. 5. (a) The time evolution of the ficld-aligned potential drop along the
polewand arc (surge) boundary for an initial value of 1.5 LV and for
varicus Initlal values for d, of 20, 50, 100, 200, and <00 km, respec
tively. These initial values correspond to curves A, B, C, D, and E The
L values at which the quicscent arc (surge) structures can form according
1o Fig. 3 and the dipole approximation arc also given. Note here and in
(b) that all cases are relatively stable. (b) The corresponding time cvo-
lution of d, for the same Inltlal velues as used In (a).

breakup arc structures as determined by the method shown
in Fig. 3. The related curves arc denoted by the letters A
through E. We chose a value of 16 kV for &y as being
representative. Note that when the initial ficld-aligned po-
tential is weak (1.5 kV), as in Fig. 5a, the poleward ex-
pansion as seen in Fig. 5(a) and (b) is weak and finite.
However, if $,(initial) increases to 5.0 kV, then the
smaller arcs (20- to 50-km wide) become successively
unstable to poleward expansion, as seen in Fig. 6(a) and
(b). Physically, this implies that a brightening along the
poleward boundary of a previously quiescent narrow arc
that is located at fairly low L shells (see Fig. 4) will ren-
der the arcs unstable to rapid poleward expansion. The
value of £ (see Fig. 1) obtained for the examples shown
42
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Fig. 6. (a) The same as for Fig 5{b) ex.ept that the sl value of 4,
has invreased to 5.0 AV This changes the location of the pre-breatup
qQuiescent arc (surge) structures, as calculated in the dipale approxima.
tion, and causes the narruwer arc structuses 120- 50 km, 10 be caplo
sively unstable (b) Time evolution of d, for an snitial vatue of $.0 AV
for ¥, as in (a).

in Fig. 6(a) and (b) is on the order of 16 mV/m. The
location of the pre brealup quiesent are was Jetennined
using a dipole ficld model and, therefore, the actual lo-
cation may be different. For example, L = 8.2 (the 50-
km case in Fig. 6(2) and (b)) corresponds to an invariant
latitude of 69.6°. Using the Tsyganenko field model {14)
as described below and as shown in Fig. 7, this corre-
sponds to magnetic latitudes between 66° and 68°, de-
pending on the value of X,,. Thus, our model can predict
where breakup will be observed for a given arc size and
closely reflects the observed dynamical features of this
phenomenon. In terms of our previous comments, the en-
hancement of ¢, causes a transition from the stable re-
gime (a large magnetospheric load in HC) to the unstable
regime (a weak magnetospheric load or a magnetospheric
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Fig Y The magnatnphent chure wutrent Jy, tace 1ent), depends on a
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PMane The To ganenko [14) nugnetic Bald el wan usedd 1o cakulate
this patainicr and then equated wub an cpnvalent dipole Blitude In
e way our ininked wan be waled to a mrare realistic Aicld rndel The
highest wunne demies K, - 8 winle the et sune demden K, ~ 0
This higure show that brealup aros wilt fend to form at fower latitudes
during petinds o higher magactic activity EX,), comistent with oher
Vations

generator in the HC'). We presently believe that the insta-
bility eventually saturates due 10 clectron=ion recombi-
nation in the ionosphere and the presence of induetive ef-
fects over longer time seales,

The solutions shown in Fig. 4 were obtained using
dipole magnetic ficld model. These results have been
scaled 1o the Tsyganenko {14) model as shown in Fig. 7
using the fact that the magnetospheric closure current, Jy,.,
depends on u specific magnetic-field model (see (2)). The
ordinate is the value of the invariant latitude for u dipole
field, The abscissa is the equivalent latitude for the same
solution but calculated according to the Tsyganenko
model. The six scaling curves correspond to different A,
values, with the largest K, value (= 5) at the top and the
lowest ( = 0) at the bottom, The results imply that a pre-
breakup arc structure as calculated from a dipole ficld
model will form at lower L shells at higher K, values.
This is also consistent with observations,

V. CONCLUSIONS

We have shown, by taking the ionospheric current sys-
tem shown in Fig. |1 and mapping it to the equatorial
plane, that two coupled circuits can form. One is north-
south (HC) the other is cast-west (WC). The HC is
closed in the equatorial plane by a current which is con-
sistent with the J X B force there. The uitimate encrgy
source for both circuits is earthward-convecting plasma
from the magneto-tail and the clectrical power gencrated
by the dipolar collapse. The WC transfers energy to the
HC through an ionospheric Hall gencrator. By inputting
reasonable values into the solution method described
above and shown in Fig. 3. we are able to predict the

THER TRASAMM FIOSS N FLASMA SCIEACE SO 3Y S 2 APKIL 1)

locations (L shelis) at which self-consistent quics ent are
structuses may oceur as a function of the north-south ex-
tent of the enhanced conductivity region in the omr
sphere,

The major results of our breakup model are the follow-
ing: 1) Pre-breakup structures can oceur on faidy low [,
shells (5), (6). consistent with ehservations, 2) A higher
concentration of O° in the plasma shect andlor a stionger
westward electrojet shifis the conditions favorable 10
breakup to fower /, shells, This implics thatan O seeding
of the plasma sheet by the jonosphere during » prolonged
growth phase would cause breakup to occur eloser o the
earth The concurrent unloading of the enhanced mag
netic energy stored in the tail lobes would also imply that
this paricular breakup would be very explosive, 3) The
loeation of the pre-breakup structure ix relatively insen-
sitive 10 the electron temperature in the plasma sheet, 4)
We find a positive feedback between polewand expansion
and €, and presently speculate that this instability can
trigger substorm breakup. 5) We find for the cases studied
that the predicted values fer the WC equatorial electric
ficlds, Ey,. are between 3 amd 1] mV /m at geosynchron-
ous, This compares fuvorably with the substorm electric
field values measured at geosynchronous orbit by Peder-
sen ¢f al. {28) on GEOS-2. 6) Narrower auroml arcx that
form an incipient substonn current wedge at lower shells
undergo the most violent breakup, Using the Tsyganenko
1987 [14) model, we find that breakup should occur on
cven lower L shells as the magnetic activity imdex, K,,
increases.

Finally, let us consider the following speculative idea.
We assume that the ionospheric currest system is as shown
in Fig. | and is mapped 10 the equatorial plane as shown
in Fig. 2. We also assume that the magnetospheric elec-
tric field, £, in the HC coincides with that produced by
a global two-cell polar-cap convection pattem [12], [29].
If E,. is negative (points @ilward), it is antiparaliel o Jy,
and the magnetospheric HC is a generator (see (2) and
(3b)). This can occur only west of the Harang disconti-
nuity. East of the Harang discontinuity, E,, is earthward
and the magnetospheric HC is a load. We speculate that
this feature could abruptly stop the castward expansion at
midnight, as obscrved by Viking {13).
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ABSTHACT

This nadal expiaink whv Ureakup hax Lleen observed as lovw as L » 5:6 and predicta that a
higher cencentratien of O in the plassa shear 11l parmit braskup at such lev L values. It
{s argued thar rhe establishoent of a coupled current structure within « single arc leads ro
A quasi-stable syxtem f.e. the pru-breakup regisa. larturbation of tha pre-breakup struetura
leadz 1o an inatadility criterion. Cartain quicscent configurativng are inliarently unstable.
Thus trankitions {roa a atable to an unstabla situation can trigger a rapid palevard expane
diun of the quiescent arc or substorm breakup. In our model the kinatic enargy of injected
plasna {rom the nagnetotail supplies tha enargv for breakup.

INTRODUCTION

Subsgrora breakup is usually pruceded by the audden brightening of a previcusly quiescant
ayroral are near lacal midnight. Onea It is “trigpered” the are dvnanlcs In the classical
aadel Is characterizad by a by rapld polavard and westward expansion /17, /2/. Auroral
fatensifications vith characterfstics similar to those of substorn breakup can oceur In the
avening sactor as datected on Viking by Shapherd /3/. Triggering generally cccurs on the
polavard boundary of the diffusa auviora whlch can be at lovartant latitudes ubich correspond
to dipolar L=shells ax lov ax 5-0.

The purpoze of thia paper s to establish the quiescent pra-breakup conditions vhich are
nevessary for triggaring ru occur at such Jov latitudes. The basic ldea In our model Iz that
the pra-braakup are is an arc in vhieh tuwd coupled electrical clrcuits aro established
betvean tha Jonosphora and the magnatosphere. {.¢. it is the Incipient formation of a
substora eurrent wodge /%/. As such {t has tha basic featuras of the Wastvard Traveling
Surge (WIS) current systea that ve have previously used /5/, /6/ and as used by Coroniti amd!
¥ennel /2/. As Icplied from Figura 1, tha physical picture 12 sf tvo current shests; one
floving upvard on tha poleward boundary and enothiuc loving dovnsard on the equatorvard
boundary of an enhanced conductivity reglon in tha fonosphera. Our approach Is comparable to
ona used sena yoars ago by /7/. Howaver, ve ticat a nenzero polarization flold in tha mapg-
notosphere vhich va consider essential for tha bicakup Instability.

THE TWO CIRCUIT MODEL

The extended cast-vest oricntatien of the breakup arc motivates an approach vhich sodels the
systen as tvo coupled circuits, one north-south and the other cast-vest. In our modal these
circuits close in the magnetosphera via field-aligned currents vhich ara calculated froa tha
model of /8/. The flold aligned currants, In turn, ara tho continuation of magnatosphavic
currents §in the equatorial plane and are dependent on the plasma characteristics there. In
particulsr, cnhanced quasi-steady earthward convection of magnatotail plasma is the primary
energy source for bath clrcuits. It is the consistency of this earthivard convection and the
ficld aligned currents with the {onospheric configuration that determines where quiuscent
current systems can be  ostablished between the Jonosphere and the mnagaetosphere. The
associated auroral arcs arce the likely candidates for auroral breakup.

The fonospheric elements of the two circuits §s described in detail in /6/. Figures 2a and
b show the mapping of the ionospherlc circuits into the equatorial plane. It {s assumed
that the magnetospheric vestward electric field, E,,, assoclated with the earthwasd convec-
tion from the magnetotail is mapped, consistent with {ield-aligned potential drops in the
east-west circuit, to the fonosphere.

JASR 819710V
19347

45




O

($) 11 13 Rttt et ol

Ve alenote W oamd Hocleenits  as vatalning  the Jenwapheric vaxtvard amd polovard «urrents,
vespectivaly, aa shoun tn Figure 1, The Weeireuit, (hanceforth denoted WC) §a  a current
vedga connacled te the nuar earth croas-tail or ring eurrant, vhich 18 correspondinglv
vaakanad vithin tha vedge in the night sector. Tha Mecircuit (HC) 1a 2lezad by an earthvard
current, Jige In the equatorial plana.
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Figura 1. a) The substora cucrent vadge Figure 2. A floe chart  the mathod wf
lvoking  towvards the wmarth froa the #3lution usad in the model,

magnatotafl. Neota the mapping of the
{onospharic currents of Raf. 76/ to tha
aquatorial plana. U) A closaup near the
earth of the vedge current systea. d), and
d, denote the north=xouth and gazt=vaxt
dimengionz of the breskup rogton In the
fonoaphare.

Ona of tho key elemants of wvur model Is how the Hértutrenx i3 «lozed in  the magnatosphery.
The northesouth extent, d),, of the tunasphoeric current systea shuvn in Figare | i3 mapped to

¢ and ¥, are the radlal and azinuthal ienoxphera-magnoetosphere scaling facturs. gea Figure
g. o choose a coordinaty systea in the equatorial vlane such that x points towards the sun
(carthvard), y points towards dusk and = northwvard. Over the interval, dphas the pagnetosphe-
ric cureant, g, vauzas the bulk plassa to by accolerated tn the =y direction, The duriva
tion of Jy, 1 glven alsevhore /97 and vill nat be ropuated.

Jige * teEaed) YT th

vhare By, and Ejo can bo expressed in terms of the lonaspharic wlectrie fialds and ficld-
aligned potential drops, &y and ¢y, according to Kirchhof{'s lav

Bua = FalE +iu/dy) [y
E,m L] Fr(!‘:p = &uldy,) (2b)

DESCRIFTION OF QUIESCENT SOLUTIONS

Ho assume (sce Figure 1) that a field-aligned potential éy drop exists in the western leg of
the cast-vest circuit and that a ficld-aligned potential, %o exists in the poleward leg of
the northesouth circuit. Knowing the expression for Jye as given In equation (1) we can
determine all the relevant parameters nceded in our model to define the structure of the
pre-breakup regime. Figure 2 shows a flow chart of the lugic used. Assume that in the
equatorial plane there is a plasma with lon density ng, fon mass ny, electron density ng =
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ty, ant tha alecrrens have & parallel temparaturs Typ, and a perpendicular vesparature of
T, e Unfortunarelv, the large nusbar of paramoters Involved pracludes an exhaustive explors:
tien hare, Wa assume thar the plazma shaar movas sufficlentle invacd during magnetically
disrurbed tines /10/ so that plaszs shest valuas apply. Thus ve ge' ny » Jwa™ and T, =
Torg ® 1 keV.  The subkt-ra rurrent vedge 18 able fo form vhen the figld-aligned pe!eug?als
¢33 arcalarato olactrens to tha E-layer (v & kaV, /11/). On the erher hand, ve choose 32 AV
as a reasonable wuppar Limle L] tha {leld-alignad patenrial drap vhich corresponds to a
precipitation current of ~ 10 wAlac. Using this range for &y (see Figure b} corrasponds to
a net wegtvard fonagplieric surrent, Sy, of ~ 9.3 « 1.0 Ala. By using Yhe four valuex of 4 kV,
K kv, 16 RV and Y2 RV for 3, eur results are theeaby parasaterised according to  the inten®
uity of the vesrvard electrojet. For purpozes of 11lustratton the eastevest extént of the
Braskup reglon Ix fixed at 169 k=,
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Figure ) depicts ' ha quiesvant are Revaece
tures A a funvtien af the ivnndpheric Q- u ¥
trthexouth  exrent  of  tha eshineed f
vendurtivity breakup regivn 2nd  in Terng |
<f fnvartant  latgrade oy equal 1
L]
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5.0, Thesa awsune o 6 in the w '
quaterial plane {thin atfets Jdy, as ‘.
givan (n equarten (211, ALl vupvasr in 5
this Figure vare Renorated by
Increnenting d) i1a S kn sfepx.  The peaks

fn the curves ¢eosrreipead  to  the
magnatospheric  portica  owf  the  lic
seitching {rom & génaratur to A lead ax d,,
increages. Whan this happens all tha enargy .
in tha HC §s supplied by rha Hall generator LR L o 60 oo
As discussed bolow the transition froa an It idegees)

luad to a genorator ix inhereatly unstable.

Thus the peaks in our medel will be clessl Figure 3. Qulescent solutions for the
assertated vith the rriggering of breakup. location of substarn breakup as a function
These peaks racur at amaller values uf dy, «f invariant latituda, d), §s the nerth=south
for saaller valuex of & Thin s dus to the oxtent  af rthe breakup region, The four
fact rhat smaller field-aligned potentials Voltages are valuas for the fleld allgned

ax sm2llue  laads §n tha HC so that th potential drop along the vestern lag of the
tonospharie Hal) peneratsr ean support thase circuit. Seu Figure 1. Tha poaks denwte
loads at smsller values of dy. Al vhan the magnatospharic portion of the N-
figure shov that selfscungistent circult suitehes  from leing a genarator to
qulescont solutions eveur cleser to the taing a load as d), increases.

aarth the strongar the vustuard

aluctrojet (4y). The magnitude of ¢y seems to hava littla effect on the location at vhich
pro~breakup solutions (dy = 15- 28 k) may occur. But both ¢y and &y do affect tha transi-
tion point at vhich the magnatosphare bacomes a genarator in the HC. Note that tha model
predicts that larger quiescant current structures can be formed at highar latitudas as seen
froa the {igure.

Figure J also Indicates that incipient braakup reglons (15-20 km in tha N-S direction vs.
200 km in tha E-¥W directicon) can occur on Invariant latitudes corresponding to dipolar L-
shells balow 6 (A = 65.9°%) ag obsarved by /2/. We have found that solutions can occur on
aven lover L-sholls {f the oxygen cencantration is increased or a more realistic fiald model
is used. Tho selutions are also consistent for surga typa quicscont structuras (d), ~ 100's
kaY, That 1is, tha surge counterpart to breakup {x predicted to occur at higher L-shalls as
wbserved,

STABILITY OF QUIESCENT SOLUTIONS

Recall from Figure 3 that the magnetospheric part of HC ix a genarator if ¢y/dy, > E.. Now if
%); increases then for senme auroral arcs the magnetuspheric portion of the HC switches from a
load to a genorator. (Notae that {n the carlier approach of Coroniti and Kennel (1972) this
generator does  aot oxist  since thay assused the magnetuspheric polacizat lan alectric flald
to be zera). We pow shew that this leads to iostability and the teiggering of breakup, Lot
us do this by cunsidering the offect of polevard expansion on ¢y itself. Ko assume that
inductive effects keep Jy approximately constant during tha initial stages. By solving
equation 3b for &; it is casy to shov using equation I (vwith the plus sign) that 8¢y inc-
reases with &d), as long as &y > E d,/2. Thac is, aven vhen the magnetospheric portion of HC
is a wveak load ¢y increases as the breakup arc expands poleward. In /6/ we showed that the
speed of the polevard expansion is proportional to ¢y. Therefore, in our mnodel there Is a
positive feedback between polewvard expansion and the field-aligned potential drop along the
poleward boundary. This inherent instability initiates breakup as shown in /9/.
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CONCLUZ1ONS

Thae major resulen of our pra~breakup mode) are the follewink. (1) Fresbreskup structuces can
occur on  falrly Joev Leshalla (5-6) censiatent with ebsarvstions. (2) A highar concantratlen
of OF 1n tha plasewt zhemt andlor & strenger vestvard electrojet shifts the cenditiens
favorahle to breakup to  lever Leadella. (1) The location ef the pre-breakup structure (s
relazivaly {nsénsitive to tha alectron tamparsture in the plazsy shaet. (4) Ve find a
paiitive feadback between polevard expanalen and ¥y and prazently speculate that thisz Ine
stahllity ean trigger substirs breakup. (3) Se find for the cases studiud that the predicted
valuee for the B¢ wquatoryal slectric flelds, Fy,, ace batwnen X and 11 avis at geosynchrs
ensus. This comparaz favoradly with the subatorm elactric fleld values meagured at gecdyns
cheonous orbit by Fedurnen et al. /1Y on CEO3-2.

Finally, let ux conalder tha follevwing spaculative fdea. Wa aspume that tha magnetospharic
alectric fleld, E.., In tha HC colnclidas vith that produced by a glodal tvoecell polar esp
convection pattert 713/ 1f g negatlve (polnts tallvard) It i3 antiparallel o Jy, and
the magnetaipharic HE 18 a keaarator (xée equations 1 and b). Thia can ctcur only vest ef
the Harang discentinulty. ¥sst of the Hsrang discontinuity Eou 18 aarthviard and tha naygs
netospharic HC 1z a losd, Ve speculate that this feature could abruptly stop the eastvaed
erpansion at mldnight ar obsarved by Viklng 73/,
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\ NEW MODEL FOR SUDBSTORM ONSETS: THE PRE-BREARUP AND ‘TRIGCGERING REGIMES
P. L. Rorwettr, L. P. Brock®, M. B. Sitevitent axp CaG. FatrraMman?

Abitreet Thix model explama why breakup has been
olsetveed as Jaw as L = 5:6 and predicts that a higher con
ceateation of OF in the plaima shoet will pert breakup at
such Jow L values, The eatablishiant ol a coupled current
sauctute within a single ate beads to a quainatable sy2
tem ix. the prebreakup tegune. Pertughation of the pre-
breakup structure keads to an instabilsy entenon. Certain
wueeent configurations ate therenddy unstable. Transi-
eatis frem a atable to an unatable situatton can tugpee a
rapid poleward expanaion of the quiricent ate or substonm
breakup  The kinctic encrgy of injected plaama from the
magnetetad supplies the eactgy for hreakup.

1 INTRODVCTION

Subitormn beeakup is wawally precnded by the sudden
Laightening of & previously quicseent auteral are near lo:
val mdaght, Onee it a8 "thiggernd” the are dynammes in
the dasseal madel is charactetizal by a by rapid poleward
and woitward expansion [Akasofu, 1974, Tanskanen et al.,
1957) Autaral intensifications with eharactesistics sinilar
to those of substorm breakup can occur in the evening scc-
tor as detexted on Viking by Shepherd et al, [1957) They
expand poleward and eastward, abruptly stopping al lo-
«al midmght Toggeting generally ocenes on the poleward
boundary of the diffuze aurora which can be at invariant
latstudes which corzeapond to dipolar Loshells as low as 5
6 This paper establishes the quicaeent pro-breakup conds
uons whidh are necessary for triggenng to oceur at such
Jow latitudg.

The basic wdea is that the pre-breakup arc consists of
two coupled clectrical cireunts between the icuosphiere and
the magnetosphere. ice. it ix the incipient formation of a
substorin current wedge [McPhierron et al., 1973). Az auch
it has the basic features of the Westward Traveling Surge
(WTS) custent system that we have previously used [In-
hester et al., 1531; Rothwell et al,, 1984) and as used by
Coroniti and Kennel [1972]. As implied from Figuez 1, the
physieal pictureis of two cursent sheets: one Rowing upward
on the poleward boundaty and another flowing downward
on the equatorward boundary of an enlianced conductivity
tegion in the jonosphere. Our approach is comparable to
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Fig. 1. The lnhester-Daumjohann current system for suk
starm breakup that is used i the madel,

oo uied sotme years ago by Coroniti and Kennel [1972).
However, we teeat a nonizero polazization fick! in the mag.
netoaphiore which we eoniider caaential foe the breakup in-
stalulity

ILCTHE TWO CIRCUIT MODEL

The extendal eastewest onentation of the breakup are
mativates an approach which models the system as two
coupled cirevits, one nortl-south and the other castwent.
Inov moded these cirouita close tn the magnetosphere via
fickbalipned currents which are caleulated from the model
of Fridinan and Lemaire [1930]. The field-aligned cursents,
in tuen, At the continuation of magnetospheric currents
in the cquatarial plane and are dependent on the plaama
characteristics theee. In particular, enhanced quasi-steady
carthward convection of inagnetotail plasma is the primary
encrgy soutee for both circuity. It is the consistency of
this earthward convection and the ficld-aligned currents
with the lanosphetic configuration that delermines where
quiescent current systems can be established between the
“anosphere and the magnetosphere. Le. the quasi-stable
breakup ares.

Figure U shows the ionospheric eleinents of the two cir-
cuits which are doscribed in Rothwell et al. [1984]. We
believe that the cstablishment of & Cowling channel is an
essential element of the breakup mechanism, Figures 2a
and 2b show the mapping of the jonospheric circuits into
the cquatorial plane. It is assumza that the magnetospheric
westward clectric field, Ew,, assuciated with the earthward
convection from the magnetotail is mapped, consistent with
ficld-aligned potential drops in the east.west circuit, Lo the
ionosphere as E, in Figure 1,

We denote the W and H citcuits as containing the iono-
sphieric westward and poleward currents, respectively, as
shown in Figure 2. The W-circuit, (henceforth denoted
\WC) is a curtent wedge connected to the near carth cross-
tail or ring current, which is correspondingly weakened
within the wedge in the night sector, The H-circuit (HC)
is closed by an earthward current, Jy,, in the equatorial
plane between the upward and downward current sheets.
We explicitly derive Jy, below,

The Cowliag channel is a dissipative structure due to the
Pedersen currents. This is simply due to the fact that the
“Hall” terims of power balance out. In the jonosphere the
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Fig. 2. a) ‘The substorm eurrent wedge laoking towards the
vatth from the magnctotail. Note the mapping of the cur-
rents of Figure 1 ta the equatonial plane. b) A closeup near
the earth of the wedge enrrent system. dy and d, denote
the northsouth and enstewest ditnensions of the breakup
tegion in the fonosphers.

WC load (westward Hall curtent parallel to the westward
checteic field) exactly equals the HC gencrator (northward
Hall eurrent antiparallel to southward polarization Reld).
When we refer, Jherelore, 10 the fonosphetic Hall gencrator
in the HC citenit we do not mean to imply that the jono:
sphete i3 an energy source. The ultimate encrpy source is
the magnetospheric poction of the WC. Tius olectrieal en
vegy transfer fromy the W te e HC comtobas 1o the
power required to sustain a lieldoaligned potential deop in
the HC. However, narrower breakup ares oy also require
the presence of a magnetospheric generator in the HC to
sustain a ficld-aligned potential along the p.oleward bound:
ary. As discussed below this sitnation is inherently unstable
and is asaociated with the triggering of substorm breakup,

One of the key clements of our medel is how the HC
current i3 closed in the magnetosphere. The north-south
extent, da, of the fonospheric current system shown in Fig:
ure 1 is mapped to the equatorial plane as dy, = di/F,
where F, is a scaling factor equal to a8 / AL. F, is the az.
imuthal jonosphere-magnetosphere sealing factor which, in
a dipole field, is equal to L=, See Figure 2. We choose a
coordinate system in the equatorial plane such that x points
towards the sun (earthward), y points towards dusk and z
northward. Over the interval, da,, the magnetospheric cur-
rent, Jy,, causes the bulk plasma to be accelerated in the
-y direction.

Ine x B, = dyd(pV,)/dt = dya(pY,)/AL )
where B, is the equatorial value of the magnetic field and

dy= L Ry / 3 is the assumed field line segment over which
Jne is nonzero and p is the plasma mass density. We replace

50

Rothuell «t al.: Nev Model for Substors Onact

the desivatives with diffesentials, The plasmas erosaes di, 11
atime equal to At s dy By / Fuwy whicte B, inthedawn to
thusk cleetric ficld 1n the equatonial plane. We assume that
if the initial plaama veloesy u negative (castwardy thete

is & load gince both the electne field, E,.. and the current
density, Ju., ate directed earthward. I the imual plasma
velocity has a positive y.component, however, thete 15 a
generater (Ey. < 0) and the bulk plasma mation 15 deeel
crated. For the Joad case we assume an imtiel ¥ aelucity
of 2¢cto. For the generator case Ae sssunwe the cading y-
velocity to be zero. Thus, S(pV,) w 3pE,, /1, whete the
plus and minus signs tefer 1o the losd and generator cases,
respectively, Thetclore, Jy,. is given by

Ins W pEy Koy lids 82 13)

whete By and B, can be expreaicd in terms of the o
sphiene electrie fields and fiedd-abgned porential diogo, e
and #x, according to Kirchho!l law

Ewe = FIL, 4 ¥wld,) 139

H" 2 ':(}:’ - "",‘!\) '“’

1L DESCRIPTION OF GUIESCENT SOLUTIONS

We azsume (2o Figure 2) that a field-alignel potential
*e drop cXists in the watern leg of the cast-seat viremit
and that & ficld-aligned potential, 4y, cxists in the pole
ward leg of the nosthesanth circnit. Knowing the expres-
sien for Jy, as given in cquation (2] we can determine all
the relevant paranwters needed 1o define the structuee of
the pre-breakup regime.

Figure 3 shuws a flow chart of the Jogie wed. Assume
that in the cquatogial plane there is & plaana with on den:
sity B, ton s iy, election densty i aned e
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Fig. 3. The method of solution used in the model.
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cheettons liave a pacallel temperature Ty, and a perpen:
theular temperatuze of Ty,. The model of Fridman and
Lemaire (1980 is then used to ealeulate the precipitation
flux feursent density) at the jonesphere for both circuits
Cuteent continuity for the ionosphetic wrstward and pole

ward cutsents Juw and Jy gives

Jwm BN+ By m gt x W (441
Is ® S = 55 =y ult oy

whete Sy and ¥, are the fonaephieric heghteintegrated Hall
and Pedensen eonductivitie inside the are teglon. For lack
of & detasled model at the wetern Loundary we seale the
prezapirating flux 3o that 1 A/ of peecipitation eveeent
cotrcsputids to 0.0 Afm of ionesphietic cutrent. This cogres
sponds to a cireylar hot spot al the western boundary with
a radiug of 61 kin. Ry is the extent of the poleward bound.
ary and 15 rstimatad {rom autoral studies as being about
20 km  The lonosphieric conductivities are ealculated using
the madel of Robinvon et sl 1987 The eleetrie fields
tside the fubesterBagmjohann enrtent system shown in
Figute 1 are then lound by inverting cquations (4a) and
1b). Equations (3a) and 13bt ate now used to find the
corresponding eleetnic fields in the equatorial plane. These
resulty are inserted into equation 12)  Current continyg.
ny, however, requires that Jy, = ¥ du, where Jy is the
net poleward 1onusphetic current density (A/m) innide the
pre-breakup are The equatonal Beficld is assumed to he
dipolar 1~ 1,°3), Therclote, 1, is determined. Note, how-
ever, that in order to initiate the ealeulation an L-shell hiad
1o be avsumed for the scaling factors in the Fridman and
Lemare [1930] model. Convergence is obtained by sucecs
sively derating the ealenlation over L.

The plasma sheet is agsumed to move sufliciently mward
dunng magnetically disturbed times [Mellwain, 1974) so
that plasma sheet values apply. Wesctn, = 1 em=? and Ty
= T,y m | keV. The substorin current wedge is able Lo form
when the field-aligned potentials can accelerate electrons to
the Edayer (~ 4 keV,Rees {1963)). On the other hand, we
choose 32 kV as a reasonable upper limit to the ficld-aligned
potential drop which corresponds to & precipitation current
of ~ 30 pAJmY. Using this range for 9 (see Figure 2b)
corresponds to a net westward jonospheric current, Jw, of
~ 0.3 :3.0 A/m according to equation 4a. By using the
four walues of 4 kV, 8 kV, 16 kV and 32 kV for #w our
results are thereby parameterized according to the inten.
sity of the westward electrojet. For purposes of illustration
the east-west extent of the breakup region is fixed at 200
km.

Figure -4 depicts the quiescent arc structures as a fune-
tion of the ionospheric north-south extent of the enhanced
conductivaty breakup region and in terms of invariant lati
tude for +p = 5.0 kV. This run assumes 50% Ot in the
equatorial plane. All curves in this Figure were gener-
ated by incrementing da in 5 km steps. The peaks in the
curves correspond to the magnetospheric portion of the HC
switching from a load to a generator as da decreases. As
discussed below this transition is inherently unstable. It is
seen that sclf consistent quiescent solutions occur closer to
the earth the stronger the westward clectrojet (¢w ). The
magnitude of 85 seems to have little effect on the location
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Fig. 4. Quicscent solutions far the location of substorm
hireakup as a function of invariant latitude. dils the north.
wath extent of the breakup region. The four voltages are
salues for the Gield aligned potential deop along, the wextern
bt of the direuit. See Figute 2. The peaks denote when
the maguetasphieric portion of the Hecircuit awitehes from
bieing a generator to being, a load as dy increases.

at which pre-breakup solutions (da = 15- 20 kin) may oc-
cur. Both 44 and #n affect the transition point at which
the magnetuaphere becomes a generator in the HC,

Figure 4 alio indicates that ineipient breakup regions (15-
20 ki m the N-S direction vs. 200 kin in the E-\V direction)
ean oecur on invariant Iatitudes corresponding to dipolar
L ~shells below 6 (A = 65.9%) a3 observed for example by
Tanakanen et al. {1987) \We have found that solutions can
vecur on even lower Lshells if the oxygen concentration is
increased or a more realistic field model is used. This is
because the magnitude of Jy, is fixed by &, through the
Fridman and Lemaire [1980] expression which implies by
cquation (2) that [ n my L1® F? ] is constant. ‘The solutions
are also consistent for surge type quiescent structures (da
~ 100's kin). That is, the surge counterpart to breakup is
predicted to occur at higher L-shells as observed. It is also
found that the arc location is relatively insensitive to the
plasma sheat electron temperatures above 1 keV .

IV, STABILITY OF QUIESCENT SOLUTIONS

Recall from Figure 4 that the magnetospheric part of HC
is a generator if ¢x/dy > E,. Ay #y increases some auro-
ral ares will become unstable as the maguetospheric por-
tion of the HC switches from a load to a generator. (Note
that in the carlier approach of Coroniti and Kennel {1972]
this generator does not exist since they assumed the mag.
netospheric polarization electric field to be zero). Let us
examine this instability by considering the cffect of pole
ward expansion on ¢y itsell. We assume that inductive
effects keep Ju approximately constant during the initial
stages. By solving equation 3b for #y it is casy to show
using equation 2 (with tke plus sign) that §# increases
with §da as long as ¢ > E,ds/2. That is, even when ths
magnetospheric portion of HC is a weak load ¢4 increases
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as the breakup are expands poleward. In Rothwell ct al.
[1984) we showed that the speed of the poleward expan.
sion is proportional to #y. Therefore, in our modcl there
is a positive focdback between poleward cxpansion and the
field-aligned potential drop along the poleward boundary.
This inherent instability initiates breakup,

V. CONCLUSIONS

Ve hiave ahown, by taking the fonospheric current ays.
tem zhown in Figure 1 and mapping it to the equatorial
piane, that two coupled cireuits can form. One is north.
sonth (HQ) the other i east-weat {WC). The HC is closed
in the equatorial plane by a eureent which is consistent with
the JxB force there. The ultimate energy source for both
circuits is earthward convecting plasina from the magne
totail and the \WC transfers energy to the HC through an
fonospheric Hall genceator.

‘The major results of oue prebreakup model are the fol-
lowing. (1) Pre-breakup structures can occur on fairly low
Leshells (5:6) consistent with observations. (2) A higher
concentration of O in the plasma sheet and/or a stronger
westward electrojet shifta the conditions favorable to break
up 1o lower Leshells, (3) The location of the pre.breakup
structure is relatively insensitive to the electron tempera-
turce in the plasina sheet. (1) We find a positive feedback
between poleward expansion and ¢ and presently specu
late that this instability can tngger substorm breakup. {5)
We find for the cases studied that the predicted values e
the WC equatorial electric fields, Ew,, are between 3 and
11 mv/m at geosynchronous. This compares [avorably with
the substorm electric field values measured by Pedersen et
al. {1935) on GEOS:2,

Finaily, consider the following speculative ulea. We as.
sume that the magnetospheric electric field, E,, in the HC
coincides with that produced by a global two-cell polar cap
convection pattern, If £, is negative {points tailward) it is
antiparallel to Ju. and the magnetospheric HC is a gener-
ator (sce equations 2 and 3b), This occurs west of the Ha.
rang discontinuity. East of the Harang discontinuity E., is
carthward and the magnctospheric HC is a load. We spec-
ulaie that this feature could abruptly stop the eastward
expansion at midnight as observed by Viking [Shepherd et
al., 1987).
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ABSTRACT

A brief review i3 given of dynamical coupling models botween
the fonosphere and magnatosphare for auroral phenomana. The
models praosonted include local and global effects as well the
temporal and staady-state aspacts of the westward traveling
surga. «tails will bo presonted of how the goneration of PI 2
pulsations and the motion of the surge are related.

X. INTRODUCTION

In this papar wo will review various approaches to the
problen of magnatosphera-ionosphere (M-X) ceupling during the
formaticn and propagation of tha Wastvard Travelling Surge
(WTS).  Thera are various 1lonospheric signatures which are
associatod with cthis temporally active portion of tha substorm.
For oxample, it Is obsorvad that enhancad conductivity rogions
can somatimes propagate with speeds batween 1 and 30 km/s.
Other featuras include energatic precipitating electrons (1-10
keV), generation of PL 2 pulsations, and distortion of the
global convaction pattorns. It {s also Important to point out
that the high temporal resolution (1 min) imaging systems on the
Viking Satellite have just begun to provide a wealth of
observational information which must be integrated into any
model for substorm dynamics.

The next section of the paper gives a summary of a local
modal of WIS propagation daveloped by the authors ([1,2]. This
discussion will be used to define various mechanisms and
torminology and {t will provide a frame of raference for
comparing different works. Following this, we consider global
steady state models for calcula tng the fonospheric polarization
alectric field wusing eopirical carrent Liockage criteria. Next
we develop temporal models wherein we consider the role of the
active fonospheric feedback as a mechanism for propagation of
conductivity regfons and the generatfon of Pi 2 pulsations. In
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discussing the varfous tempocal and stuady state models we will
utiliza a block diagram format which should allow the reader to
quickly see their similarities and differences. Let us now turn
to a discussion of the local modal due to {1,2}.

II. DESCRIPTION OF THE LOCAL MODEL

Tha Westward Traveling Surge 1s a large reglion of auroral
brightening that occurs near local nmidnight during substora
onsatd, This reglon ganerally moves in a northwestvard direction
but at times {s secen Lo move aven oastvard, The WTS has also
been fdentified as the source of PI 2 pulsations (3). What we
hava tcied to do uver the past fev years {3 to Jdovalop a unified
moda) for the WIS that explains both the motion of the surge and
tha ganuration of the PL 2 pulsations [2,3). Our approaeh has
been to modal the lenospharlic rosponse to the precipitating
alectrons rather than flrsc fdentifying a promising
magnatospheric mechanism and then detarmining its effect upon
tha lonosphere. While this may appear to ba a somavhat backward
approach it has ctha advantaga of starting with a tractable
portion of the problem whose solution imposes conditiens on the
far Jess tractablu magnotospharic sourece. [t iz lmplicicly
assumed in our model that tha Inhester-Baumjohann current todel
(#,5] rapresents tha lonospheric currents inside tha surge
reglon, (sea Figura 1),

POLEWARD BOUNDARY

O+0+0+0+0+0+0+0+0

]
Ju '--—-] |
- EO EP th
Jp | Jh £

R-R-B--V-R-Q-R-&

sunct HE4p

Figure 1. Inhester-Baumjol.ann lonospheric current system model
for the WIS

We will consider the motion of this current system and its
coupling to the magnetosphore that is the subject of this paper.
While the receat Viking vesults indicate that the formation of a
surge may be far more complex than previously thought {6}, the
prasent model {s still considered applicable for individual "hot
spots". Thae surge {s crcated by an external electeic field, E,
(Fig. 1). This fleld drivaes a westward Pedersen current and a
poleward ilall current. The Hall current Is closed off into the
magnetosphere by precipitating clectrons along the poleward WTS
boundary. Closure is governed by the parameter, a. In our
context, full closure ( a =1 ) implies the full continuation of
the fonospheric lall current into the magnesosphere via ficld-
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alignad currents. In (1) we found rhat the WIS motion in the
nidnight sactor is controllad by (1) the energy and flux of the
precipitating alectrons, (2) the electron-ien reconmbination
rate, and {3) the dogree of rurrent closure on the polevard
boundary of tha xurge.

On the basls of work by [3,7]) thera is clearly an
obsarved ralatlonship botween the WIS and the generation of P{ 2
pulsations during subatorm onsats. It is natural, theraforu, te
look for ways in vhich this could occur using the curront system
shown {n Flguea 1. It wvas determined 1o [2] that the nocth-
aouth curront In the WIS could produce standing wvaves due to the
rallection from conductivity gradients along the surge
boundarfes. The surga serves as an AC port to an equivalent
transnissfon line (8] formed by the attached magnotic field
linas. Undor tha right conditions thia port can resenate with
the transmlssion line and P4 2 pulsarions will ba genoratod from
the fonosphore into the magnatosphera.

Cna basie idea in our model ix that there is a quasi-steady
stata (DC) cenponont of aloctron pracipltation thar Ia dependent
updn the tenparature and dansity of the plasma shaect boundary as
well as on a potential diffarenca along tho {ield lina. This DC
component modulatas the lonospherle conductivity and controls
the speed and dirvection of the surge motion [1). The Interior
of tha surge has a highar conductivity than the surroundings due
to the aenhanced procipitation. The curreat carried by
precipitating cnorgetic clactrons in the interior surge reglon
is assumed to be preciscly balaneced by upuvard flowing lowar
cenorgy fonospheric electrons. Thurefore, fonospheric current
closuro into tha magnetosphare is assumed to occur only at the
north-south boundaries.

During substorm onsots there is a translent injection of
clectrons into the Jlonosphere from the plasma sheat. The
associated transient current is assumed in our model to cofnclide
with a  transverse Alfven wave that initiates a feedback
instability between the magnetosphere and the fonospherc in the
surge rogion. This instability produces a complicated first-
Jrder AC component §n  tka precipitation current that rides on
top of the DC component as discussed abovae. The frequency of
these oscillations tend to fali within the M1 2 band (40 - 160
see in pariod ). The first and zero order effects are not
decoupled. The DC procipitaticn flux and energy contcols the
frequency and damping rate of the Pi 2 pulsations.

The lonospheric {onization density {s governed by the
continuity equation as given by

aN  =0Qjy/e - o N2 (1
it

where Q is the cncrov-dependent ionization efficiency as given
by (9], jyj/e is the eclectron precipitation flux, o, is the
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alactron-ion recvombination rate In tha fonosphara and N i3 the
fonizatlion dunsicy tn the fonosphere. The current clusure on
the polewvard boundary ia given by

Jip mred (2)
I

whare J {4 the poleward Hall current and a Is tha closura
paramator along tha polaewvard boundary., J ia related to N by J =
rpeo vhera Ly i3 tha Hall conductivity. Now Ly » aN/D whare B is
the magnetic f£ield at che lonosphare. By combining thaze
ralationzhips with equation (2) then equation (1) hecomas a wave
gquation if wva momantarily ignora the recombination zera. Tha
phase valoclty of this lenisation wavae s given by

Ve = Qlivga 3

whare N i3 the lonosphariec lelght over which Q Is significant
and Vg = Ej/B. Ha use a coordinate system in uhieh x polurs
north, y points west and z points to the zanith. A solution for
the case Including ealectron-ion recombination has also been
obtatned by [1). It was found by [10] that tha surge motion ix
modulatod by the ratio of the Intarlor precipitating current and
the closuro current on the boundaries. If thue upward current
density raquired by current closure is larger than the current
needed to sustain the zero order level of lonizatlon (N,) fn the
surga interior then the surge movas poleward. If it is less than
the surgue moves equatorward and the surge is  stationary if the
o upward  current densitles arae equal. Our model, therefore,
predicts an  auroral brightening along the poleward surge
boundary coincldent with tha poluward leaps as obsarved.

Equatlons (1) and (2) can be expanded into zero and firste
order terms. Thu zero-ordar terms roproduce the results In of
(1) and the Clirst-order terms now include the effect uf the
Alfven wave propagating along the field lines. This Is seen at
the fonosphure as an equivalent AC impedance (8],

2= 12, cot(uw,L/Vy - nm) (%)

vhere 2 %p,V, is tha characteristic impedance of the eyuivalent
transnission line. w,. Is the frequency of Lhe Alfven wave, n is
the mode number, I is the length of the field line betwaen the
fonosphere and the equator and v, is the Alfven speed (#1000
km/s) in the magnetosphere.
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The detalls of the first-ordec theory are provided elsouvhers
{2]. It is {inmpartant to note, hovevaer, that ene wbtalns the
scaling relation

Mg * Vyl fr (s)

whare Ay 18 the north-south vavelesgth of the 'L 2 mode having
the a fraquency f.. V, Is proportianal to the zero-order spead
of the propagating gradlient. Thix relation implies that )¢ iz
roughly 100 kn for V, about 10 ke/s and {,. (s about 100 s. This
is a roalistic vafuo chavacterizing the enhanced conduetivity
steip of the WIS region.

ITI. GLOBAL STEADY STATE MODELS

Lat us turn nov to goneralizatiens of tha local modal
presented hare. In this soection we will diseuss the global
steady state

L0 :o‘m
l CLOSURE
t,m T | Assuserion
| 1
: Epo M
)
' f
' €
] isent
Iy sl pe- - W 3y 00, 35 0
| A o
WRGATLIES CONOUCTMTY
Tmuntintal

Figure 2. Global steady state models
models of Kan et al.(11), Marklund et al. [12] and Kan and
Kanide [13]. All three of these works can be represented
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schematically by tha block diagram shoun in Figu.a 2.

Thara It {8 seen that an asgumed aenhanced oval conductlv.ty
diztribuelon, Ijo(x), and an amblent two-called convection
electric flald Eo?x) {3 used to calculate tha polarization fleld
via a closura condition. The paramater X denotus longltude and
1atituda varliables. A3z in the local modal of Figure 1, Kan at
al. (11} and ¥an and Xamide [13) usa the assumptien that enly
global Hall ecurrent I3 partlally clozed at tha conductivity
boundarfes. Marklund at al. (12] acgue that Hall eurrant
closure iz not sufficlently general espeeially vhan one
considars the duskside of the auroral oval, Tha ambient
alectric fleld drives a Northward Hall ecurrent that glves rise
to a southward polarizatien electric field and currant. As a
rasult Marklund at al. [12} introduce a closura assumption that
focusaes upon "Type II' cuccents that flow as a rakull of
gonduetivity gradlents. In bLoth tho work of Kan ot al. and
Marklund et al. tha ealeulations show that atrong polarization
affucts tend to Impose a clockvize rotation on the two-vellud
convaction pattern. This featura i3 consistant with
obsarvations and Is a ganaralization of tha 3imple case shoun n
Figura 1. flota that Harklund et al. assume a uniform
conductivity distribution wuhareas Kan at al use one with
Gauesian profile cantered at local nidaight. Both modals,
touweveee, produce qualitatively the same results. Thu reader (s
veferred to the tuo papers for a more datalled comparison.

It is zaen from Figurea 2 chat the {leld-aligned current,
h (x), can ba considaered as an output of tha steady state
moéels. Kan and Xamide {13) usa this current to empirically
update the amblent conductivity distributlon using a procedure
based on the genaration of energatic praecipitating clectrons via
{ield-aligned potentials. Thuse potentials are corrulatud Lo
repions  of  wpward  flold-=alignad currents and negative
fonosphoric chacge densitles.  As shoun In Figure 2 via dotted
lines an iterativa procedure s used which results In steady
state solutionz which exhibit certain dynanical features of tha
WIS. It is important to realize, howaver, that tha Kan and
Kamide procedure i3 strictly a steady state model, not a
temporal ona.  Kan and Sun [14}, howaver, {ncorpurated the
conduetivity enhancement function and the itarativa prucedurs
into a temporal schema which will ba discussed in the next
seetion.

IV, MODELS FOR TEMPORAL PROPAGATION

We nov consider several mathods for describing the temporal
evulution of the M-1 systen. It {s essential for thas problem
that an active ilonosphere be invluded in the modeling. Figure 3
shous a block diagram which i{llustrates the essential fcatures
of the various approaches discussed here. A comparison of
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Figuras 2 and 3 reveals that tha steady-state modaels differ frea
the tempural ones in the senze that an open leop system diffars
frea vna with feedbaek. For our appliratlen rha feedback i3
Inposed by an active lonuspheric sodifieation uwhich i3 dreiven by
the flald-aligned current  Jpjx,t). The conductivity changex
are governad by the same ncchan{sa that governed the dynanics of
the local model deseribad In sactlon II. There recall that
equation (1) equatex tha rate of conduerivity Increase to the
diffarence betveen the fonization driven by Jj; and eleetron=ion
raceabinativa,  Thuz the feedback inharent }n cquatfon (1) is
the major difference batween steady-state and temporal madels.

Another differenca batwaen Figures 2 and ) centers upon the
modal used tu describa tha M-I coupling link. For tha steady-
state c¢asas varlouz types of cl. ure hypotheses vera used.
Indsad, this nathodology can also ¥ atilized to describe the
tenporal evolution. Figure 4 shovs .4 expansion of M-I bleck of
Figure 3 using this approach. Tha local model describad in
section Il Is a result of the mechanisms illustrated In Figures
3 and 4, Clearly ona could axtend the global steady-atate
models of Xan et asl. (11} and Marklund et al. {12) to
Incorporate tha temporal feedback of Figure J. Zhu and Kan {15)
did this for the modal of Kan et al. [11] but with the
conztraint of complata blockage of Hall currents via
polarization electric fields, In

Iu X! = 0) . M1
MODEL
I, Xy Egpy (X0
dEy .
i (4N ~ 3 J
ol 11 P."H

t—— PRECIPITATING ELECTAON ENERGY

Figure 3. Models for temporal propagation
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Flgure 4. Hagnatospharic-ionospheric coupling via curcent
closura

tha local slad modal praviously dizcussed thig would correspond
to azsumptions which would vesult in a northwastvard to westwvard
propagation of the slab reglon. Using the sama global
distributfon of tha driving elactric fleld, E (x), and an
initial conductivicty as usad by Ran et al, (11], Zhu  and Kan
(15) indeed find that the conductivity pattern exhibics a
vastvard Intrusion accompaniod by a clockwise shift In the two
call convaction pattern due to polarization effacts. To date
no ona hax yat axctended the steady-state model of Harklund et
al. [12) ro incorporate tha tomporal feadback of Figure 3. This
vould ba an Interuacing oxarcise and should be halpful in
assassing the {mplications of the mora genaral type Il closure
agsumptions.

Anothar approach to tha description of tha M-I model of
Figura J is ghoun In Flgura 5. Thare ft s assumad that the M-T
coupling is a dynamlec process. It Iz governud by the
propagation of Alfvdn vavas along the flux tube connecting the
fonosphero and the magnatosphare. As indicated schematically in
Figure 5, magnetosphera and lonosphare Input conditlons provide
the drivers for incident and reflected waves in the flux tube.
This approach was utillzed for quiet conditions by Atkinson
(16}, Sato [8), Mluca and Sato [17) and othurs. In that context
tho global muchanism of Figure 1 was described ag an fonospheric
feadback Instability. Miura and Sato  [17]) puerformed an
extansive gletal simulation of the evolution of quiet time
auroral) are systems. In this work It was assumad that the major
componont of wupuward field-aligned currents ware carried by
ralativaly cold electrons. Energotic particles would be
produced only when the upward {ield-aligned current axceeded a
critical threshold., Thus the characteristics of a quiet arc
system are govarned by the flux tube ExB drift velocity and the
Alfvén wave bounce time. This rasults in  multiple arc
structures which propugate at roughly 0.2 km/s and exhibit
scnle sizes on the order of 10 km. This {s in contrast to the
local model of the substorm system described in section II which
propagates at speeds of 1 to 10 km/s and exhibits scsle sizes on
the order of 100 km.

Ganeration of P{ 2 waveforns s an Inherent fueature in the
model described by Figuras ) and 5. In the local first-order
modael of Rothwell et al. [2) the flux tube wis assumed Lo act as
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a uniforn transmission line for Alfvdn wavas. Moreovar,

MAGNETOSPHERIC
INPUT CONDITIONS
} -
n.'t‘:gotit{u ! E, Leq
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w\}:scm L 1 OF ELECTRONS)
INCIDENT WAVES
{ONOSPHERIC

I, %) ————n-{ INTERACTION

P B ™D

Figure 5. Magnotospheric-lonosphoric coupling via Alfvén wavesg

propartics of the PL 2 pulsations warae connected to tha zuroth
order propagation of tha Ifonospheric enhanced conductivity
rogion. Kan and Sun [14) combined the Alfvén wava M-I coupling
of Figure 5 with a modification of the loop in Figure 3. In that
case tha temporal derivative box was replaced by tha
conductivity enhancemant function of Kan and Kamida (13). Their
procedure rasults in a temporal schema involving the discrate
bouncing of Alfvin waves Into the lonosphera and the gencration
of "stoplike" PL 2 waveforms. It {s relevant to note that Kan
and Sun (14) discuss and review aspects of M-I coupling which
ara beyond the scope of this work. For more details the
intarested reader is referred to the referoncas cited within the
Kan and Sun [14) paper. Lysak [18] uxamined the implications of
considering a nonuniform Alfvén transmission line mochanism as
the H-I model of Figurc 5. Tha nonuniformity can be caused by
density gradients along the flux tube. It was first discussed
by Mallinckrodt and Carlson {19} in tha context of quiet arc
systems. In his numerical study Lysak [18) showed that in
addition to Pi 2 periods (~ 100 s) local reflections of Alfvén
waves from density gradients cculd produce shorter period A 1
s) PiB waveforms. Morcover, it also demonstrated the importance
of feedback instability and propagation mechanisms described in
section II. It is {interesting to note thut Lysak {18) does not
have to distinguish between the zeroth order role of the closure
parameter a and the Alfvén wave feedback instability. In the
context of his simulations Lysak Is able to obtain self-
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conslatant propagation and expaniion of an enhanced comtuctivity
veglun eoupled with tha ensat of a fauedback instability.
Exgentially the angats of the u pavamater 18 replaced by a
dafinition of tha magnatospharic genacator veglon. In the leeal
madal of section IT va hava lmplicitly assumed that thare could
ba different physical machanizma praesent duclng the zeroth order
fniciation and conductivity propagation and the fiest ordar
Yeinging" of tha M-I aystes. For exampla, the saroth ordac
maclanizm could be closaly couplad to the Lransient davalepment
of a subdtora current wedge vharess thae quite different steady
state configuration of the wadge might deturnine the
charactaristies of the H=I flux tulie/gunarater reglon during tha
gencration of PIL 2 or PIB waves,

V. CONCLUSTIONS

In this paper wa hava ravievad several different approachas
to the problea of vaelating subitorm dynamics to M-I coupling.
At present, §t i3 clear that morea work needs to ba done
concarnlng the natura of polarization aleetric flelds and the
phys{cal basis for tha closure parasugter, a. Moreovar,
observations can now play a critical role iIn helping to
dizcriminate amongst various machanizas. For exampla, one
prediction of tha loeal model of Hothwell at al. [1.2) cencarns
the scallng of lonospharic standing waves that arize during the
faedback Inatabilicy. fn thiz caze tha Sonozpharic vavelength
scalas as the Pl 2 time pariod times the prepagation velocity of
the zueroth ordar slab reglen., See equation (S5). In a recent
vork, Rotlwell et al. [20] performad a preliminary copparisen of
this rasult with data of Tanskanen at al. [21) and ubtained a
reasonable agreemant. Thiz is perhaps ona the first attespis to
unify the charactucistics of pulsations, which are currelated
vwith substormg, to the dynamles of an anhanced fvnuspheric
conductivity roglon. It is our opinlun that such a unification
i an  essantial ingredivat for a colarant undecstanding vl tha
MY ccupling processas during substorms.
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A Model of the Westward Traveling Surge
and the Generation of Pi 2 Pulsations

P, L. Rotuweer,! M. B, Siceviten,2 L. P, BLoek,? and P, Tanskanin?t

A mndad of the wotwand traveling suge (WIS} amd the generation of Pi 2 pulation b presented hete
Previou work cuncentrated on the motion of the WTS us 2 function of the precipitating chetron encrg)
and the concurrent gencration of I 2 pulsations via a feadbark Initability, Now we ook in more dctait
at the physcal asumplions used in denving the prosent minkd and the relations between the Fera-onder
and the fint-order solutiont. Conitrainis are placed on the ehectron temperature 3symmetry In the
pavma aheot by toquiting the Bi 2 pultations to be bounded. 1t i found 1hat the clectron temperatute
anivtrepy i the plasmax sheet plays a majoe role in determining the direction in which the surge will
peopagate. Nartower sutges fequite greatet chestion heating patalicl to the magnetic ficld for poleward
motion. More encegetie checiton precipitation s prodiciad 10 produce highet-froquency Pi 2 pulations,
Pubations aceur in muliiple burits with the time interval betwoen bueute being sharier for shotter feld
Bnex, Injtial amplitude and phase conditions are crwcial in detetmining the pulic thape. The dominant
period of the Pi 2 puliation §s found 1o be oqual to Iwice the notth-south dinkndon of the surpe divided
L5 term which fs propoctional 1o the polewand velocity of the boundary. Finally, we thow that the
pobimand aurge velxitie and Pi 2 pubiation petiods as measuted duning the magnctorphetic subsiaem of
June N, 1919, are consntent with our mnkel By noting the ditection of the sutge motion, onc ean use
the maded 16 ortimiate the magaitude of the palanization cettrie fickd. We find that it 15 combtent with

et fur the vascts considerad,

1. INTRODUCTION

The westward traveling surge (WTS) ix a large region of
auroral beghtening that oceurs near local midnight Juring
substorm onscts, Thiz region genceally moves in a notthwest.
ward direction but at times i3 scen 10 mMose even eastward,
The WTS has also been identified as the source of Pi 2 pulsa.
tions. What we have tricd 10 Jo over the past few years is (o
develop a unified model for the WTS that explains both the
tvition of the surge and the generation of the Pi 2 pubsations
[ Rothwell ¢r al,, 1984, 1986] thereinalter refersed 1o as paper |
umd paper 2, reapectively). Que approsch has been 1o model
the ionmaphenie response to the precipitating clectrons, rather
than fiest identifying a promising magnetoaphenie mechardm
umd then determining its cilect upon the jonosphere. Yéhile
thiz may appear 10 be it somewhat backward approuch, ot has
the mivantage of starting with a tractable portion of the prob-
Jem whose solution impases conditions on the far less trac-
tuble mugactoapheric source,

1 is impheidy assumed in our model that the Inhester-
Hanmjohunn current model [nhiester ¢1 al, 1981, Baump
hann, 1983] sepresents the ionosphene currents mside the
aurge region (see Fagure 1), It as the motion of this current
syatem und its coupling to the magnetosphere that are the
subject of this paper. While the recent Viking results indicate
that the formution of a surge may be far more complex thin
prestously thought (Rasioker et al., 1987], the present model
is xtill onsidered applicable for individual “hot spots™ as well
us for the mare classical type of surge formation. Note, how-
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ever, that our model deals with the jonosphenc roponte
clectran precipitation, 5o that direct changes in the mag
actospheric soured(s). such as the creation of a new hot spot Ot
the fading of an old one, could produce dynamic cffects aot
evplamnable by the prezent model.

The surge 8 ereated by an external clectrie ficld £, (Figure
1), This ficld drives 1 westward Podersen current and a pole.
ward Mall current. The Hall current is closed off into the
magnatosphece by proaipitating clectrons along the poleward
WTS boundary. The parameter ¥ is a measure of current clos
sure efliciency. Lysak [1980) has discussed the phyiical inter.
pretanon of the 3 parameter 1n terms of a possible mag.
netospheric source and its coupling 10 the flux tube
jonosphere system. The reader 15 referred 10 thay paper for
more details. In our context, full closure{x = 11 imphies the full
wantinuation of the onosphenie Hall current mto the mag.
netosphere via ficldsaligned cureents. In paper 1 we found that
the WTS motion in the imdmght sector 15 controlled by 1) the
energy and fiux of the preapitating clectrons, (21 the clectron.
wn recombimation rate, and {3) the degree of eurrent clasure
wn the polewnrd boundary of the surge.

Qn the basts of work by Restoker and Sumson [1981),
Sumson (1982), Sumam and Rostoker [1$83). Pashin et al.
[3982). Lester 1 al [1984). Singer er al. (1983, 1985), and
Gelpi et al. [1987], there 15 clearly an obsersed selationship
between the WTS and the generation of Pi 2 pulsations duning
substorm onsets, 1t 15 nutural therelore 10 look for ways in
which this relavonstip could accur using the current system
shown an Fagure | It was determined in paper 2 that pertur.
battons in the north-south current in the WTS could produce
standing wines due to the reflection from conduchivity gradh.
ents along the surge boundaries. The surge serves as an ac
port to an equivalent transtission line [Suto, 19823 formed by
the attached mugnetic field lines. Under the nght conditions
this part can resonate with the Alfvén waves that propagate
along the equivalent transmission line, and Pi 2 pulsations will
be generated from the ionosphere into the magnetosphere.

One basic idea in our model is that in addition to the ac
(Alfvén wave} component, there is a quasi steady state (dc)
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component of electton precipitation that it depemdent Lpon
the temperatuee and density of the plasma sheet a3 well a on
the potential diffecence along the ficld line. Thiz de component
modulates the lonaspherie conductivity and controls the speed
and direction of the surge mation {paper 1),

The intetior of the aurge has a highet conductety than the
extenior becaune of enhanced preapitation, ‘The cureent vare
ned by precipatating energetie chictrons in the interiot surge
region is asaumed 10 be precisely balanced by upward towing
lowet-energy 10nospheric clectrons, Therclore ionasphetic Car-
rent cloduse into the magnctosphere is usiumed to ocvur only
at the surpe boundarics,

During substorm anscts there is a tramient infection of elees
wons into the ianoiphere from the plasma sheet The atsocis
ated teansient cucrent is assumed n our model (o coincide
with u traniverse Alfven wave [Baumjohany, and Glaxsmeter,
1984] that initiates a feedback fostabhity between the mage
nctosphece and the 1nosphete in the surge region. This inata.
blinty produces a complicated fintorder ac component in the
precipitation current that nides on top of the de component ag
ditcussed abose The period of these ossillations tends to fall
within the Pi 2 band (40-160 x). Now the firste and rero-onder
effects are not decoupled. The de precipitation Aux and encrgy
control the frequency and damping rate of the Pi 2 pulsations,
us we will see below. This approach is sigmficantly dilferent
from that of Lysak [1986], which assumes that all the clectron
precipitation s associated with the Alfvén wave, Also, our
model considers the jonospheric cesponse to the Alfven wave
to be Incatized in the surge region, not global in nature, 4s in
the work of Zhu asd Kun [1987]. Comparisons of our wotk
with that of Kan ¢t al, (1984), Kant und Kamide [1985), and
Kun and Sun [1985] are more fully discussed in section 6.

In the work of Rothwell et al. [1988] the results of Fridman
and Lematre [1950) were used to relate the de precipitation
Aux and energy to the clectron temperature anisotropy in the
plasma sheet and to the potential drop along the ficld line. Tt
wis found that the damping rate of the Pi 2 pulsations as
calculated from the resulis of Fridman and Lemaire closely
follawed the envelope of the growth curves as caleulated from
the feedback instability theory of Sato [1982). The physical
constraint that the Pi 2 pulsations be damped imposes a mini-
mum allowable value on the ratio 2,/a, where 2, 15 the north.
south dimension of the surge and x s the closure parameter,
us defined above. It was founy that narrower surge regions
(~ 100 km) required preferential electron heating parallel to 4
(the magnetic ficld) in order for poleward motion to take
place. For thicker surge regions (~ 300 km), poleward motion
was aliowed even when the elactron temperature perpendicu-
lar to B dominated the parallel temperature. The precise value
of the threshold ratio, which we denote by (4,,2),. depends on
the electron temperature rato T, /T, in the plasma sheet, In
this way the dynamics of the surge motion 1s controlled by the

Mottn o 1ie Wintwaxn Fravitise Menes

electron tempeeature anbsotropy in the plavina sheet bosnd-
ary.

In scction 2 we will review the zeraonder WTS theory as
presented (0 paper U In scetion Y, PI 2 pubsations will he
treated sccording to the Antorder theory developed in paper
2 Section 3 deals with the pulse shapes and their dependence
on snitial conditions and on the cleetron precipitation energy
Sestion § compates the model with three onsets observed an
June 2%, 1979, Finally. scction 6 summariscs amd presents the
conchnions of the papee. In the appendin we hive comtructad
a very simple convection model to justify the avumptions
tied in intorpreting the experimental data,

3 ZuxnOxix Bouations

I this section we boctly review the eolion of the polewand
Boundary oy desived i paper T Al the boundary 1< a
wamluetnity ;mdtcnl that mst be vonnistent with the clectan
preapitation from the magnctosphere. ‘The fonasphernie fomsa.
uon density i the geadient region i governed by the conti
Ay equation as given by

N = Oy,

where @ s the energysdependent iontzation efficiesgy as given
by Rews [196°], 4, e is the electron preapitation fus, g, Is the
clectronsion recombination eate, and N i3 the fonization Jen-
sty in the tonosphere The current elosure on the poleward
bowmdary i< piven by

¢ =a,N? t

P L )

where J ix the polewnrd Huli current and 2 i the closure
parameter slong the poleward boundary, We use a coardinate
system in which X points north, » points west, und 2 points to
the zenith. J 68 related to N by J o X £ where X, is the
heightantegrated Hall conductivity, Now X, ~ ¢N/H, uhctc ]
is the magnete Held at the Jonosphere

Hy combining these relationslups with (2), equation (1) bee
comes a4 wave equation if we momentarily ignore the recombi-
nation rerm. The phase velocity of this ionization wave is
given by

¥, = Qh¥x ()

where )t is the fonospheric height over which @ is significant
amdd V= BB ~0.28 ks,

A solution for the velocity of the polewiurd houndary ine
cluding electron-ion recombination elfects has also been ohe
tained in paper 1. Lader the assumption of constunt closure it
was fuund that the equations greatly simplified by transforms
ing dhe system to a coordinate frame moving at the boundary
speedd. (A more exact treatment of houndary propagation,
however, must take into account time- and space-tependent
closure.) In the moving frame the conductivity profile of the
boundary remaned constant and matched the Hall conduc-
uvity inside the surge at v - 0. {Note that x is the polewitrd
caordinate here, rather than 2, as in paper 1) In the stationary
feame the poleward boundary speed as given by equation {22)
in paper 118

Vow V) = GEp Eguiiy, G o=a,Bich h)

where J;, 15 the upward closure current just where the bound-
ary jomns the surge interior and X,;, 1s the height-integrated
Hall conductivity in the surge interior, which is maintained by
a precipitating flux g, . Using £,y = chNy/B, where N, is
the zero-order swomzation level inside the surge region which is
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given by (), few,J3, we have
Falil = R,:R,) (34

where K, a Q¢ and Ky, 5 (), fu e are the fonization rates in
the surge interior amd on the poleward boundary, respectively,
Wik BTG GPPRONITIAEY OTRITONEE Fu e SIREEY VA (TR0T6
that Q; and Q, uee the respective minization efficiencics, which
wre encrgy dependent [Revs, 1963)) If the fonization rate
slong the poleward surge boundary is geeater than the joniza-
tion rate that ks required 1o sustain the rerosorder bevel of
onization (N,) in the surge interior, then the surge moves
podewnrd, I it is ke, the surpe moves equalorward, and the
surge i stationary if the twa funization rates are equal, The
madel therefore predicts un auroral brightening along the
polewnrd surge bouradary that is coincideat with the pokeward
k.

Note that in this treatment the conductivity profile has been
assumed L0 remain stationary in the moving frame, which, in
peneral, will not happen, A nonstationary conductivity profile
keads 1o a time dependence in 1* which more aceurately re-
fects the surge matlon [Sileciteh o1 al,, 19€4), The propagas
tion speed of any profile, however, should inereaie in proposs
ton 1o the eacess of the jonization rate along the boumdary
onver that of the surge interior. After all, that is what controls
the propagation of the jonization wave, Thercfore for short
periods right after onset the measured velocitics should be well
represcniod by (Ju) and (3¢). This assumption is utilized below
in compating the mcdel with data for the three substorm
onsetx of June 23, 1979, when data for the time evolution of
the conductivity gradicnt are unavailable,

Y Fimsr-Onntr BQuations

It is well documented that Pi 2 pulsations are fundamen.
tally related to auroral breakup and substorm onsews [Suit,
1961 Rostoher amd Samson, 19815 Samson and Rostoker, 1983;
Sumum, 1982), As pointed out by Som.cn [1982]), the Pi 2
pubsations oceur simultancously with or before all other tono.
spheric phenomena associated with breakup. These results ase
ronsistent with those of Singer ¢ al. [198), 1985] and Gelpi o
al. [ 19R7], who used magnctometer data from the Ave Foree
Grophysics Laboratory (AFGL) magnctometer chuin, Their
results strongly imply that the Pi 2 source is located appron-
nutedz | hour (o the cast of e weatern surge edge Pashin ¢t
al. [ 1932] carried out a study on Pi 2 pulsations ducing the
passage of the WTS under three successive auroral breakups.
They Tound that the largest PP 2 pulsanion amplitudes were
colocitted in the region of the brightest aurorus, In a similar
study, Baranskiy ¢t al, [1980] observed that the highest Pi 2
frequencies oceurred near Tocal-midnight. Stwart et al. [1977)
aoted a correlation between the modulation in precipitating
clectron Nux in the auroral zone and the coinaident Pi 2 pulsa.
tions, Maliser e al, [1974] suggested tkat Pi 2 pulsutions were
1t result of the brightening of the aurora that led to an injec.
tion of un Allvén wave from the.ionosphere into the mag-
netosphere. This leads to lield line oscillations and resonances
in the 1Y 2 frequency ritnge.

On the basis of the large volume of evidence thut Pi 2
pulsations and substorm onsets are related, it is therefore lagi-
cul to explore whether the surge model developed in paper |
can explain Pi 2 pulsations. We do this by looking at the
liesteorder eapansion of the basic equations. Equatiens (1) and
(2) can be expanded into zero- and first-order terms. Along the
boundary the zero-order terms reproduce the results in section

8618

2, while the, lead to u null result in the intetior whete Ny iy
azsumed constant. The fitst-order terms, on the other hand,
ure defined in the surge interion, where the analyas of Suo
(19827 can be applicd. They include the effect of Allven waves
peopagating along the attached ficld lines. Their ¢ffect at the
ICTIDEPHCIC 1 386 Ay ah cyunalent ac smpedance {Suro, 1783
which is gtven by

7 s iz cOU {0,108, = nx) )

whete 7, » i, b, 15 the characteristic impedance of the equive
alent transmixsion line, e, is the frequency of the Alfven wave,
n is the mode number, 1, ix the kength of the fickd line between
the jonosphere and the cquatar, and ¥, is the Alén speed
(= 100G kmys) in the magnetosphere. Equation (4u) anumes
perfeet reflection of the Alfvén witve at the equator e, 2ero
magnctospheric conductivity) in contrast 10 the finite mag.
netospheric conductivity model developed by Lyaak [1986).
The first-order preapitation cursent catried by the Aliven
wave Is related 10 7 theough 2Zf; = @« E,. Impikit in this
equation s the transmission line assumption and the propaga-
tionfreflection of Alfvén waves within the flux tube conmecting
the ionosphere to the magnetosphers, Now, as shown in paper
2, this relation when combined with the fiest-order espansion
of (1) and (2) kads to dispersion rclations for the frequency
und growth rawes of the individual modes,

We will besetly summatire the decivation as given in paper
2, with special care being taken regarding whether the quan-
titics are delined on the surge boundary or in the surge in.
terics, Following paper 2, the first.order continuity equation
in the surge interior gives us

PN, QU Qg eN g = 2NN, (4h)

whete
Nwa,Noh

N, Is the height-integrated perturbed jonizatinn density nor-
maliced 1o the heighteintegrated sero-orde= density, and j, is
the perturbed (fiest-order) component of the field-aligned cur.
rent, which is given by

S = ~JINAY = ZEy) ()

where J, = xE,,E, 15 the net zero-order poleward current in
the surge interior und 1s considered 10 be constunt there. On
the boundary, however, J,, closes off snto the mignetosphere,
giving rise to the zero-order solutions derived above. Note
that xis the closure parameter a; defined on the surge bound.
ary white X, is defined in the surge interior, The first-order
current Mustuations give fise e no net current flow 110 and
out of the intertor region, Inseriing (3¢} into (4h) lewds 1o
defining the parameter 15, = aQ 4V, which is anulogous to
the boundary velocny patameter as defined in (3u) und (3¢)
tnd which we now cull §},. Note that ¥, = 1, only if the
energy of the zero-order precipitation is the same in the surge
interior as it 15 on the boundury. In the ubsence of meusure.
ments of the electron precipitution energy we assume that the
selocity of the poleward boundary gives a reusonable measure
of F,. This assumption 15 used below in section § and dis.
cussed in the appendix.
The tirst-order dispersion relations are then given by

v, = (b, e} (14 XY i

w,=0,X ~ 20N,/ (6)
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from model. The growth cutves ate the nearly vertical lines, and the
dampang tdecay ) cune follows the eavelape of the growth cutvex, The
tekh marhy on the devay curve map the previpitating chectron encrgics
1o the abnainsa, The abnaics 16 plotiad in units of 3, 4, whete 4, 18
the aotthewutth evient of the sarge 1o this ovample we ok 4,
o X hm VL 0008, X2, - 10, Ty - 04 heV, and T, - 02
heV Sce tent for definitions,

where e, and o, are the real and imaginary components of the
frequency, respectively. X' is equal 10 Z as defined in (4a) times
the 7er0-order Pedersen conductivity in the ionosphere, Xy,
N 15 the heightntegrated equilibrium ienization density as
eapected from the cero-order (de) clectron precipitation inside
the surge. From now on we set Ny, = b\, where Ny is the
local sezo-0rder jonization density at the maximum jonlzaton
altnude for a given precipination encrgy. (Note that in equa«
ton (181 of vaper 20 of equation (6) above is missing and the
detimtion given in equation (11) of paper 2 should replace 2 mn
equations (12) and (16) of paper 2.)

Now {f the zero-order electron precipitation energy inside
the suege is of the order of a couple keV, then ¥, is approxi-
nately a couple kilometers per second (paper 1), In addition, il
the nogthesouth surge dimensions (4,) are of the order of
hundreds of kilometees, then the charecteristic frequency (1,,/
27 ) for ionospheric waves s close to that of Pi 2 pulsations,
In vrder for u resonunce to oceur the characteristic iono-
spheriv frequency just derived must be greater than or equal
to the frequency of the fundamental toroidal mode for the
attached ficld lines. Singer ¢t al, [1981] found that the fre-
quency of the fundamental toroidul mode was smallest at local
midnight, reaching the Pi 2 range of 0.02 57! at A = 66* and
0,005 5 ' ut A = 68 . This suggests that the formation of a
surge at auroral Jatitudes near local midnight sets up a reso-
nance condition between the jonospheric waves and the mag-
netic field line oscillations which is triggered by the feedback
instability, as deseribed here.

There are both reactive (-+N) und ciapacitive (~ X) solu-
tions to (5} and (6), The reactive solutions lead to growing Pi 2
pulsations from the feedback instability, while the capacitive
solutions quench the instability. Reference is made to Sain
[19%2] and references therein regarding the details of these
effects Sunson [1982] found that the Pi 2 oscillations origi-
nating from field-aligned currents are phase-shifted with re-
spect 1o Pi 2 pulsations arising from the clectrojet. In the
present model this stfect comes from the inductive nature of
the field lines which allows growing solutions.
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Nate that the finstander dispeesion relations sha depend on
the serosonder prectpitation cocegy tix., the fickluatigned po
tentiak drop) theough ¥, We use the theory of Feidman el
Lemaire (1980) to cstimate the magaitude of the seromeder

przcipitation for various ficklaligned potential ditferences umd
plann gheat narnmatare,

Isgure 2 shows a separate plot of the P 2 grawth amt decay
terms from (6} as a function of ¥, /4, The growth curves ure
the nearly vertical lines that tead to eroxs over cach other. The
damping curve is the nearly straight line that closcly follows
the ensclope of the growth curses, The damping curve was
calenlated aecording 1o the Pridman and  Lemaire [1980)
theary with clectron pliasme sheet temperatures of 7 - 04
heVoand 7 = 03 ke and with the demity of the plavina
Aivet assumed e be 0.3 em Y The tich marks denate the
locations of sarious precipitation energics. Note that more
encrgetic preaipitation tuens on highersfrequency modes, For
Figure 2 we taed Ty = 10 mhos, Z, - 1 ol Fygl, — 0008
s hamt 4, x = 130 km,

I one inserts (81 into (6) and, for the moment, ignores the
decay teem, then one can find the maximum growth rite as a
function of X 1045 0, X = o, s 2V, /4, [Rothwell ¢t al., 1988],
The condition that the Pi 2 pulsations be dumped (i, that
2,Nq 5 nb, 4,) leads to a minimum allowable threshold on
4, 3 which to a high degree of uccuracy is independent of the
rero-order precipitation energy. This threshokl depends on the
plasma sheet parameters through the Fridman und Lemaire
{1980] relation. We again set the plasma sheet number density
10 0.3 em * and calculated the threshold value of 2,/ by
assuming # lincar it to the precipitation current foe ficki-
aligned potential dsase between § KV and S0 kV. Figure 3
shows a plot of the values (4,/x), versus the electron
temperature unisotrops . in the plasma sheet. An analyti-
cal expression for the dapendence of the threshold values on
T« T and the plasma sheet number density N, cun be found,
‘This is done by noting that X'y x b, which leads 0 (4, 3), »
TV AN 2), where @ is the field-aligned potential drop,

There iz u simple physical esplanation for associuting an
enhanced 7, with poleward motion of the conductivity siah,
An increase in 7)) causes un increase fn Jy, [Fridman and 1
muire, 19807, "This Increases the degree of moditication of the
conductiyity gradient along the poleward boundary, which

400
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Fig 3 The damping threshold for P 2 pulsations as @ funclion of

the electron temperature anisotropy in the plasma sheet using the
model of Fridman aond Lemare (1980] for the precipitating electron
llux When the measured value of 7, /x exceeds the threshold value,
the Pi 2 pulsations are damped.
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w1 faster poleward surge expansion. The net effeet is that
anything that increuses f, along the poleward boundary will
cittive 4 more northward motion of the surge region. An en
hancement of J, #io reduces the north-south polarzation
bl dous $hainea 13 bl SoSioans thS WRAIWRTG 1IAN Cuiicni,
Now an enhancement in lemperatute anisotropy (i it is
global) will tend 10 impose #n increase in jy; at the surge head.
In our simplified steady state mixdel this must be offset by a
compensating decrease in the fickd-aligned potential [Fridmuan
uml Lemaire, 1980] al the surge head in order for j, there to be
vontinuous with the diminished westwand ionospheric cuerent.
Our model therefore ulso suggests that enhanced T, is accom-
puanicd by & brightening along the poleward boundary and a
dinmming in the region near the surge head,

"I'he opposite urgument holds for preferential clectron heat.
ing perpendiculur 1o the magnetic fickt in the plasma sheet, In
that case the westward Hall current due to the polarization
chextric fickd is incrensed, and therefore the ficld-aligned poten.
tial ut the surge head must increase 1o maintain current contie
nuity [Fridmun aml Lemaire, 1980], These effeets favor a more
westward motion of the surge region. ‘The corresponding argu-
ments suggest that enhanced 75 will also cause 4 dimming
along the poleward boundary accompanied by a brightening
meur the surge head,

In summary, according 10 our model, poleward surge
motion is associated with cleciron heating in the plasme sheet
paraliel 1o the magnetic fickd, This heating could be caused by
Feemi ucccleration as the tail ficld becomwes more dipolar.
Preferential perpendicular heating from conservation of the
fiest fnvzaciant is associated with westward surge motion,

What happens when the surge sice is below the threshold
timit with x = 19 In that case we have positive growing pulsas
tions, The period of the wisve with the fastest growth rate, and
theeelore the period thae is characteristic of the Pi 2 pulsation
v 22,70 In the limit of () the surge Is expamnding at u
velocity V. which means the surge triples in size in one pulsa.
tion period, The threshold for damping is quickly reached, und
the pulsation has u finite mnplitude, This leature validates the
lincar approximation used in deriving the Pi 2 pulsations.
However, the rapid polewand! motions mean that the zero-
order parametes 4, is changing on a ime scale comparatle
with the first-order solutions. At the very Jeast this Jeads to a
time-dependent frequency which is outside the scope of our
solutions. This problem is resolved if the surge moves in spurlts
or jumps, In that case the mation of the boundury induces
stunding jonization wive inside the surge with a phase velocis
ty which we ussume to be close to the boundury velocity.
From (5) this ionization wave is in resonuance with the fustest
growing Pi 2 mode (X == 1), and the present model applies
between jumps, The assumption is that the jumps occur often
cnough thiet the critical surge size ix reached in & timely
manner and the pulsation amplitudes ire not unreasonably
large. A parallel resistunce along the field line, such as that
measured by Welmer ¢t al. [1985, 1987], would also contrib-
ule to keeping the umplitudes finite (C. K. Goertz, private
communication, 1987). During jumps n nonlinear treatment
such us that of Lysak {1986, 1985), which incorporates the
generation of PiB pulsations, 1s probubly necessary. The ob-
servations of Opyenoorth e al. [1980]) and Businger ¢t al.
[1981] suggest that PiB type pulsations lasted as long as the
local onset-connected field-aligned currents were growing, On
the other hand, if the multiplicative factor shown in (3¢} is
sufficiently small, then the change in frequency is adiabatic,
and the present model applies in its entirety.
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Fig. 4 Decay time of the individual modes shown in Figure 2 for
a precipitating clectron encrgy of § keV. The doti denote specific
mindes labeled 1. Note that after several minutes the pulse will become
quasi-monochrumalic with the center frequency cortesponding 10 the
fastest growing mode. This is consistent with the dsta shown in
Figure 9.

From Figure J we see that smaller damping threshold
values for 2, result when the plasma sheet electrons are prefer-
entinlly heated parallel 10 the magnetic fiekd, Now if the north.
south surge dimension is below the threshold vilue for i given
plusma sheet model, then 2 must be less thun | in order for the
Pi 2 pulsations 10 be damped. In paper | we showed thai the
direction of the surge motion is highly dependent on 3. For x
values less than 1, westward motion is predicted, while x 2 1
allows poleward or even castward motion. Therefore uccord-
ing t0 our model the ¢lectron temperature anisotropy in the
plasma sheet together with the physical requirement that the
Pi 2 waves be damped plays an important role i determining
which way the current system of Figure 1 is going to movze,
The result is that embryonic surge regions require substantial
preferential heating parallel to B for poleward leaps ¢y accur,
Some specific pulse shapes will now be examined.

4. I 2 PuLst SHAMS

Recall from Figure 2 that the net decay rate of cach mode ss
the dilference between the decay curve {20,N,) and the indi-
vidual growth curves at u specific precipitation energy. Figure
4 shows the caleulated decay time for each mode for an e
dent energy of § keV and u surge size of 113 km, All other
panumeter vidues are iy i Figure 2,

Thirty modes are excited i this particulur example, und
wich mode is represented by u dot. Note that the decay time
as a function of frequensy 1s highly peaked at the frequency
vitlue found m section 3 for the maximum growth rate. What
Figure 4 tells us 1s that the higher and lower frequencies
quickly become damped and that the pulse propagates iround
a narrower frequency band at longer times. The period of this
pulsation at the peak frequency is approximately 25 s, which is
consistent with the Pi 2 frequency range.
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Figure £ v i tme history of tis pulve The fnital cone
dittens for this particutar plot were chosen such that all modes
were avnuned 10 he exeited with the same amplitude and at
the same phase. The predicied time history a3 seen from
Fagure £ s that of i large, inftally merdampzd pulse followed
by series of “ringeng™ pulses of ahout 3 min in duration and
6 7 min apart The nme interval between "nings™ becomes
homger as the atee 1, L bevomes saller Axsuming |y stays
constant. this amphes that penod between nng. 15 proportion.
al o the kength of the mugneuc Held hine

The specitic shupe of a given pulsation therelore depemds
very strongly on the inithal conditions of its formanon. The
present ayndel does not specifly what these comditions are, but
it does give the time evalution of the pulie onee the initial
comlitions ure given

Despate this uncertainty, howeser, one can speculate on
vatious posaibilities. We zedid the plot in Figure & using
randdom stial phitses (hetween ) and M) § lor each of the YO
modes Figure 6 shows the results. Note that the pulse has an
evtremely complicated shape during the first 3 min which
wmpletely mitsks the underlying sinusoidul dependence. In
fact, one might interpret this section as u series of single
pulses. The rundomness, however, destroys the precise re-
peatability of the time profile, xo that anuther example with
the same parameter values would look somewhat different. It
was found that even if the randomness in phise was as little us
20, a difference with Figure 6 wus not discernible, Given the
complexity of the magnetosphere-ionasphere system and the
wregulanty of the driving precipituting flux, some incoherence
m mode stmnulation is to be evpecied. This incoherence de-
strods the prease cancellation between bursts, as seen in
Figure &, and the model simulates the sctual data more closes
Iy

Randomization of the imtial amplhitudes also destroys vo-
herence and produces results sinular to those seen in Figure 6
for random umtial phases. Therefore Fagure 6 is representatise
of & wide class of imual condittons. Now, regardless of the
mtial conditions, the selective liltering of the frequencices as
seent m Frgure 4 leads to o bunstlihe type of behavior after
longer tmes Therefore the precise mature of the imtil con-
diions seems 1o dominate i only the lirst few minutes of the
pulse trinn

MINT o 1000 WINTR AN FRANEEING St

Fipure 7 shovs a coherent pulse irn for an incdent vty
o LS ReW, 1 L0000 5 % amd 2, xa 128 km, Note the
e general fRatnres us i Figure £ an initiat overdamped
pulse followed much Tater (W0 mind by i finite pubse i, I
thi< plot were of distin, 1t wonkd titke i very astiute obwerver to
revanize that these TR IS aIe iiiced vne und Vi aame
The pulsation burst evobves toward the aunde with the hongest
decay time I8¢ the abone disciiion w regand to Fagure 4))
Lhe petd of this nusde is given by 7, = 24, |, umt in this
v 15 il 10 122 < s appasad (o 288 for 1t SheV chtron
preapitation emergy Therelore vne testable cement of our
aundel ts that the frequency of the kater, periodic portions of
the 1 2 pulsations shoukd increase withy the chictron precip
Tation enerpy

Frgure ¥ <hows i pulaation with the same input values s in
Pagrare T eneept that the imatal phisaes ure sanlomazsd as G
Fagnre 6 Note that the hotzontal seale is appronimately one
half that of Figure 7. Rumdosnization vatises the various mixles
Bt Lo catnroed s prosdioes sonne intetesting wauvelorms doing
the first few minates. I fact, the st two peaks reaemble 3
sequenve ul twe overdamped single pulses, rather than
superpasitiog oF sinibidal modes The iindetlying ainuvoilal
stenctore does not becore apparent until 10 min after omet,
The putaation shape iy close 1o the measured PP 2 waveRrms
shown in paper 2 and in Figare X in the work of Sowthwee!
sind Stiart {1980,

1t shoukd be pointed vut that the precise canceliation of the
winveforms between bursts seen in Figineex § amd 7 impliex »
tughly cyxtenatie strucmre for the nonhinear solutions which
were obtisned numencally  lnnvestigation iv proceeding as (o
what thas structure is and whether it can be expretsed in an
amadytical form or not.

We are ubo presently looking ut the Fourler iramform of
these time profiles in vnder to make comparisons with data,
Owing to the fact that the decay time 5 u funstion of fre-
queney (e Figure 41 the frequeney content of the wave s
ume depetzat, This means that the Fournere transform is sen-
Mg Lo the wme #1 which the tansform is 1aken, Neverthe-
Jess, vur moded predicts a spaky powee denaity spectrun with
the central spide located ot the liequency corrapombing (o
minimum damping
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Faie 6 The same s Frgure S but now the lineir superposition i3
caroed oul with random il J>ases Note the nonuanusosdal bee
havior at the begimng This tigtire s more conststuat with the data
than Frgure §
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A detailed study of three successive substorm onsdts on
Junc 23, 1979, was curtied out uning saicliites, batloon:, and
pround-hased particle uand ficld duta [Tonskanen ¢t ol., 1987).
We now ulilize these data Lo estimate the poleward velokity of
the surge houmdary and the notth-south extension of the surge
for cach of the three onsets. These resulis are then uied 1o
.tmate the period of the fastest growing mixde, us deribed
abuve, ‘This period 15 then compared with the measured period
of Pi 2 pubtions as seen by groumd-based magnetometer
sations,

For the following compatison we use Table 3 of Tumvkuxen
e ol [19KTL ‘The Rest onset was observed at Sodankyld (latis
twde 674 | Tongitude 26,67, 1, = §,1) at 2101 UT. Thiny sce-
anmbs biter, 3t was ohserved at valo (latitude 65.6 , lonpitude
74, L= 8T, and M g beyond that, ut 2102 UT, it was
obwerved at Kevo (latitude 69.X°, Jongitude 27,07, L = 62)
Now Sodankyld, tvalo, and Kevo ure chrne together on the
same meridian, 50 that the sucdessive Jetection of the onset
gives a good measure of the inftinl poleward surge velocily 1
We find ¥ = 4.4 km/s for the fiest onsct, The westward com.
ponent of the surge velocity ¥, is found by noting that the
onset occurs at the balloon SO622 {latitude 67.6', longitude
8.1, L = 6) 10 min alter it reached Sodankyli, which is along
the same geographic latitude, Therefore 1, = 1,6 kmjs for the
fieat onset. The surge is estimated 10 include Sodankyld and
Kavo, which gives a north-south extension 4, of about 280
km. For g complete analysis it s necessary to know the energy
and flux of the clectron precipitation both inside the surge and
slong the poleward boundary. Unfortunately, this level of
detuil is not available, However, we do have riometer data
which give an Indicution of the relative intensity of the precipi-
lation energy. ‘The precipitation was most intense during the
fiext onset, ‘Thercfore for this period we make the assumption
that the loniration rate along the sucge boundary exceeds the
tontzation rate inside the surge and that 1« ), = 1, e 44
ks, (See (Xe), the discussion following (3¢}, and the appendix
for more details regarding these ussumptions.) In this case the
period (T, = 24,/V,) of the fustest growing mode is 127 s,
Now the magnetometer results are Fourier-analyzed and plot.
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Fig. 7. Time history of a Pi 2 pulsation with coherent wmtial
phases and 1.5 keV incident enccgy. Note the longer period in com-
parson with Figure 8. The higher the incident energy the higher the
frequency of the expected pulsations.
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Vig. & Time Mstory of 2 B 2 pulsation with random initial
phases and 1.5 eV incident energy This pulse profile is vesy similar
10 profiles observed in the data twe, Rr eample, Kothwell o1 ol
{19%6]). Note onde apain that the pulsation hecomes almot mono.
chromatic afier about 10 min,

ted in frequency versus time contour plots, where cach cone
tour represents a constant amplitude, The contour plot of
Kevo is shown in Figure 9, with the onsets denoted by shont
vertical lines, Juit after the first two onsets the mavimum
amplitude (the dense band of concentric ellipies) oceurred at
approximately 120 410 s, with & secondary peak at ~95 5 A
plot of the Ivalo magnetometer data shows similar tesults
although at Jower amplitudes. The delay of the monochro-
maticity relative 10 the substorm onsets is consistent with the
model resulis shown in Figures 6 and 8, For the first onset the
delay ix appeosimately 6-8 min, Considering the assumptions
involved in cakeulating b, and 4, the excellent agreement (127
s versus 120 3 10 s} may be somewhat fottuitous, However,
the overall agrecment between the experimental observations
und the model lends u great deal of credence to the model’s
basic veracity.

The second onset of Sodunkyli (2107:30 UT) gives similar
results. The poleward velocity between Sodankyld and halo
(2109 UT) is 1.5 kmys, and between Ivalo and Kevo 12109:30
UT) it is 4.4 kmy/s. The lower velocity between Sodanhylid and
Ivalo is explainable by the fact thal the riometer absorption at
Sodankyli has dropped 10 0.7 dB from 1.3 dB as in the first
onset, Thie implies less intense precipitation and hence a
slower speed according 10 our model, The westward velocity
component Is found as before and Is 1.8 kmys. We take the
northesouth surge dimensions 1o be between Sodankyls and
Kevo us hefore, which pives 286 km in geographic coordi-
nates, Now Andenes is geographically south but magnactically
north of Kevo [see Tunskanen et al, 1982, Tuble 3). If one
prefers the surge dimensions in magnetic coordinates, then the
surge should be measured between Andenes and Sudankyld,
In that case we find a distance of 289 km. The peniod of the
fastest growing mode is therefore predicted to be 131 5. Now
from Figure 9 we see that the perind with the nuiumum un-
plitude is around 127 5, which occurs approximately 10 mun
after the second vnset The agreement is again excellent.

‘The thitd onset is more complicated for two reasons. The
first reason is that the poleward boundary now passes by the
stations KA 0622 (latitude 70.4-, longitude —7.2°, L. = 8.5) at
2140 UT, Bjérndya (latitude 74.5', longitude 19 , L = 9.4) at
2143 UT, and HO 0623 (latitude 72.9', longitude 7.6 , L = 9.2}
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wirge ar predicied by the model,

#t 2145 UT. These stations ure separated in both latitude and
longitude, which complicates the determination of the velocity
components, The second reason is thut the third onset ix much
less intense than the previous two onsets according 0 the
riometer data. This implies from our model {see (3¢)) that the
measured poleward velocity could be much less than the 3},
parameter peeded 10 estimate the associated Pi 2 period, We
find that the measured poleward velocity is approximately
equal 10 0.25 knus and the westward velocity is 2 3 kmys,
where the speead is due to whether one works in geographic
or magnetic coordinates, We therefore assume for the third
onset that the precipitation energy 1s the same inside the surge
as on the poleward boundary and as during the previous two
onsets. Accoring to this scenario the surge moves because of
an enhancement of the boundary precipitation flux of a few
percent over the precipitation flun inside the surge. The old
value of 44 kmys for ¥, will therefore be used.,

The north-south extent of the surge during the third onset is
abo diflicult to quantify because of the spatial separation of
the stations. On the basis of Figure 3 of Tanskanen et al.
[1987) we estimate the surge to be between Ivalo (L = 5.7)
and Bjoraoya (L = 9.4), which gives a distance of 689 km.
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This implics a Pi 2 peeiod of 312 5, which is still comparable
10 the measured value of roughly 190 430 x scen 12 min ulter
onsct in Figure 9. 'The important thing to note from Figure 9
is the definite lengthening of the Pi 2 period us the surge
expands poleward, This elfect s predicted by the present
mkdel, as the perod of the fastest growing mode is pro-
portional to 2,

The model can be used to extract other important infor-
mition about the onsets using this important data set, From
the value of 15, of 4.4 km/s und noting that the measured
value of £, was approximately 20 mVim during the first two
onsets, we use (3a) to estimate the precipitating clectron
energy thut is vesponsible for the surge movement as being 1.7
keV. {Note that QI = 552 fons per incident electron (sce
paper 1), where ¢ is the precipitating energy.) Using the direc-
tion of the surge motion, one can lso estimate the magnitude
of the north-south polanzation electric field inside the surge.
{The measured value of the north-south electric ficld compo-
nent is 25 mVim, which includes the convection electric field

“ich may dominate.) Equation (12) of paper 1 can be rewrit-
v 8

wn 3, = (R = EyEQ)(l + RE,/Eo) m
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where ¥, I6 the angle of the surge motion relative to west, R Is
the ratio of the height-integraied Hall 1o Pedersen conduc-
tivities, and £, (which is positive, pointing south) is the polar-
lzation elactric fiedd, (The relation £, m E R(l = 3) has been

r'y . ¢ lan
wandd in derivine IN) Eaustlon {7, cun ha razyasessad o2

E,JEq = (R = tun 3 ){1 + R tan 3) )

Grafe [1982) has noted that R ordinarily ranges between 1
and 4, with some rare cases in which R is greater than 4, It is
alo noted that R tends 10 decrease with enhanced substorm
activity and widening of the electrojet. Using (8). it is found
that for the first onset, =22 mV/im (R= 1)< £, < +L1
mV/m (R = 4), which is comsistent with full closure of the
polewnrd Hall current into the magnctosphere, (A value of
275 was used for tan 7,.) The second onset is like the Rest, and
the third is 1or complex 10 be treated here,

We conclude therefore that the theee onsets discussed are
consistent with our model. Not only is there quantitative
agroement with the predicted Pi 2 periods, but the observed
time delay for the Pi 2 pulsations to spproach a monochro-
matic Mignal is compatible with a frequency-dependent decay
time, a3 derived above, In particular, the predicted scaling of
the Pi 2 periods with the surge size and poleward velocitics
scems convincing. The model may also be useful as a tool in
separating out the polarization and convection electric fickls.

6. Discussion

We have prescited a unified model for the motion of the
westward traveling surge and the gencration of Pi 2 pulsations
Jduring substorm onscts, Using the Inhester-Baumjohann
jonuspheric current system shown In Figure 1, it was shown
that the rero-order clectron precipitation current (de) con.
trolied the surge motion, The dynamicx of the surge boundary
was found for 1 constant conductivity profile, which kd 1o 4
constant value of the boundary propagation speed V. This
value is ussumed (0 give a reasonable estimate of the initial
surge velocity, which in & more realistic treatment must be
time dependent, as the conductivity profile evolves in time,
The fiest-order equations led to dispersion equations in the Pi
2 frequency runge. The present Pi 2 model was determined to
be valid beiween surge jumps when the surge was considered
yuasi-stationury or when the surge moved sulficiently slowly.
During jumps it is suggested that a nonlincar theory such as
that of Lysuk [1986] is more realistic, since it predicts the
presenics of PiBl pulsations, which have been observed by Opye-
noueth et al, [1980] and Bosinger et al [1981].

The present model Jeuds in a nataral way to using the re-
sults of Fridman and l.emaire [1980]) und Filthammar [1978)
in determining the dc precipitation current, which plays a
major role in damping the Pi 2 pulsations. The physical re-
quirement that the Pi 2 pulsation be dampled puts a lower
tound on the ratio of the north-south surge dimension and
the closure parameter 2, This bound depends on the electron
temperature anisotropy in the plasmu sheet and plays a cru-
cial role in determining the direction of surge motion. Grow-
ing models were found 10 be quenched by the poleward ex-
pansion of the surge.

Now becuuse of the dispersive nature of the Pi 2 pulsation,
its frequency composition changes with time. The time profile
of the pulsation also is very sensitive to the initial conditons.
If ull the modes ure excited at exuctly the same time (i.e., the
sume phase), then the time profile is that of a highly damped

¥zl

wave followed by periodic sinusoidal buests, Even a small
sdminture of phases at { = 0, however, will cause the pulse to
exhibit nonsinusoidal behavior just alter onset which cvolves
into sinusoldal behavior several minutes later, This effect ap-
p2urn i b peal, w2 2w from Figure P and fom Shampiss oF
the AFGL magnetometer data (paper 2).

Three onsets that were abserved on June 23, 1999, were
compared with the model. It was found that the polewsard
surge velocities and the cstimated north-south surge dimen-
sions Jed (0 predicted Pi 2 pulsation periods that were consise
tent with the measured values. ‘The petiod of the observed Pi 2
pulsations became longer as the surge expanded, which is con.
slttent with the model, 1t was also shown how the modkl
might be used ug & 100l in determining the polatization ¢lees
tric fickl in the presence of & strong convection electric Held,

Let us now consider a scenatio for auroral breakup based
on the present madel. Initially, an inciplent surge region of a
few tens of kilometers forms near local midnight [Akasofe,
1974]). It consists of an enhanced lonization region in the
jonosphere that contains the current sysiem shown in Figure
1. Now il the lonization rate at the surge’s pileward boundary
is equal 1o the ionization rate in the surge interior, the surge i<
stationacy [Rothwell ¢t al., 1988]. If the rate at the boundary
is greater, then the surge moves poleward.

It is interesting 10 compare the present model with the exe
perimental observations of subtorm breakup described by
Akasafu [1974, p. 647].

The first indication of a subitorm is & sudden brightening of
e of the quiet arvs (discrete aucoras) lying in the muinight
sector of the sudden formation of an ure in that region. A typical
substorm develops when this arc is kcated near the equatorwand
boundary of the belt of discrete aurnras, but near the poleward
boundaty of the belt of ditfuse autoras. In most cases, the beights
ening of an wee o the formation of an 2r¢ & fllowed by 115 rapid
pokewant motion, resulting i an auroral bulge’ sround the mid.
night sector, The so-called "hrcaksup® oceurs in the bulge. a quiet
curtain:like form appears 10 be distupted and scattered over the
shy.

In terms of our model and Akasofu's observations, auroral
breakup occurs when un Inhester-Baumjohann type ione-
spheric current system forms near the poleward boundury of
the dilfuse aurora. The poleward Hull current in this embry-
onic system Is closed oll into the magnetosphere through the
formation of the arc described by Akasofu.

If u ficld-uligned potential drop should switch on over the
polewurd boundary, the arc there would brighten und move
puleward with a speed proportional to the magnitude of the
potential drop (see papers | and 2 and Rothwell et al. [1988]).
The boundary motion excites standing ionospheric waves in
the surge interior which haxe phase velocities which are deter-
mined by the initil boundury speed, Because of their long
wavelengths (~ 100 kin) these ionospheric waves could be dif-
ficult to detect owing to the turbulent nature of the ionosphere
over much smaller distunces. I the associated frequencies of
the ionospheric waves are greater than or equal to the fre-
quency of the fundamental toroidal mode of the attached field
line {Singer et al., 1981], then a resonance can occur through
the feedback instability.

The resonance is considered to be damped by electron-ion
recombination 1n the ionosphere. Now the precipitating flux,
which causes the damping. is a function of the electron tem-
perature asymmetry in the plasma sheet [Fridmun and Le-
malre, 1980]. If this flux 1s insuflicient to fully close ofl’ the
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poleward Hall current in the ionosphete, then the 2 parameter
18 bess than | This means that the sutge will move predomie
nantly westward {paper 1) and the coincident Pi 2 pulsations
will be strongly damped. (For a gisen surge sire, if 2 s loss
than 1. it & more probable that the threshold entenon for
damping 15 meti A vaive 0 3 icss than 1 amphlies weaier
precipitation, which for a given ficld-abgned potential drop
implics enhaneed perpendicular electran heating in the plasma
sheet aceording to the manlel of Feadmun and Lemaire [ 1950,
Perpendicular clectron heating in the plasma shest would
therefore cause predominantly wenwarnd surgn mation and
strongly dampled Pi 2 pulsations. On the other hand, parallel
clectron heating in the plasma sheet 13 greater than or equal
to 1) would cause predominantly poleward motton and, poisi
bly. the momentary presence of growing ' 2 pulsations As
mentioned ubove, the poleward expansion of the surge linnts
the amplitude of the pultations when the damping theeshold 1t
reached,

Thetefore according 1o the present mondel the substorm is
aseociated  with enhanced  precipitation, poleward  surge
motion, and the generation of finite amplitude 1% 2 pultations.
Al these effects are common features assodiated with subs
storms and, as shown, may be caused by preferential electron
heating in the plasma sheet parallel to the magnetic field,

While the present model appears 10 be very successful in
explaining a variety of observations duting substorm onsets, it
15 by no means allsinclusive. It 15 still a linear approximation
10 4 highly nonlincar problem where the nonlinear effeets ap-
parently are strongly damped over relatively short time scales.
We have not addressed, for exumple, how the initiad Alfvén
wave transmits the information about the short circuiting of
the tail eurrent between the magnctosphere and the fono-
sphere duning the ereation of the substorm current wedpe
[ Baumjohann and Glassmerer, 1984], nor hine we 1ouched
upor e povibilty of the Alfeén wiaves ereating u ticld-
aligned potentia) drop through turbulence [Lysak amd Dum,
198X, Lasak, 1955), Morcover, & muore realistic treatment of
Aliven wave propagation in the magnetosphere and ohmic
losses in the sonosphere [Goertz and Hoswell, 1979] is needed.
Finally, there may be more than one source of Pi 2 pulsations.
Edwin c1 al. [1986), for example, suggest that Pi 2 pulsations
arise from an impulsive source of MHID wave energy in the
plasma sheet. The fast magnetoacoustic waves that are pro-
duced propagate dispersively through the plasma sheet, which
gives rise to finite Pi 2 type wave packets nearer the Earth,

It is clear that an important future consideration would
involve placing the mechanisms developed here into a more
global framework. In this regard it should be mentioned that
Zhu amd Kan [1987] huve combined the temporal propaga-
tion mechanisms of paper | with the global assumption of the
closure parameter developed by Kan et al. [1984] and Kan
and Kumtde [1985). Morcover, Kun and Sun [1985] have de-
scribed a global model for simulating the westward surge and
Pi 2 pulsations, In this model they combine sicady state ase
sumptions inherent in the work of Kan and Kamide [1985]
with a description of Alfvén waves bouncing between a mag-
netospheric source and the ionosphere. Their procedure re-
sults in a temporal scheme involving the discrete bouncing of
the Alfven waves 1nto the 1onosphere and the generation of
“steplike™ Pi 2 waveforms, Note that in both works the iono-
sphere plays an active role and 15 @ source of Pi 2 pulsations.
In the present work a feedback mstabahity 1s the driving mech-
anism. while in the worl. of Aan and Sun [1985] a feedback

mstabality was not ancluded  Multtpoint measurementy are
necessary 1n order 10 determine which of these moddels e
vorreet under dilferent substorm conditions.

APFENDIN

Comparnon of our mdel predictions for Pi 2 periods with
datit requites Anowledpe of the preaipiation energy and flay
both on the poleward boundary and in the surge interior. This
would allow a direct caleulation of ¥,,. Since this information
was not available, it was necessary to assume that the me.
suted velocuy 1 of the poleward boundary was equal to ¥,
Now (%1 smplies that | w87, only when the wonization rate
along the polewarnd boundary 15 much greater than the oz
tton rate 10 the aurge interior From (3a) we see that 1, m ),
only if the clectron precipitation encrgy in the surge interioe is
cqual ty the preciptation cnergy on the surge boundary, We
acsume that this Tatter condition is satisficd during the onsets
vonstidered and develop a model to ascertain the validity of
awuming R, « K, Now enhanced precipitation on the pole.
ward boundary implice u depletion of the plasma asociated
with attached Nux tunes [Arkinson, 1984), Therefore us the
plasma conveets carthward through the surge interior, it is
weaker satree of precipitation than itis on the boundary, and
U~ 1, fram (),

We now make a very simple model that illustrates the
physical convepts involved, 11 will be shown that for reason-
able xubstorm values of precipitation current (~10 pA/m?)
along the poleward boundary the precipitation flux in the
surge intenor will be sulliciently smali that 1 > ¥, from (&)
This will validate our assumptions. Consider the equatorial
plane and a plasma with u number density N, » 0.3 cm
convecting toward the Fagth at o speed ¥~ SO ks [Hwang
amd Feanh, 1WE6] This plasii s estimated to conteibute o
the clectron precipitition tux over a fiekd line length of 4p-
proamiately LR, 3, where L is the 1, shell on which the pre-
cipitation takes place and Ry = 6,37 x 10% m, Therefore the
ol particle flux which is available for precipitation is
N VLR, /3, where 4, is the cast-west extent of the surge
region us seen in the equatorial plane. This flux is assumed to
be totally depleted by precipitation along the surge'’s poleward
boundary and in the surge interior, The total electron Nux
precipitated along the boundary is given by fu 44, /e und in
the interior by fi 44,0/ Here 2y, is the extent of the con-
ductivity gradient along the poleward surge boundary (os seen
at the equator), and 4,, is the north-south extent of surge (also
as seen at the equator), Now particle flux conservation alang
the field line implics fynp .4y » Apdad, and Ju b2y, = fidad e
where the quantities without the subscript ¢ are defined at the
ionosphere.

By equating the total inward convecting flux to the flux at
the poleward boundary plus that in the surge interior and
wsing flux conservation wlong the magnetie field lines we final-
ly huve an expression for fy,.:

, eN VR 1
e ™35 PR
KIN{TR N ERPNE B}
where the azimuthal scaling factor for a dipole tield (4,44, =
132 [Lotko et al., 1987]) has been used. Now if we make the
reasonable assumption that », = 20 km and that L = 6 and

2, = 280 km, which corresponds to the first two onsets of June
23, 1979, then (A 1) can be rewnstten using the numerical values

A/m? (Al)
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Now from (3¢) the singe 18 stabionary i the current o is
ol 1 CThis correspaands b g bomndaey precipitation curs
rent thensity of LS pA/me, For 1 ~ 15, the current ratio must
e appronimately 0.0 or k<. ‘This implies from (A2) that j,
skl dic between 9.4 and 228 jAdm?, which is casily real-
tred. We therefore eonchinde, on the basis of this very simple
convection model, that the assumptions used 1o analyze the
Scandinvian dats were reasonable and appropriate.
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A medel 15 deachopad that relates the potewatd heape of Ihe weitwand travehing surgd AIWTS) and the
weacration of Py 2 pulations. The feodbach instabibily dereloped by Sato sad comghen i combened
with the dynamic sutge model of Rothwell of o, [1984). We Find 1hat oir previoud toults on the mation
of Y WEN atc related 10 the rera-order terms in 19 Sata Remulation, The hacatized fitst-otdet Termi
PV Tive 10 4 disperaan relition with solutiows in the P 2 froguency range. The fth frequenky. /. i lound
fo be teinnd on in integer multipes of onchall the Alfuin hounce betngvn the loncaphete and
the plitma sheet. Most impartant, howerer, 15 that the Ith frequancy b6 tutned on enly when the
peeipitating chction onengy cvoneds @ et value As previoumdy shown, the seliity of the polewssd
surge boundaty sl increases when the eietgy 6f the precapetating ehectrons is snhanced. Thetefore the
pokenard feap of the surge dunng substorm vascts i3 accompanied by the penctation of hgher B 2
frequency compoanents, The time ervolution of the companite I 2 pulse it oblained uwsing the cakulaied

decay takes, and agreement with datd is 2hown,

INTRODUCTON

A tecent reriew of Pi 2 pubsations amd substorm onsets haz
been given by Bawmjohane and Glaameier [1984), On the
hasis of previous work by Kostoher and Somson (19817 amd
Somum and Rostoher [19%3] there i3 chearly an obierved fe-
lationihip hetween the westward traveling surge (WTS) and
the generation of Pi 2 pulsations during subsionm onsets. In
particular, the WTS marks the longitwlinal transition from
the equatorward to poleward Pi 2 A polenard Pi 2 exists
within the surge head and 10 the east. An equatorward Pi 2
predominates equatorward and to the west of the surge {Ros-
toher und Samson, 19817, The maximum intensities of the Pi 2
pulsations were found along the equatorward boundaries of
the clectrojets. This bed Rostoher amd Samson [1981] and
Sumsemt and Rostoker [1983] to suggest that the resonance
region of the Pi 2 pubations o localized within the surge
region amd is constraingd to rznnsn on cloved held hnes Row
toher and Sumson [1981] ulio suggest that the Harung dis-
continuity is the energy source region for the Pi 2, Sumson and
Hurrold [1983], using the University of Alberta magnetometer
chain, found that within the WTS the Pi 2 polarization pat-
terns ure clockwise (CW) as viewed downward, On the other
hand. Lester e al. [1984] found with the mid-latitude Air
Force Geophysics. Laboratory [AFGL) chain, at the same lon.
gitude but equatorward, that the polanization eflipuicity 1s pre-
dominantly counterclockwise (CC). These results are consis-
tent with the fact that equatorward and poleward of the WTS
the polarizations are counterclochwise while far to the east
umd west of the WTS they are CW. The Pi 2 polarizations
relative to the WTS are therefore quite complex.

Copyright 1986 by the American Geophysical Umon,

Paper number 5A8793,
0148-0227/86/005A-8793505,00

Cauies of the obricrved castoneit north-south 1ransitions ia
the i 2 polanzationd afe an open Question, According to
Pashun ¢1 al. [1952], the Pi 2 current system 15 peimatily Jo.
cated in the upwand eurrent st the surge head, and the weit:
ward movement of the sutge causes hincarly polasired Alvén
wines 1o appear cihiptically polanized on the ground. Summ
[1982]. on the other hand, caplains the obwerved polarization
patterns i terms of a Jongitudinal disttibution of oxcillsung
current sheets. Lester e al. [195), 1984) interpret the mid.
latitude PP 2 puliations as ansing from the fickd-aligned cur.
rents that form the substorm current wedge. Ellis and South-
wood [198)] have examined the reflection of Alfven waves
from 10nospheres with  discontinuity in cither the Hall or the
Pedersen conductinaty The relection propetiis of the Alfvén
wave depend net only on the discontinuity 1ype but ako on
the onentitin of the mondent dectrie fickd sectr In tao of
i Tonr wases stadied, the behd aligned carsent sheis act as
subaidiary auelace wanes centered on the ficld lines connected
to the discontinuny The subsidiary waves are arculaely polar.
wed and suppress any net flow of Hall current across the
discontinuny  Glassmerer {1984) has extended the work of
Ellis and Southwood to include arbitrury disteibutions in the
helghteintegrated  conductinaty,  Recemtly, Southwood  amd
Hughes [1985] have sugpested that two opposiely traveling
castewest susface waves parallel to the conductivity gradients
could pive a combined mgnal that reproduces many of the
observed features ef the Pi 2 pulsations. An important unge-
solved question 1s the relation of the Pi 2 current system to the
orveratll current system that forms the substorm current wedge

It is assumed that the immal diversion of the cross-tail cur-
rent 1s carned by a transerse Alfven wave [Baumjohune and
Glassmerer, 1984). The subsequent ceflection of the wave [Ma-
Ninchrodi and Curlson, 1978; Nishuda, 1979: Kan ot al.. 1982]
between the conjugate 1onospheres and the triggenng of sec-
ondary Alfvén waves in the ionosphere {Maltser et al., 1974;
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Tamnr dmd Mrued, 19%2] both contnbiic tv the Pi X pubavon
tme profile As pisniad out by Nawogibdnn and Gleomeler
(19%a], it v smpeetamt to et the fonasphete as 3n active
part of the onvsphere-magnctosphene couphing rather than
Just a refeting boundary

The puzpase of this papet i3 10 telate 1% 2 puliations o the
dynamis of the weitwaed sraveling surge (WTSH A dyaamal
surge model hat been developad by Rathwell or ol [1984)
wing the Inhester-Raumjohann {Inbeater ef al, 198 Baumjin
hann, 1983] reproientation, dete the feedback indtability
analysis [Soro and Holzer, 1973 Holo v amd Suta, 197%; Sato,
19%2] is apphed 10 the Inhester-Baumjohann madel of the
WTS uied by Rathwell ¢ al. [1983), hereinafier ealled paper
1. 'The ¢quations are linearized yn the standard fashion, and 1
i shown that the rerc-order terme recaver the poleward
motion of the surge boundary ac denved in paper | The
firat-order termg give rise 1o 3@ duspersion relation for the
buck instability. Thix relavion s solved for the allor ad free
quencics and thelr associated growth rates. It is found “hat the
number of frequentics gencrated is telated 10 the spead of the
WTS boundatics, The resulting compaiite pulse shapes ate
shown 10 be vory similar (0 those measured by Simper ¢t al.
{1945] at mid-Jatitudes. T2 physical picture presented 15 that
the initial peecipitation ciused by the onset in the magnetotall
triggers the feedback injtability in the coupled jonosphcre.
magnctosphenc system, sherchy producing Pi 2 pulsations
(Baumjohunn und Glussmeier, 1984]. In the next setion we
relate the keedback instability 10 the Inhcster-Baumjohann
WTS model,

T INISTER- BAUMMNIANN MOINL AND
T FIEDRACK INSTANILITY

The Inhester-Baumjohann model is shown in Figure 1. A
uniform westward electric fickd £y peoduces & northward Hall
current that closes into the magnetosphere via ficld-aligned
cursents along the poleward surge boundary. If the precipi.
tation is insuflicient to close off this Hall current, then an
effective polarization charge builds up alony the conductivity
gradient, producing a southward directed electric field. This
electric field creates a southward Pedersen current opposite to
the original Hall current and a westward Hall current that
adds to the original westward Pedersen current driven by E,.

As noted above, the Pi 2 current system and the substorm
current system inside the wedge are not always the same. In
this paper we initially assume that both current systems are
colocated, which is true approximately 65°% of the time
[Lester ¢t al., 1983].

The feedback instability [Ogawa and Sato, 1971; Sato and
Holzer, 1973] has its foundation in carlier work by Atkinson
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[1970). The feedback intability was originally developed for
the quict arc, which has 2 much larger eviendion in the east
woit diteetion than in the nortitsouth dicestion, sifitar 0 the
surpe region. A downward ficld-aligned current on the aua-
torwacd adge of the 3e¢ closs via # notthwand Pedersen cur:
rent 1 an wpward fickd-aligned eurrent on the poleward
boundary. According (6 Athineon [1920) a Jocal jonospherc
wwnductiniry enhzncement eauses 1 kocal doercase tf the ckes
1 fickd, The resulting divergence of the magncionphen po-
larszation Currents proddcs precipitation that indreases the
original conductinity eshancement. If one visualing a notth.
south fonvsphene wave in the moded in Frgur: 3, then one will
have petiodic conductinaty enhancements which could kad 10
multipic ares. The analysis for the Quict arcs a5 gen by Suto
sined Holzer (1923) and Holzer and Sato (197] Is similse to
the analyns presented here I thelr analysis, sctive and pace
A 1IAGPhIR tegions are cunjugaicly connected by the
same ficki hine. The active lonviphere 3ts 48 an 9¢ genceator
which peoduces an Alfven watve that is damped in the pasiive
fonesphere. Sarw (197K, 1982] dispensed with the conjugaiely
connceted active amd passive jonmpheres s oquited that
the Allvén wanes reflect upan reaching the equatorial planc.
Suto [1978] alia notes thar the theary of quiet ares must be
selfconsistent with the presence of 2 westwand electric fickl.
This is also a feature of the W™, asseen in Figure 1.

The feedback instabilty works beciuse chectront tend to
flow toward the pasitive past of the potential perturbation
along the fickl lines. The inductive reactance of the mag.
tetosphere, however, catises a phase lag in the precipitation
guch tnat it aidds to the ongingl jonlzation enhancement, caus-
in the instability 1o grow. Should the magnetosphere have u
capacstative reactance, then the precipitating chectron Nux co-
incides with the valley of the density “stribution, and the
perturbation deeays, The magnetosphece must have an indue.
tive response for the feedback instabihity to occur. By induc-
tve and capacitative reactance we refer 1o the effective termi-
nated transmission line impedance for Aifvén waves along the
magnetic ficld lines [Sue, 1982]. This work has been extended
by Miura and Suto [1980] to the global formation of multiple
uuroral arcs.

Tumuo ond Miuea (1982], Miura et al, [1982), and Tamao
[1984] consideted a nonuniform magnetosphere coupling to
the ionosphere. Negative Joule dissipation in the ionosphese is
accompanied by a growing oscillation and uan outflowing
Poynting flux from the ionosphere. Damped oscilldtions occur
when energy is supplied from the magnetosphere to the ione-
sphere, A large-scale uniform electric field in the jonosphere is
required to drive the growing instability.

In the present work the generation of Pi 2 pulsations is




vomiccred ax followx, The infection of hot clectrons from the
Pl sheet dueing 2 subitorm onsct initlates the feedbuck
Imtability in the lonospherc-magnetosphete aystiem. This as.
sumption is based on the satcllite observations of Subueai drd
MoPhcrrva [1983] that the P 2 butst is supetimposed on a de
shift in the arimuthil component of the magnctic fiekd which
K cavscd by fekd-akigned currents. From their Figure 18 the

¥ 2 acxurs ot the deginning of the de shift. The paraticl (pee-
cipitating) cutrent is thersfore comidered to be decompasable
im0 a¢ and de componenti. The de component is the peimary
injection from the distant magactotail, and the se component
aties from the initial injection teansient and the foedback
instability. 10 will he shown below that the number of modes
st ure stimulated K Jopembent an the cncrgy of the reras
onder previpitation, 10 i< angued that the feadback instability
vhies M resch the nonlincar alage caanmined by Suta [1978)
amd Minew ¢t ol [1952] since the flun asaciated with f,lde)
taiiex the ionlzation Ryl within a time x (n,Ng) ', where s,
’ the clctrondion recombination rate and N, is the 2cto-
order ton density. After this time, cketron-ion recombination
dominates, and the composite puliation deeayt.

Kan ¢t ol. [1982) consider the Pi 2 wave form to arise from
the superposition of the reflected and incident Alfvén waves
impinging on & passive lonosphere. They neglect polatization
and Hall current clieets, Here, on the other hand, we consider
the natural modes atising from a scificonsisient jonosphere-
magnetosphere interaction (i.e., the feedback instatulity).

FORMULATION OF THE MOOEL

In paper | [Rithwell et ul., 1984] the solutions 1o the time.
dependdent 7er0-order equations along the surge boundary
conductivity gradients were sohvad. On the other hand, in
Sutn's [1982] theory the scro-order cahanced tonication dene
ity Ny b5 1aken a3 constant in space and ume, which is consiz.
tent with the Inboier-Baumgohaan model inside the surge
eghon,

In formulating the prosent Pi 2 pubsation mudel we fiest
cunmxt the magnetosphene tranavene Alfven wave with the
ionospheric drift wave [7omuo and Mira, 1982]. The Alfvén
wave i probably inctic. However, the perpendicular scale
lengths considered here are much larger than the fon gy
roradiis 30 that the Alfves: dispersion relation is essentially
the xame u< in the MHD cast. It is permissible, therefore, in
the prosent conteat to use the MRD dispension relation. An
Allvén wave carries parallel cureent which i3 ™ted to the
divergence of the transverse scetrie wave field by

Zn], EV'E‘ ")

where 7, is the churacteristic impedance of an cquivalent
tansmission line terminated ut both ends by the impedance
Zp und 4, is in the same direction as the ambient magnetic
fickd By. 1t can be shown [see Kan er al, 1982) that §, and
V. K, satisly the trunsmission line equations. Sato [1982)
used the transmission line anulogy to impose the 1onospheric
amd equatonzl boundary conditions. As seen at the iona.
sphere, the magnetospheric impedunce is given hy

7 = iy cot (lf17) 2

where ¥, is the mugnetospheric Alfven speed und [ is the
length of the ficld line between the ionosphere and the equa-
tor. This expression also assumes that j, is zero at the equa.
torial plane. Z,, is given by jio1,. Then (1) holds at the iono-
sphere il Z in (2) repluces Z, in (1).
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The northward ioniphere cutrent component in the
Inheiter-Baumpohsnn moded 16 given by

J= b3S+ EE, o

where Xy amd X, a:0 the Hall an Pedersen conductivitics,
respectively, amd K is the clectne fickl, The conductivitics are
noemalized 10 their zeraeonder values by

LT I

rk ‘.NG ' )

~p ] -’Qs‘\
whete Xya amd g ate uniform innde the surge region and N
18 the height-integrated tonasphetic ionization dentity notmals
ired 1o the whifoem demity within the surge regron fSule,
19%2]. Now we vmilacly have for the wedward (vt cutseat
component

J, =LK, =Z,E, [hY]
Equations (3) (4), and 131 atc hincanscd as follows.
’;, ~ .‘:,a - i’:,
E,=Eg+E, 161
¢\‘ - ' e ;\‘

where the values with overbars are of Rrst order. £, 15 the
pomary clectrie fichd that dines > “-torm current wedge,
amd £, is the primary north.south polatication cheeing fiekd.
Bath £,y and £, arc aziumed constant inidde the surge
region. Now the constaney of Ny and Eqy insude the surge
fegion implica that there is no net zeto-order hiekd aligned
current elosing into the magnetosphere inside the surge Howe
wver, thete is sull 8 serdeonder enerpetic electron precipitation
that maintaing the high conductivity intide the surge region.
‘The eutrent earsicd by the encspetic clectrons must be precise-
iy halanced by a flux of upward fawing ionopherx clectrons
of lower energy In this manncr 3 high conductivity kevel 1%
matntaned with 1o et cureent closuze The dvergence of J is
wnen by

Velmdy e V50 £+ 5,4V xR, Y]

where J,, Is the zero-order iwo-timensional 1onoiphene curs
rent The ronosphere 1 conudered a sourde of transverse
Alfvén waves so thut (V x £), = 0 (Maltzer e ul, 1974) ex-
cludes mugnetoacoustic wanes in the jonosphere The firste
order ficld-aligned current density s given by

J = V3o g, vN-E0.F %

We assume that the historder current 15 baing carried by hot
clectrons, Note that we have a voordinate system with the
upward cursent 2e ponthve, which means that we have a nunus
sign in the following relanon,

Zj = =V.F, 9
und upan combining (81 and (9) we huve
[ -de ¥ ZE un
Now the linst-order coninuty equation gives us
NG = -Qly N -2 N
(ny

1w 0o,Nyh

é\'hcrc Qh 1s the height-integrated jon producuon efficiency




4

[ Revs. 196]. The insettion of (0] into (1) gives

CRC =V VN (] - ZE )~ us N
where the companents of ¥ are given by
Vo= Qhs L
=0k b an

b, QAVLE # Rl - a)'R

The paramcier ¥ 15 the closure paraticter Ay defined th the
paper by Rethwell ef ol [1984), 15 1s the £ x B dnft seloony
then as 2028 kmx, and X s the ratio of the heights
integrated Hall 1o Poderien conductivities, which we take (o
be x 3 Theie sre the companents of the surge veloenty u3
denvd hy Rethwell ¢ ol [19%3] without the chketronsion
recomhination teem. This vehocity term was denved in (12) by
noting that

ngnfa\"’ n Q'l (‘\“\lx . :, (""

where T x eNy B, Yeads 10 equations (91 and (11) 1 the papxer
by Rothwell er ol [1984),
{35 assumed in the usual manncr that

N} "4

where 2 15 considered complex {5 — o, ¢ tin) aml &k is the
wave veetr for the ionosphete wave Taking X = £/, ot
[esd By = nn) we have

N oxenp (A4, kp

mby, by, m =iV MR NI A XY =22 (164
which Jeads to
w,= Ve kil + XY 1
for the frequerky dispersion and
o, may, N~ Qe Ny (1%

for the gromth rate,

Seter (1978, 1982] has argued that the maximum growth
1ate oecurs for X = 1. However, X' 18 not & free parameter,
and its value must be consistent with the solutions to (17} For
cach vulue of n (nm 0, 1, 2, --] One obtaing two solutions to
{17). One root cotrespands 10 a negative transmission Jine
inpedance or a capacitative reactance and is highly damped.
‘The other root corresponds 1o 3 positive (inductive) reactance
and gives positive growth, This result is consistent with the
views of Saro [1978). In the following discussion we consider
only the inductive roots of w,.

One can view the substorm currenmt wedge as forming a
box-shuped region of eahanced conductivity, The jonospheric
waves atzociated with the Pi 2 pulsations partially reflect olf
the conductivity gradients on the boundaries forming standing
waves in the x and y directions, In the following calculations it
1% assumed that the waves are dominated by the fundamental
modes, i.c., the wanelengths in cach component are of the
same order as the scale size in that direction.

Now the k « ¥ teem in {17) can be expressed as (see (13))

Wik VI2eQUV) w {72 + [V ¢ RP ~2)}R} 119

where ;= i, 2,, 4, is the length of the surge wedge in the
east-west direction, and J, is the surge width in the north.
south direction, Figure 2 shows u plot of the right-hand side of
{19) for various values of 2 and R. The long dashes in this
figure represent the product 7. Note that for most cases, 3 is
a reasonable approximation, which means that except for very
small x (zeco closure) the nos “h-south surge dimensions domi-

nate the Pi 2 frequency churacteristics. In the follewing cxam-79
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Thes gigure shws that eaeept for almost semv chiure {3 - O that
W - 3 tleavtal hy silid Binesd v i reavonable appeorimation, This
g0l iindicdtes that the marthaouth surge dimenvions pencrally des
teermne the B 2 feagueacy charactenstios,

i, therefore, we st 2, 10 infinity and treat the north-south
case. Note alo that for Brger 2 the Pi 2 pulsation frequencies
are higher. The dependence of W and R is weak,

As noted above, we solve for the inductive (X' > 0) roots of
(17). The resulting values of e, are inserted into the fiest term
on the right-hand sule of (18) and plotted in Figure Ja, The
charucieristic northssuuth dimension of the surge i tuken as
500 L, and the quantities LyZ, und Kl are sct 10 10 and
0,008 s ¥, respectively. Note that a mode is excited whencver
N =) or w, = (4 4inb,/L This meanz that (17) has only
physical 2olutions for frequencics less than x1), /7, Now the
value of I} increases with the energy of the precipitating clec-
trons [Rethwell et al., 1984]. Thus the energy of the rero-order
component (dc) of the precipitating clectrons controls the
number of excited modes as seen from Figure da, More ener-
getic precipitation is associated with higher magnetic activity.
Sakurat and MePherron [1983] analyzed Pi 2 magnetic ac-
tivity. Sukuraf and McPherron [1983] analyzed Pi 2 magnetic
pulsations observed at geosynchronous orbit on ATS 6, ‘They
found that as magnetic activity increzsed, the frequency spece
teum became more complex with more spectral power at
higher frequencies, This is consistent with Figurs 3a in that a
larger 1), is associated with more energetic electron precipi-
tation and fuster motion of the surge boundaries, As seen from
Figure Ja. higher-frequency modes are excited at higher
growth rates, implying a greater contribution to the speciral
power. Figure 3b shaws the correspording mode frequensies
for the same inputs as given for Figure 3o,

A horizonal line in Figure 3a would represent the damping
duc to electron-ion recombination. The net decay is the difler-
ence between this curve and the individual @, X curves. The
present theory is applicable when the intersection of the ¥, /4,
line with the electron-ion loss rate is above the growth curves.
If the intersection is below the growth curves, then continuous
growth is predicted, which, of course, is unrealistic. Therefore
this latter case should be treated hy a more sophisticated non-
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Fig, W Growth e for 5,7, and 10w 0005 The nonth.
south dimension of the surpe, 4,, 1€ taken a5 300 k. The growth rates
n X of the vanout exated frequeney modes ate plotted 35 a function
of 1.4, where 1, i the zoro-0tder polewarnd surge velociy, neglecting
clectyondon reco~bination cifects, The value of this ratio Jetetmines
the number of meades excited and the overall ume profile of the re.
sulling Pi 2 pubation. A horizontal line equal 1 20,1 woukd repraent
wive dampiag due 1o cletron-ion recombination,

lincar approuch, "The sensitivity of the results to the varg .
parameters is as follows, Higher cieciron precipitation enceg,
implics that kigher-order modes are excited with faster gr

tutes and also that a higher ionospheric tonization detim , ¢
attained, These twe effects tend to olfset each other i the
sense that a higher ionization level implies faster electron-ton
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Fig. Jb. Frequencies of the various modes for the same npul pa-
rameters as shown in Figure 3a.
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big 4 AFGL magactometer filtered Pr 2 datg taken on Juy 16,
1939 1euutteay H Singer AFGL),

recombination und “ence cabunced dumping. The faster
prowsh enfes deminav however, so that the net elfect is larger
Pi 2 pulsations at higher mcident electeon energics. Higher
weulent fiux at fined incident energy can lead (o overdamping.
Lower flux  auses more rapid growth. Smaller values of 1.2,
tlonger field lines) lead to the evcitation of more modes shifted
o lower frequencies.

In the present model an edternal condition 15 needed 10
relute the zero-order electron preciptation flun with the elece
tron preciptation energy 1n order W ensure damped Pi 2 pul.
sittions. We therefore took the results of Fridman and Lematre
11980), who relate the tieldsaligned electron Nuxes with the
wasoented Nield-ahpned potenual drops, They consder live
separate cses corresponding o diferent boundary conditions
i ihe plasgaa sheet source. It was found that all five cuses
gnve values for o' sctron-on recombination damping that were
above the prowth rate curses shown in Figure 3a. The Frid-
mun and Lemee [1980] results therefore are consistent with
dumped Pi 2 pulsations as derved from the present model,

Now 1n equation (23) of paper 1 we found that the weud
flux along the poleward boundary had to exceed some s ¢ ¢
vilue in order for the surge to propagate. It wens out that this
crtticad flux eaceeds the required flux level inside the surge
regron 1o caese damped Pi 2 pubsations. Thetefore from the
present work one expects damped Pi 2 pulsations asseciated
with puleward surge movements. This is an important consist-
ency test between our theoreues! approach and observational
results.

Figure 4 shows a Pi 2 pulsation as measured by Singer et al.
{19853, and Figure 5 shows the results of the present calcula.
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Pig. & The resulung madel 1 2 pulanion tme peotile based on the example shown in Figure Ja, This is a lincar
superposttion of the wndinilual mides auuming all are mitially excited with un equal but arbitrary amplitwle. Figures
S 84 are the tesults for tncadent encrpics of 2 keV, 4 heV, 6 heV, and 8§ heV), respectisely. The corzesponding precipitating
clectron Munes wsd wre X8 x 0%, 7 x W7, L1 % 10%and LS x 10* (cm? s) % The equilibnum wontzation lesel Ny is given
W Ny =10 6,0 where Q 15 the jon production rate [Reex, 1963) und 4, is the clectivndon recombination rate. The
damplog teem i given by g, N, s0 that 2 miomum vilue of 115 required in onder (o exeeed the growth rates given i
fapure M Lower values of 1 ledd to cotinued growth and to the nonlinear regime that 15 ot covered in the present

theory.

tion where the excited miodes were considered initialized at
cqual amplitudes and ail having a sansoidal dependence, The
four cuses (Sa- 8) correspond o incident energices of 2 keV, 4
KeV, 6 keV, und 8 heV, The incident electron ftuxes used in
Figures S S were 35 x 107, 7 x10%, 11 % 10% and 1.5
x 10" (em® ) 7, respectively. Note that the higher-frequency
pulsations occur at higher incident energies The ugreemant
with Smger ¢ al’s [1985] dati 13 seen to be quite good for
Figure 5¢. The other eases (particulurly ¥Figures Sh und 5d) are
not inconsistent with observations, although they are a little
too regular and last too long. A slight increase in ionization
(electron precipitation Hux) would significundy dectease the
pulsation duration. It is concluded that the different damping
rates for the frequencies ansing from the Sato formulativn can
lead 10 composite pulses which are very sinntar to the mea.
sured Pi 2 pulsat:ans in shape und time duration. Therefore
jonospheric generation of Alfvén waves could provide the pn.
mary sigmture for Pi 2 pulsaticns. The damping of the Pi 2's
is very sensitive to mcereases in the precipitation current that
ephanges Ny,

The resulting physical model is as follows. The interruption
of the dawn-dusk current in the plasma sheet causes electron
preapitauion, the collapse of wil ficld hines to a more dipolar
configuration, and the formation of a substorm cuzrent wedge
thirough the tonosphere The impae of the imnal precipitation
clectrons on the 1onosphere tnggers the feedback instability

which has as a free energy source the east-west electric ficld
En, v the substorm curtent wedge. The feedback instability
lills the Nux tubes from the fonosphere with Alfvén waves
which form standing wines between conjugate jonospheres.
Since the injected electrons are presumably on closed ficld
lines; there is a simultaneous launching of Alfvén watves into
the magnetosphere from comparable locations in the two
jonospheres. The jopospheric conductivity is high inside the
surge so that wives once injecte” o the magnetosphere are
elliciently trapped between the conmugate ionaspheres [Hughes
and Southwood, 19763, How do these standing Alfvén waves
decay?

Sakurai and MePherron {1983] note Pi 2 polarization re-
versals in space similar 10 those obsarved by ground-bused
stations, They also point out that Pi 2's in space have a large
compressional component and therefore cin propagate across
firld lines as fast-mode hydromagnetic waves [Smyer et al,
1983]. The propagation speed is faster than the Alfvén speed
since the fast-mode phase veloaity 1s given as [Akhiezer ot al,,
1975]

¥, =“."‘2 + cl2)ln {20)
where C, is the sound specd. 1 is argued that these waves sull
have a veloaty component parallel to the magnete £ Id so
that chey impinge on the tonosphere outside the surge region.
Outside the surge, however, the 1onospheric conductivity 1s

.




ROHWALL BT AL 0 Pt 2 PULSATIONS AND WistwanD TRAVILING StrGE

927

P12 POLARIZATION PATTERN

MAGNETOSPHERE | FLECT A= WOBE !
' AV !
' \ ; Pid l
1 s 3
! 0 i
o W ¢
1
! | t 1
1 [} (
owoseremel ¢ — .
LOW CONGUCTIVITY  HIGH CONDUCTIVITY LOW CONDUCTIVITY
ABSORGER STRIP REFLECTOR ABSORBER
cc cw cc

P b steaten o posable explanation foe the ditferent I 2 polatizatis obnctvad aside sind autade the substonm
cuttent avdpe. AR rendent Alfvin wave fivin the magnctosphere stunulates the feadback ptatiliny, as doenbald i the
teal The subntogan walpe acts an ain femnsphene s Fe 12 pubations with osawsse polatization. Fasther out in the

magectinphere these twpple 1o compreunnal waves that

propagate perpembicular to B Outade the substorm wedge

reghon thew compronienal waves couple 1o Alsin waves that are cauly absorbad by the ionmphicee 1a regons of low
comluctinity, As viewad from the tonosphete, these Incident waves will have counterchichwise polatization contitent with

Wnerkations,

much lower, and therefore wave refleenon is mugh less of
fcient [Hughes and Southwied, 1976: Ellis and Southwoud,
19%1]. The magnetospheric Alfven waves in these regions arc
rapidly damped by Joule heating [Hughes and Southwoed,
1976).

The Alfvén wave created by the Sato fecdbaek instability
originates in the 1onosphere und propagates into the mug.
netosphece. This wave s assumed 10 have clockwite polarizae
tion looking into the wave or counterclockwise poluzization
looking i the direction of propagation. 1Uis also assumed that
the sense of polarization i< not affected by crosseficld propaga-
tion via the fast-mode hydromagnetic wave. In the low.
conductivity region outside the substorm current weidge the
incident countercioehwise winve impinges on the onosphere
from the magnetosphere. 1 most of the incident wive in tns
repion 18 ubcorbed by the wnosphere, then the polanization
fooking down ix counterclockwise. In the lngh-conductivay
region the lnunched waves are refiected in the conjugate iono-
sphere and return to the source region where they are highly
rellected. Therefore the sense of polarization in the kighly con.
ductive region is determimned by the tonospheric source charae.
teristic of the feedback mechamsm rather than by waves ime
pinging from the magnatosphere. These concepts are illus.
trated in Figure 6.

In summary, the sense of polarizavon for ionosphene
sotrees and sinks of Alfvén wiaves looking down at Jhe jono.
sphere should be reversed. This aterpretation 1s consistent
with the obssrvitions of Sumson and Harrold [1983] as de.
scrihwed i the introduction,

The model has the following features,

. The Pi 2 burst s # result of the suddea diversion of the
tail current to the 1wnosphere [Sukurai and MePherron, 1983).

2. The feedback instability is an jonospheric source for
Allvén waves, Lurger-amplitude components are generated it
higher frequen-ies for more energetic precipitition,

o Standing Alfven witves are created between conjugate
wonoapheres on field lines thie conneet the source locations,
These standing waves propagate across 8 field lines via fust-
mode hydromzgnetic wives. Outside the surge region the
waves are rapidly damped in the regions of lower ionospheric

conductivity, This model therefore provides 8 ponable energy
path that P 2 pulsanons could Mllow,

4. The present model ix consiatent with the results of paper
I [Rothwell et al, 1983] i that the clectron precipitation
fluves required for surge propagation are ahig »afliciently high
 damp the excited i 2 pulsations, The flux Jeveis predicted
hy Fradmon and Lomare [1950] also ensure the presence of
tdamped Pi 2 pulsations i the madel given here

The present wark does not evelude the possibibity of ud-
titiopal magnetosphene sources of Pi 2 pulsations, We

amsume, however, that these Pi X are ciily refleeted by the
lgheconductivity regon und thit the ground-based mitgne.
tometers most efficiently respomd 10 the onosphene source
presented here
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lonospheric Electron Acceleration by Electromagnetic Waves
Near Regions of Plasma Resonances

BLENA VILLALON!

Center foe Lloetromaynetics Kesewech, Noethedstern Unireedity, Boton, Massichusetts

Eiectron acocleration by shetiomagnetic kit propagating in the inhomagencous loasspheric plasma
15 investigated, 15 o found that high-amplitude short wavekength electrostatic wave are generated by the
fncilentl chativmagnetic Relds that penctrate the radio window. ‘Thews waves can vety efficiently traner
their encrgy 10 the chectrons if the incident frquency 15 pear the second hatrwonie of the €yclotion

frequeney.,

1o INTRODUCION

Acxkration of jonospheric cketrons by clectromagnetic
(EM) fickds vin deradiation ather from ground-based micro.
wive tranamitters [y e ol 1981, Bichmaver ¢t al., 1980),
se from siicllines or eochets [James, 1983), 15 u problem of
weey uctive rescurch, Thix interest 18 motivated by observations
of high-energy clectrons by spacecealt in the jonosphere, and
this fact can help to improve our umderstanding of bacie
peoperties of wisesparticle plasma interactions [Fefer, 1979
Artiticiatly novelerated clectrons cun also be used as a probe of
the potential couphng between the ionosphere and the mag.
netasphere. We consider an EM monochromatic plane wavs
of frequency o und wive vector k and assume that the wave is
launched near the ground at an arbitrary angle with respect to
the comiant, ambient magnetic ficld B, We take B, 10 be
wong the 2 direction, ie., Wy = He, and k = ke, + ke, The
witse ekectric fickl can he writien as K = e, 1, 08 ¢ = ¢ £, sin
W - e liy oon o, where o s kv ok k2=, und L are real
tmbers The motion of o relativistic clectran of charge ¢ and
sead s s described by the Lorentz foree equation

dpdr = g[E + v X (R4 B)) m

where B is the wive magnetiv ficld, v is the particle velocuny,
td sy i the monientim, The relativistic factor g s {1
A op, et o p P2 wheee p, and p, are the momen.
tm companents perpendicular and parallel to B, respees
tively ‘The purticle gaing energy if the resonance condinons

m=kr -l =l 2

wre closely satistied. Here o ds anoateger and = gBmc s
the cleetron cyelotron frequency.

Recently, Villalin and Bueke [1987] line developed o
theary in which EM suprahiminous (ve., the refrctine index,
0. s anniller 1han one) cold plasmy wives accelermte the elee-
trans via reso.  at stochastic seceleration, That s, by tuking <0
neir 200, they show Jhat the cyclotron resonances overlap at
high power levels. It was shown that wave inteasities of 10°
mWm? aeeelernte the electrons up 1o energies of ubout 100
AeV. Numerical integration of (1) shows that for the electrons
to reach large energies fin the MeV range) the power levels

'Aba e Air Foree Geophysies: Laboratory, Hanscom Air Foree
Base, Massachusetts.

Copynght 1989 by the Amencin Geophysieal Umon.

that are reguired exceed it value of 10" mWm? [Burke ef al,
1985). Nevertheless, such power Jesels are at Jeast a factor of
10 timex greater than what 15 currently available in sonos
spheric heating eaperiments ‘Thus other more feasihle ap.
proachies (o uceeierate ol 1onmphene electrons aliould be
tmveatigated,

n thiz antikle, we propose a fae more effective aeceleration
mechanism bawed upon propaganon characteristics of EM
waves in nonuniform plasmas. Il the ieident frequency 2 18
near 200, and i the plasena desuy is xuch that e 1< between
the local upper hybid, o, tnd clectron plasmit, . fre-
UENIES, 1, % 10 53 1,0 conpling to electrostatic (ES) plasma
winves of short winelength is possible. We show that thewe
waves very elficiently tranafer energy (o the cleetrons, We alio
report caleulations relevant 1o present RF heating expeninents
hy considering a poser Hux P = 1 mW.m?. The encrgy gatned
by the electrons is obtined by applying the Hamiltoman po-
tential wells theosy of Villabin wnd Bucke [1987]. At low putnp
tickd wmplitudes we Tind thist pagticlos goin energy foflowing
irgectontes tn . po phase spae along the sero-order Hamils
twntan My, Forarelannne particle we hane

Hy = m, =t fin, 3

whese 1, ow g, (0 Lok Gk and o), ss the component of the
gelractne anden, i = ¢k o along B, For eleetroatatic waves
we find that fI, = 0, und then that the sero-order trajectones
are open and the particle gans energy in the direction perpen-
dicular to the bachground magnenc field, se. p, 15 constant.

3 Fucrkosiatie Wast Gisiranion

We consider the propagation of EM wives in a nonumform,
jonosphienie phismi We assume that the density pradient s
along the § (vertical} direction, thit 8, forms an ansde 7 with
respect 10 3, amd that k 3 in the plane spanned by | and B,
{s*e Frgure 1), The launching angle with respect to the vernical
threction is denoted by ¢ The angle between k wnd B, s
called x and depends on the alutude The refracie mndex g
has u component @ along the vertica) direction and a compos
nent § i the horizontu) g direction We have the relation sin
(x+ 22~ th= Qn Becawse of the honzontally plane straun-
tied wnospherte model considered here, the honizental compo-
nent of the jelracuve inden S is u comtant mdependent of the
plitsmit densty and then 1s given by S =sin . The vertical
component /7 s~ends on alutude (e, on the local plasmau

Paper number S8JIAGORY, densty) obtained by solving for the Booker guirtic
O148.0227 89 BXIAH089S02.00 dispenon 1on {Budden, 19617, We may choose the angle
a7
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Fig 1 Contdinate sntan avntiaducad in Section 2

ol madence g such that
s YL ¥ Yt [T

where ¥ & Q. If the ondsnary (0) mode 18 Taunched near the
ground at the critical angle given in (4), it will pencieate the
radio window und will be transmiitad near the coupling level
where ¢4 w s, in10 the extraordinary mode falso called the 72
modes. The trunimission cocflicient from O to Z modes has
been obtained by Mjolhus [1984), and it i3 unity {total trans.
mission) if § = sin 3 §s given by (4), The Z mode propagates in
the inhomogencous plasma of the jonasphere until it falls into
the region of high-frequency plasma resonances [Mjolkus and
FId, 1984), Neur the plasma rexonance: (1) Q becomes sery
large (Q = 2 ), 1n fact, since @ » § we find that x-» 1, 12) the
wave becomes clectrostatic, ie. £, £y » =tan D and £, » 0,
and (M) the verncal group velocity component becomes sery
small. The plasms density in the resopunce region bs given by
solving for X' s X where, becawse 2« we hive

N, m (] = Y= Yieest ) N}

and X m ey, oo%, Near resonanee, the vertical component of
the refractine indey Q@ must be caleulated by considering
finite temperature plasma, In fact, by adding the lowest order
thermat corrections to the cocllictents of fourth and third
degeee of the Booker quartic, we find that @ is given by solv-
aing for the real oot of the dispersion eelation

(g 1IN + 230 2V =0 (6
where

dsin* 0
{1~ 13X = 4¥

(6=3Y1s vy

A=deos*t

cos? O sin® 0

-y
- SY2 4 17y - oyt
A= Sanleos i {cm’ ] L1 !ilﬂ /~’~_—=;‘—~~-,—)—-'

- +aint

(=15Y3 4 714 ~ 477
(- Y3 = ax3
.2

T =Ssintcos m

and 1, the clectron thermal speed. 1s such that rp/c « 1L A
bnel sheteh on the derssanon of (6) 1s presented in the appen-
din The term propoztional to A was calculated by Golant and
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Palive T1972), and it contribution s much Jarger than thi
proportional 1o & f A £ 0. The wne A = 0 has pot fecenad
any attention yet. Neverthiclews, we find that it is of imterest,
stee the refractive indives are Jarger than when A 2 0 by
fagtor wl b o3 o gisen sabue of 8,0 by equal o et 8t
 certain frequency which is greater than £ und xmaller than
20, tn fact, we find that for @+, 38, A becomes zera for w
sery close 10 200 In Fagure 2, we show the refractive imices us
functions of the ungle i1 for twa values of the incident {re
quency 12 which are smaller than hut clce 1 A1, we take
Feo =028 x 10 Y The Bargest Q are found near 0=,
where {1, 15 such that M, i) = 0, We have that for e - 18I
0, =430 and Q - +563, and that for m = 192 0, 4, ~
V2 and @ - &4

‘The Landay damping sate 1 due 1o the Doppler shifted
frequeney at the second harmonic is [vee the appemdia)

U s =3 163 (2 2820, cKoin® 0 cos karY)
RN (=g = 2{“’,2(‘,",)’, Y]

where s (1 = YUY, '~ Y2 cos? ), Wesee that if A 20,
U wisoforder (v, )" but if A = 0, then 1oy ~ 0X1)

The componenis of the group velocity along the vertical, v .,
and horizontal, r,,. directions are readily obtained from (6);
weshow

Ve 0 = 30 FOAQ & i (¥}
v, ¢ = =, /)PAQ%/S V]

108 7 0owe st that v, v, ~ X0 ') und then that the wave
propapates in the direction perpendicular to the density gradi
ent, but if A = 0, then ¢,, = 0. However, by adding to (6) #
third theemal correction of the form (v, cfv @, where v i &
funcion of @ and ¥, we ahow that r,, &5 proportional (o
Uy oy, when A = 0. Thus 1, and r,, become of the same
order of magnitude and much smaller than v, for the ane
A # 0. The amplitide of the nmesaveruged clectric fickd can be
obruned sohing for

P (c 162Ky vPOAQ + 48N TER (10)

Here P is the vertical component of the energy fAux density.
The highest encrgy cancentration ovcurs when the group \e.
locity 15 the smallest.

A BHCIRON ACCITIRATION

Assuming that I ax small, the eneegy that a single electeon
may gain mteracting with # gencral EM plane wave of the

(a9 iy
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Fig 2 Relractive indices in the plasma resonance segions, as funce
tons of the angle U between the ambient magnenc ficld und the
vertical, for twovalus of ¥ oa Qe
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Fig. X Net encrgy gain 3¢ function of the angle # betweent the
ambient magnctic fick! and the vertical, We conalder two valuex of
Y £ and the interaction of cold chectrons with (2) the n = 2, am}
(M the i~ | cyxhotron tosonandes.

form given before (1), has been obtained as a function of time
in the article by Villalon and Burke {1987]. It was found that
the normalized particle energy U is abtained tolving for

(U 4 DU 4 VL) = 0 (n

where U =y = |, andd time 45 noemalized 10 number of wave:
perindy, t m to, Here we consider the clectzon Interaction with
# single (isolated) cyclotron seianance of order 1, For a partie
che initially (£ 0) at rest interacting with the ES waves
thy/Ey = =tun I, and Ey = 0) that are generated near foioe
nance, the Hamiltonian poatentials may be written as

U = U =2 cos? OK (L)
in? O[K, . (L + K, (R

withr, m | = a¥ X m =gl El/mew, and

L

-X13g

'

U

t
KiUjs [ LAk XL N AU
o

Here J gk, p) ure Kessel functions and 7 1s the Larmor sadius
evaluated ut U°, we have p = ¢’ [2U + U3)V2 The allow-
uble energies a restricted by the conditton ¥(L) < 0. Note
that the liest t o in (12) 05 always postive and domnates
over ull the otaees at Jarge values of L. Thus Vel can be
regarded as o potential well within which the pazticle’s encrgy
osgtllates i ume The Kinetie energy slowly increases over
many cyclotron und wave periods, and the net energy ganed
by the particle has always a finite value. If (L) < 0 when
U <0, the potential can trup scro kinetiz energy particles,
these particles may increise therr energy up 1o asalue U = Uy
stich that BUG) = 0010 8000 = 0 when U » 0, then the po.
tentrtl cannot trap zero hinetic energy particles.

4. NUMIRICAL CALCULATIONS

in Figure 3a, we represent the net energy gamned by the
clectrons (in keV) due to the interaction with the n = 2 cyclo.
tron resonance, as function of (1. These energies are calculuted

My

by solving for the sctos of the Haumiltonian potentials, We
consider two values of o and a power Aux 1 = | mW m? The
amplitudes of the ES ficlds are obtained from (10). We see that
the s = 2 resonance can only trap cold clectrons for angles
greater than 20 il = 192 QY = 0.52), and 34 M es = 18]
£ (¥ = 0.55). The broken lines ncar the @ = 01, which makes
A, dndicate that =l =~ 2MAe, 52 and  that
I vp =~ O(1). ‘Thug the cnergy of the B8 Eclds 15 strongly ab.
sarbed by the bulk distibution of plasnia electrons The kiacts
ie encrgics teached by the electrons are very large due to the
enhanced checteic fields and large values of g near i = & Lor
larger values of § (solid hine), we find that T s i sery small
fhes Im o 2 % 10 %), and hence that anly a few ¢lectrons in
the 13l of the distribution function may interact with the
waves, These clectrons are acoclerated in the ditection perpen.
dicular to the constant magnctic ficid up 10 encrgics of the
ord-r of hundreds of clectron valts, Note thut in the Barth's
dipole magnetic ficd the mirroring force acting on the clee.
t1rond will alio aceckeeate them along geomagnctic fickd lines,
‘The inteeaction of cald clectrons with the n = 1 resenance
takes place for all values of 8. ‘The net energy gain tin eV) 32
represented in Figure b, and is quite small ff 8 £ 8, This &<
hecattwe the resonanve condition (2} 18 far from being satnficd
for e 23 200 0 = 1, and imually coid clectrons,

fhe time §t takes 1y reach these energics can be ¢al alated
with the help of (11) and (12). We start with the # = ] cxelo
iron resonance and cokd clectrons until the potental becomes
positive, then, il these is overlapping with the n = 2 resonance,
the particles are accelerated to high encrgies. For cxample, for
0w 192 2 and (= Y, 0t takes 168 wave penods IWP) 10
gain 2 keV, where hulf of this me 15 spent reaching the dirt
100 V. IT 0 » 43 the electrons gain 500 eV over 86 WP (see
Figure $a). As a sccond eaample, we consider w = 1X1 0f
0= 37, it takes 35 WP o gain 350 ¢V, but il 1 = 46, then 1t
only tahes 25 WP 10 reach the xame encrgy (e Figure by,
Although the firat and sccond cyclotron resonanes may overs
lap over a broad range i encrgics, we find that we ean neglect
the contribution of the n = 2 rexonance in the overlapping
region. In fact, if ey = L 8L € and 0 = 37 4t takes 43 WP o
reach the first 28 oV with the # = 2 resonance. but it only
takes 7 WP wath the n = 1. On average we lind that, i Gaus.
sian umts, the ampittude of the dectne ficlds are about VO3
umes the ambient magnct ticld,

S Conartmisg REMAKRS

In this aricle, we hive mvestgated the passitnhity of sl
crating wnospheric electrons in intense electromagnetic (EM)
ficlds We have presented a very cfficient acleration and
heating mechanism which conaists ain the gencrution of shurnt-
warelength, high-unphitude electrostatic (ES} fields by the -
cadent EM waves that penetrate the radio window B includ.
ing thermal ellects, we have denved the dispersion relation fog
these ES fields, analytical expressiony are given for thar group
velocities and dumping rates. Becawse of the very small group
selocity components in both the vertical and honzontial diree-
tons, the electromugnetic energy  nghly concentnisted in a
regron of plasmit resonance The ellectiveness of this mecha-
msm depends on the value of the inuident frequencey 2 and on
the angle ¢ that the background magnetc field forms with the
vertical direction Calculations on single particle avceleration
show that the electrons can gan 1 or 2 keV for moderute (1
mW,m?) power levels if, for small values of 0, v 15 chosen
slightly below the second gyroharmonie
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N )

Fig. 4, Encrgy gain as function of time 1 notmalized 10 number of
witve pettods, Here i 14 the angle between the ambient magnetic Held
and the settieal and ¥ = (Lo The encrgy 8z given in {a) KeV, and (b)
v

APFBELOIN
For clectrostatic waves the dielectnic response function is

(AD)

whete 7, are compuneniz of the diclecteic tonsor (the row ix
indicated by the subscript { and the column by j) which can be
found clsewhere [Ichimaru, 1973] Next, we expand z, in
powers of the small quantities (ke 0P and (lw
~ i kep] Lowhetenm 0,1, 2and k, wksin 0, k, = k cos
Ul re the perpendicular and parallel components 1o B, of the
warve vector. By keeping only first-order terms in (v4/c)%, we
find

v = 'ley, ¥ind 34 gy 05T 24+ 22, cos x 3in 3)

SRR S N T
it =19 1= P3N = 4Y7)
+cos? ’:: t?:,? : )":;n! ) W’) “a
gyym =N -pt ( ) \'((:m’r,’i—»hos’
K
(2 a{ 2o s )

where

a(l - 2Y)
Wy m [ e ox
! 21k, vy

p ( ) (w - 20)")
X zhlkz‘.r
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By considering that cos x = {$ sin 0 4 Q cos )i with @ =
S, and by heeping the higher-order powers in Q, we may write
Y w4 iy, where

27N
{AS
Ql tAS

Here ey = 1= XX, where N, is given in {8) and A, K, and ¥
ure given after (61 By taking v, very small and sctting 7, ~ 4,
we abtiin the dispersion relaion (61 We also have

\ i (VR A m - M\
/' » ( ) ( )Q Ico\ "I rq [ -(2|uk'rr) ] (A")

The components of the group velocity v, v, in (¥) and ()
ure ablained by defining A, = & /0%, and then

N (CALLY
YN )

whete recall that ck;;mn Q and ck =S, The Landau
damping rate at the second eyclotron harmonie it ako ob-
tincd by considering that &, »m &0 and then that 1" »
= HYICH Lcw) Hete OX , o x Oeyifon 8 2X 108, where o
fydetined ulter (7).

Ve Q‘[‘:a - ( ) (AQ + 28QIN +

(A7)
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‘The relativistic equations of motion are analyzed for charged particles in a magnetized plasma
and externally impoxd electromagnztic felds (a2,k), which have wave vectors k that are st
urbitrary angles. The particle cnergy is obtained from a st of nonlinear differential equations,
as a function of time, initial conditions, and cyclatron harmonic numbers. For a given
cychtron resonance, the encrgy oncillates in time within the limits of a potential well;
stochastic scceleration accurs if the widths of different Hamiltonian potentials overlup, The net
energy gain for & given harmonic increases with the angle of propagation, and decreases a5 the
magnitude of the wave magncetic fickd increases. Applications of these results 1o the

scceleration of ionsopheric electrons are presented.

I. INTRODUCTION

The interaction of high-power rf ficlds with plasma pac-
tickes is 1 subject of veey active research because of its rich-
nexs in basic plasmu processes and practical applications. 1t
can be used as & method 10 increase the plasma temperature’
and 10 aceckerate some particles 10 high energies.” Particle
acceleration by clectrostatic waves is a wellsexplored ares of
research because of its application in laboratory plasmas.®
Although less is known about sceeleration proeesses by clec-
tromagnctic waves,*? they may have greater relevance in
space plasma physics, Recently, there has been anincreasing
cffort to undenstand the basic fonospheric plasma processes
and the nature of pacticle motion under the influence of
high-power of fickls.® A number of nonlincar phinpmicn:
have been observed such as the formation of caviions (local
plasma density depletion) snd parametric tnstabilitics. In
sddition, particle acceleration has also been observed near
the critical layer where the wave frequency matches the local
plasma frequency.” In this paper, we concentrate on single
purticle ruther than collective plasma motion,

The motion of a relativistic particle of charge ¢ and rest
tnaxs m, under the influence of an external electromagnetic
fickl and 4 uniform magnatic field B,, is described by the
Lorentz foree equation

de q(m- “X (8 + lt.)). ()
dt c
where ¢ is the speed of light. Gaussian units are used
throughout the puper. ‘The wave propagutes at an arbitrury
angle with respect to B, which we assume to be ulong the z
direction. Without loss of generality, the wave propagation
vector is given by k = kx X + &, Z, and the electric field is

E : kE,cos b — §E; sin @ — £, cos b, {2)
where X, §, and Z are unit vectors, 9 = k, x + &, % ~ wt, und
w is the wave frequency. The wave magnetic field is given by
the Maxwell equation: B = c/w(k % E). The relativistic mo-
mentum isp = myv, where ¥ = (1 = v}/¢® = 1}/c*) - s
the Lorentz fuctor, v is the particle velocity, and v, , v, are
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the components perpendicular amd parallel to B, respective.
ly. This interaction is rezonant at multip'c harmonics of the
relativistic cyclotron frequency 1. The resonance conditions
arc

Ja)
{3b)

W=k, =nll =0,
0 = gB/mey,

wheren is an integer; the nonrelativistic cyclotron frequency
is denoted by 1, where () = {1, /y. The case of a circuluely
polarized wave (i.c., E, = E; and E, = Q) which propagates
along B, has.been studied 1 Refs. 8-10, It has been shoan®
that 1 all orders in the ficld amplitudes, particles can be
sccelerated indefinitely provided that (1) the index of re-
fraction 1 = ck /e is equal to | and (2) the particle is initial
ly at resonance with the # == 1 harmonic,

In this paper we eiltend the analytical results of Roberts
and Buchsbaum® 1o wives of arbitrary polarizations, propa.
gution angles, and refnictive indices, by assuming that the
ficld amplitudes become small compared to (B, asthe prop-
agation angle increases. Our analysis is also applicable to
clectrostatic moxdes, which appear asa particular application
of our general results, We show that the net energy gan for
any given harmonic resonance 18 always finite except in the
cane of eircularly poninzed waves witk 3 = 1. Ta lowest r.
der in fichd amphtudes, particles gan energy ollowing cer-
tain trajectories in (p, 0, ) phase space. These tryectortes
may be opened or closed uccording 1o the magmtude of the
wave magnetic field, the angle of propagation, und the value
of refractiveindex . We find that they are closed for electro-
magnetic fields that propagate at large angles, and henee the
net energy gain is restricted to finite values. They can be
openad for em waves that propagate at small angles, if 5 is
small or equal to 1. For clectrostatic waves (i.e., for small
values of [B}) the enerpy trajectonies are always openad, and
il resonances overlap, the net energy gain can be very large.

The totat encrgy # is obtained from a set of nonlinear
differential equations which depend on time, iniual condi-
tions, and the harmonic number #. In deriving these equa-
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tions, we assume that the particle undergoes many eyclotron
oebits before its energy ehanges appreciably The slow time
evolution of /7 is found by averaging over ime seales paso.
ciated with the matton of the wave and gyramotion, and
satiifics equations of the form (lf 2dty o+ V1) ~ 0. For
a given harmonic a, /1 oscillates in time within the Hamilto.
nian patential wells, and the mastmum sllowed cnergy gan
1 given by sctting the potentials 1% ¢ M) = 0 The widths of
the potential wells are also given as functions of 1B: and the
angle of propsgation. We find that the resenance widths ine
¢rease with the angle and dezrcase as 1B} inceeases. Besides,
they are larger for pacticles that snistally satishy e roo-
nance comhition, Eq. (3) The particle motion becames st
chastic when the wrdths of potentials for diferent hatmonios
overlap, and thes the mean not momentum transfer (o the
partiches can be very large.

Weapply our resulis to the acecleration of clectrons in
the lonosphere by considering an cxtraordinary mode propas
gating into a region of increasing plasma densuy. For the
purpcie of illustration, caleulanans are proicnted with a
mode frequency o s L81),; here ), is ovaluated in the
Earth's magnctic ficld (£, = 1.6 MHz). We show that, at
large angles of propagation, initially cold pancles ean be
accelerated 10 large encrgics at power fevels (P0.25 W/
em®). This happens near the entical density (eutoff) where
the wave veetor kand group velacity along kare zcroand the
wave amplitude is greatly enhanced.’ In addition, we also
find that the mode becomes purcly circularly polanzed near
th» cutoll layer, and its magnciic ficld amplitude is very
small. Because the first and second eyelotron harmonic re-
sonances ovitlap near the cutoff, initially cold particles
which gain 30 ne encrgy interncting with the inst harmonie
can be picked up Ly the second and boosted 1o sull higher
energies. For small angles of propagation and at the power
levels considered in our calculations, we find that resonances
do not overlap so that initially cold particlcs only interact
with the first harmonic, Because the resonanee condition,
Eq. (3), is far from being satisfied for n = |, cold particles
v, m 0, and & =20,, then the nct energy gain for small an.
sles of propagation is very small.

Il. BASIC EQUATIONS

We start by considering that B¢, (1) admits the lollow.
ing three constants of motion*':

L)

di
where r = (x,2) is the vector position, // = yinc® is the
total particle energy including the rest energy, and A, the
vector potential, is

A = XcE/wsin® + §eEy/o cos b = icEy/w sin .
After muluplying the x component of Eq. (4) oy &, and thes
component by &, , we easily obtain

Py = (K, Jes)H + (E/E\)p, +Qp,) =0, (5)
where K, = k, (1 + Ek,/E K, ). Herealter, dots signily
differentiation with respect to time,

The equations of motion for the perpendicular compo-

(,-frxn.-l‘-n +‘-’A)=o. t4)
¢ ] <
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neniz of the paticle momentum can alsod be wntten i the
form

Pe ¥ p (82 & @By Nk Lo)an b)

- tgE et K 2008 P, t6)
Py P82 % (QESmp)(k, fo)sin o)
w - (gE/eile - ksind, (7

In eur ealeulatons, we shall negleet the correction 1o the
eyclotron frequency in Eq< (6) and (7) by assmning
B, = Bk, /o<, e, weasamathatcitherk, «Que B/
8415 very small).

The evalution in time of the particle cnergy 15 given hy

”I! ‘7% P, wox s
e ~
qb‘n . 85
- L sint - 3-~p, cos . (%)
) o

Equations (5)-(8) are the foundationy. of vur theorctical
analysis,

Belore geing into a detatlcd mathematical decivation, it
isusefil to consider the lowast-order solutions in the clectnie
ficld amplitudex 10 Eqs, (5)=(7). If the clectric fickd amplic
e is small we may approxinate X by

X = Cod(0 o x), 9)

where o m (L"), ana = = po/p,,, andp = ¢, /1L
is the particle gyroradius, Hereafter, the subseript z2ro refers
10 the initial conditions at ¢ = 0. To zcroth order in the clecs
tric ficld amplitudes, Eq. (3) yiclds

e mpa k(K St = Hy) (10)

Intexmsiof p, and p, , the components parallcl and porpren-
dicular 'o B, respectively, By, (10) ean also be wnitien as

P. ¢ n( ! ”ﬂ ?
Sl ] st e L 12 ] e e
(mc) ' e b, ¢

’

c A,
AV
L) (= -1), |
b(mc)(ﬂ} ) {11a)
<k, E, k.) .
ﬂ‘ﬂ’ N(l t l;" k. ) (lla)

where 3, is the Lorentz factor evaluated at £ = 0, und vy, is
also evaluated at 1 = 0. Note that depending an the magni-
tde of f,, Eq. (11) describes familics of elliptical
(10,35 1), parabolez (|8, = 1), or hyperbolic (}7,] <))
trajectorics in (p;, p, ) phase space.

Ili. SOLUTION OF THE EQUATION OF MOTION

Equations (6) and (7) can besolved 1o all orders in the
field amplitudes as functions of ¢ = Kk x + &, 2 = wi and

Q - (gE/w)(w - K,2) - (gE/w)(w - k,3), (124)
R = (qE /o) (w ~ K,2) + (9F/0)(w - A,2) . (12b)
We find
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1 . . Primed and unprimed quantitics arc evaluated 3t e fand
Ay 1Q* con(er ~ o' 1 9 t*, respectively. After substituting these equations into By.

tegrati i
R CoB(r = 0" = $) Jd1* = p, sin(e +a), (3) andin c:‘n g, e oblain
(i) p,=p, -i‘-;'-(ll-llo)

- l ﬁlf ' L] (] L]
p,n-'-f[Q‘sin(v—o"wb') TE, Q'+ R')cos ' ds”. (14)
4 Equations (13) and (14) together with . (8) gne the
BRsin(y  o° ) |d: 4 p, coxte b a). folkrwing eapression for the rate of change of patticie encre
(130) gy
)

LU/ L0t 4 E,)(fQ'cm(a =g SV f RO & = o = ' )l1" = 2p, sinla + & +m)

c'm
+-z-(£, —F:,)(EQ'ms(* oo’ =9 )dt' +J:R ‘CoB(P =0+ P 0"V k2, sin(P = y-(ﬂ)
J_ g xl gl ! [ [} » 03 g .
=L £\ pa +—2H =1 ow--é-L(Q + R cos(® + ') -+ cos(h — &) )dr°] | ()
]

We note t* at polarizations represented in g, (15) are related 10 terms multiplying electric fie'ds in righthand (£, + £;),
lefi-hand (£, = £,), snd paralicl £; modes.

Neat, we substitute for x using E4. (9) and define T m @ - ax f 2/2 and ¥ m K,z = o1, 50 that $ = W k,psnY,
Afcr expending the sine snd eosize terms in Eq. (15) in the serics of Bessel functions J, (4), we obtain

HH
- }: 1, (16a)

where
l. Z;“‘-‘l 1EN, (4 )(E rl(). e 0 g (A 7)EOR(HY 4 Y W W)
e oW

RS (A0)eos(nY = Y ¥ = W) |dr ok 2p, cos(n & w) + i—w, ~ENd, ()

x(EL‘[Q’ o 1 (A JCOSMAY = Y o W W) o2 Ry (A" )cOS(AY 0 o ¥ o W) et

+2p, COR(NT + w) - -97:-‘-} (4)[4(,% + %—m - II.,))cos(nT +¥)

- —E—:—% (Q' 4 R 'MW (A7) [eos(nY 4 Y o ¥ 4 W) ok cos(aY = mY* + W = ) )dr’]|, (16b)

where 4 = &, p, and the summations are over all integer values from — o: 10 4 o:. Note that // can be split into rapidly
fluctuating parts, which depend on the time scules assaciated with the motion of the wave (through the function ¥) und with
the gyromotion (through the function ), and a slowly time-varying part #1* 1€ f(21) 1s any given function of the total
cnergy, the slow time variation of fis obtuined as

JUD - J; %L i’_"if(m :

Our next step is 1o upproximate v, = (¢*ZH)p, in Q and R by the zeroth-order solution 1o Eq. (10). Here, evay H
function appearing in the definitions of v, and p, is given (o lowest order by the slow time energy function H*, The srgument
of the Bessel functions 2 and the momentum p, are also given in terms of /¥ and mitial conditions by means of Eqs. (10) und
(i

ck, | ( g ) ] w2
Azl — 42U 1 =, =)+ U¥] =B} . an
n.J[ = r.‘.+ /,c +U(1-4;)
where (), = — gB,/mcy,isthe relativistic cyclotron frequency evaluated at 1 = 0,and U = (H*°—HF)/Histheslow ume
evolution of the normalized particle energy. Differentiating Eq. (16b) with resj  totime, we obtain the following:
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Y

rda

L= -Z!-w, BV, X0, 1Al m)Y = Y] 5 RT, (A)eoiltn - m)Y)}

o -S-(E, = E, (Y {0/, . ((Axeexltn - mYC) & RS, 1 (Ade[ (7 o+ m)Y 4+ 2] )

3
+-3’-%’-J.(£) 210 < R taleasltn + m)Y 2 2%) kel tn - m)Y)) - (Y & $OP, . (%)
] -

where aY + ¥ m afd & k,v;, =& The funcuien £, 1 defined by

F %(E. + Ey)J, .H)(}: r[Q‘J. A ATIAEEY Y E ¥

- e

VR, EATantaY  mT o ¥ N dp antn ‘0’)) ' "(h‘. KW, )
&

V(}:L[Q'J., A IIRY mY e W Y R R, (AT A MY B W 4 ¥ Jde!

+2p, sin(nY V)) . f?g: /. M)[*(M + %’41[ ‘- IlS))sm(nY ¥}
4 [/

- '?'z ’:(Q' F ROV AY = mY" W) e sin(aY = mY’ 4 ¥ - 'V')]dl‘] .

t A

Differentiating 2, with respect 10 tune, we obisin

Ao ',%(E' +EM, (AT {Q, Aanlin 5 m)Y 4 29) « RJ., {A)sin{(n = m)T)}

-é--z-(l:‘, = E, A5 {0, . (Anltn - m)T) « RA, ((A)sin]n + m)Y & %]}

£=
& %'Z""J‘ ().)}:!Q * R, (A {sind (1 m)Y & 2%) + sinf(n - mIT)) 4 taY 1 ¥, . )
] ~
(

Since we arconly interested in the slow time evolution of the
total particle energy, we can average Eqgs. (18) and (19)
over the fast lime dependencics (i.c., over Y and W) to find
that only terms with 2 m m give 3 nonzero contribution."
Wealso consider the contributicn of a single (isolated) reso.
nance, and then for each harmoriic 4, we find that the parti-
cle energy (4HH /S0 m I5) obeys the following coupled
differential equations:

8 --Z;(e. L EDRIY () & -3-(5. - EnQ/LEL ()

+ f}--i_i(q-mu:(x) - (nY + ¥)P3, (204)
1

{20b)
|

P = (nY +¥)I5,

b
U+ u’(lﬂ) + VU =0,
@ dt

The superseript §' refers 1o the slow time contritwoons.
Here, PI s such that at 1-0 one has  20)
= (Mo /)¢, (0)sin §,, where

gn(o) = “’aﬂlz‘.’l - (xl + S’}’Ja l('zu)

+ (S! - Il),n * |(Aﬂ)] e ‘l’n/‘)IJ,(‘lp) .
‘sq =n(e + a/2) "Fk, 9.
I m (qu/“’)(f/”u) y {=m 123,

and all quantitics with the subseript Dure evaluated at 1 ~ 0,
Combining Eqs. (10), (17), and (20) leads to 4 nonlincar
cquation for J/ as a funcuon of time and initial conditions.
Herealter we shall drop the S on the function #, knowing
that by J/ we always mcan the slow time evolution of the
particle encrgy. After multiplying by /1, intcgrating once
over time, and writing all =xpressions in terms of normalized
quantities, we find (see the Appendix),

(21a)

d3 2r,\* r, -3
V.U=—LU’(U —')-~ oau(u.—'-)'s (** ')
o 3 +dl ¢, (0)d, 4-‘1‘ sin &, + >

X{= (= Z)[F () +Ga 1 (U] + (249, = Z.8,)[Wo/0)F, ,  (U) 48, G.., ()}
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- (X 4 -‘::)/zl{(xg £ 3 I:)[F. SN G, (V)]
= (B,X, & X,) [lep/e)E, ((U) 28,6, (]}

~ XH{GAU) + E.(U) = B,[Cnlc) E,LU) 48, G, U]} = (£, (0)c0s 5,2,

where oy = | =, B, n, = ck/o, B, 15 defined in Eq,
tib} r, =1 -f‘,v,ﬁz‘r.' = afdl/ar, and

14
G.(th = L AU U Y,

i
F.il)= _L T U

with v = 72,8 o | This is just a differentisl equation describ-
ing the motion of trapped partickes within the Hamiltonlan
petential well 37, . Under the imitk, - 0, Eqge. (21) reduce
16 the equations derived by Roberis and Buchabaum? for the
sy = of L Noke thatin the limit &, -0, Eqs, (21) and
the I ymiltonian trajectories 13 defined in 4. (10) arc exact
integrals 16 the equation of motion (i.c., they are valid 1o all
orders in the Ackd amplitudes}.

IV.7 € HAMILTONIAN POTENTIAL WELLS

‘Wenote that the finst term of Eq. (21b) docs not depend

on the wave amplitude snd 13 always positive for o, 20, The
sed, = Ocorraipondito acircularly polarized wave witha
refractive index v = 1,11, in addition, r, = 0, then this term
is xera and we are in the case of unlimited sceeleration, For
o, 70 snd st large values of U, this first term dominates over
il the others, and its contribution ean be diminished by tak-
ing 7, m0 (Lc., partickes inltially at resonance with the
wave). Thug ¥, can be regarded as a potential well within
which H oscillatcs as a function of time. The maximum value
that /f can attain for a given resonance and field amplitude
can be 1ound by sctting the potentials ¥, (1) = 0, At wave
amphiudes aid propagation angles where the widths of po-
)

PILUY = (U 4 20,0400 1 (S, - S22

(21b)

i
tentisks for different harmonics overlap. the particle motion
becomes stochastic and at the het inomentum tranifee 10 the
particle ean be very lrge. Neverthelas, since 4 (the argus
mient of the Bosel funcuions) is given by the lowessorder
solution, Eq. (17), the amount of encrgy the particle can
gain is Hmited sccording to the valucof 8, . In facy, recall that
the Hamiltonlan trajectorics as defined in Eqs. (113 arcopen
hypetbolasfor iff, [« Lina (p, . p, ) phasespace. For ff, 1
they src elosed cllipses and the range of aceayuble encigy
gain i3 restriced 10 finite values,

In acder 1o better undenstand the physical meaning of
B, ket us consider the time average of the wave magnetic
ficld

(B) = (E3R) (B +83)

Eleetrostatic waves sre charscterized by ymall values of f,
and of the product nEy/E,. Thus, thezeroth-oeder trajector.
i associated with clectrostatic ficlds arcopen ina (2, ¢, )
phasc space, For electromagnctic waves, 8, is large, in gen
eral, However, if the angle of propagation is small and if the
refractive index is such that n <), then 8, ~y, and the
Hamiltonian trajectorics can also be open as is the ease for
circubsly poiarized waves with 5 1. Iftheangleof propaga.
tion i large, the allowable energy gain is limitcd even for
el

It is also instructive 10 study the behavioe of ¥, with
respect 10 /7, We consider anly the case of particles which
arcinitiallyatrest,ic g s v, = 0. Henes U'm 4 =~ | and
the potentis! well becomes

(22)

‘}:- wS,}[G,,,(U) -+ F.. |{U’]

’*'”a(s}”l - Elﬂo’("- ' I(U)} - ( '\:l * :':;)/2]{(2. + }:!)[6- I(U’ ¢ Fq I(U”

=B UES, + 0,16, () = S{G () + £, (U) = 1G]

‘Teems multiplying 4, in the right-hand and panallel polar-
1zation fickds are always positive for any 3, #0. Although
the 3, tesm in the lefi-hand componen? may be negative, its
contribtion is small because the order of the Bessel function
is lgher. Therefore, we conclude that the larger f, i, the
smaller the widths of potential wells.

Finally, some comment should be made regarding the
dependence of ¥, on propagation angles. For initially cold
particles with small gyroradii, all but the zeroth-order Bessel
functions ure very small, Since the argument of the Bessel
functions is the peependicular component of the wave vector
k, ties the particle’s gyroradius, increasing the propaga-
hon ungle ereases the value of the Bessel functions terms,
‘Thus, for all but the first- and zeroth-order harmonices, the
potential inay not trap low-energy particles unless the prop-
agtion angleis barge. The behavior of the potential for smal}
valuesol'k, isus follows. Fork, ~0and Jn}.»2, only the first
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t23)

i

termof Eq. (23) isnonzero, and thereforeno particles can be
trappetd. For k, ~0and n 1, the nght-hand polarization
fickt may accelerate cold partieles.

V.ELECTRON ACCELERATION IN THE IONOSPHERE

We consider an extraordinary mode propagating in a
cold plasma at an angle @ with respect to By The dispersion
relation is"

y=1-X/D, (244)
D=-1-1Yn20 X'
{10 - X))sintv 3 Yieafo}' s,
(24b)

where X wl, /s w,, 1 the clectron plasma frequency,
Y - Q) Jw,und ), = eff /em. The electne field component
ratios are given by
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£, Xy

s e . (25
E,2 0 Pha oYy X "
K, Y W
L e (35H
Ey 1=Xayi )
Combining Eqi. (25b) and (11b) we find
pl-”l(l_x),(‘-",-":)' (20)

whiie y,, 1, are the x and 2 componcnts of the refractive
index.

The mugnitude of the electric ficld X, 15 given asa fune.
tion of the power flow density # alang k by solving for the
following cquation:

Wie X r7p\2 :
p.f‘_ﬁif_‘._x_'_[(ﬁ!.) {ETNED +(-£3-) +Iifl.

‘e ¢ 162\ E E
q ' 1 (27a)
where ', the group velocity along k, is given by
b 1 (270)

e 1 + {(D'0/D)() -7

and D' m dD 7du,

In our numerical calculations we assume that
ww L30Y,, where f}, = 1.6 MHz 15 the cleetron cyclotron
frequency in the Earth's magnetic ficld. The wave props.
Bates 1nto a region of increasing plasma density until it
reaches the cutoff point where k and v, are zcro. At the
reflection point we find the following.

(i) The clectron density is given by solving for
1 = X' m ¥, which in our casc is n 2 4.65 % 10' em ? and
corresponds (o w,, /11, = 1,22,

(ii) The clectromagnetic mode becomes tircularly po-
latized,ic., X, m X, and 2, = 0,

(1ti) The magnetie ficld is zero because k, the propaga.
tion vector, is zero.

(iv) The electric feld amplitude X, is very large because
v, 0.

(v) The resonsnce widths as obtzined solving for
V., (V) = 0are also large because B3, is zero,

We conclude that electron acceleration should be most
effective near the turning point. In the following caleulations
we show that significant acccieration ean indeed only 1ake
place near the cutoff layer.

Figure | shows the zeroth-order Hamiltonian trajector-
ies for a low plasma density (# = 3 X 10" em ) at different
angles of propagation, These trajectorics arc open (hyperbo-
He)for8 <6y = 14'and closed (elliptical) for larger angles.
In all cases the refractive index is smaller thar, but close to,
unity (1=0.95). The ratio between the magnitudes of the
wave magnetic and ¢lectric fields is also elose t0 umity. For
w=2(1, and for the power levels that are used in our caleula.
tions (P=0.25 W/cm?), we find that the potentials are posi-
tive so that acceleration cannot take place. If the density is
increased 10 3.14 X 10* ¢m ~ ?, we find that electrons can gain
about 12 keV through the interaction with the # = 1 har-
monic.

In Figs. 2 and 3, the plasma density is 4.5 10' cm~*
which corresponds to w,, /@1, = 1.2, and the Hamiltonian
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FIG 1 Hamultonsan “aajoctonies for differmnt propagatna snghes 1o the
alaghot feld. The chinen patamctenarew, 261, -~ 0damdn - 1300,
@ = Uy the tagxtary i a patabola, and §f seprosents the tranution angle
between chinad cllipticsl (4 < 0, 1 and opencd hypeebila e 8, ) ethuta

trajectories are open for all angles of propagation. ‘The nct
eni rgy gain, as given by solving lor the zeros of ¥, (U is
represented by the shaded reglons as a function of 0. We
consider the first two cyclotron harmonic revonances aml
assume that the particleis initially at rest. The first harmonic
tesunanceinteracts with cald particles through the contribiu.
tion of the right-hand polarization ficld. The sccond har-
monie does not interact with cold electrons even for the lar-
gest 0, because 3, the refractive Index, is very small
(1 =20.25). The encrgy that a particle can gain from the first
harmonic is very limited because the resonance condition is
far from being satisfied (7, = 0.45) for v, = 0 2nd & =e2M1,.
For the second harmonic 7y = — 0.1, and the net energy
gain ¢an be larger. In Fig. 2, Pm 0,15 W/cm?, and the first
and second harmonics barcly overlap. In Fig. 3 where
P = 0.25 W/cm?, they fully overlap (double shaded region?
for angles greater than 40°. The second harmonic may trap
those clectrons that have already gained some energy inter-
acting with the first hurmonic, and boost them to still higher
energies. In fact, since U = y = 1, we see that the net snergy
gain can be as much as 150 keV.

In Fig. 4, we show the Hamiltonian potential wells as a
function of the normalized particle energy U, We represent
theinverse of the function W,

W, (U) = = sgn(V Nog[ IV (DU + 1)} . (28)
The plasma paramncters are those of Fig. 3, and we consider

0 dyr - e e e e =

U U2

FIG. 2. Range of alluwed encrgy gan (shaded regions) for the resunance
harmonic numbers i« 1,2, 353 function of wave propagation angleto riag-
netic field The plasma frequency is such that s, /0, = 1.2, w = 184,
and the total power flux1s P=0.15 W/em®.
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FIG, ). The same s in Fig, 2 but with 2 = 0.23 W/em?,

twa different angles of propagation: (a) § = 80" and (b)
@ = 20", The magnitudes of the potential wells, |V, (U)], are
very small. For @ m= 80° and n m 2 the maximum vzlue of
|V, | is of osrder 105, und for a = | the maximum value is
2% 1072, This is consistent with the assumption that the
particle energy changes slowly over the gyro and wave per-
jods, In iact, by normalizing time to 1~ ' in Eqs. (21) we see
that |V, |(w/12)? must be much smaller than | if the changes
in energy occur over many gyropenous.

In the theory presented in Sec. 111, we assume that the
magnitude of the wave magnetic field is much smaller than
that of the background magnetic field B, for increasing prop-
agation angles. This allows us to use the zeroth-order solu-
tions, Egs. (9) and (10), in the perturbative analysis at large
angles. In order 1o verify the validity of this approximation
we have calculated the following dimensionless quantities:

B,/B, =, (/) Xya, By/By=n,(0/D)2yy,,
B,/B, =B, (0/MXyy,.

In the case of Fig. 4, we find that for § =80, B,/
B,=7X%10"%B /B,,-9><10'"‘.and8 /B,= 1. 3xlO"’
For =20 these values are lelO"’ 4X1073, and
4X1073, mpecuvcly The magnitude of the wave electric
field as given by X, (recall that near the cutoff we have
I, Xy and Xy0) is found 1o be closed to 0.14 for all cases
of Fig. 4.

VI. CONCLUSION

In this puper, we have presented a theoretical analysis of
the energy gained by relativistic charged particles in oblique-
ly propagating electromagnetic waves. The main results of
our analysis are as follows.

(1) Tolower orderin the field amplitudes, particles gain
cnergy following certain trajectories in a (p;p,) phase
space. Because these trajectories are closed for Jarge values
of the magnetic field amplitude |B] and the propagation an-
gle 8, the net energy is restricted to finite values. They are,
however, open for large values of |B| and small values of 8if
the refractive index 1 is smaller or equal to 1. For sufficiently
small values of |B| they are always open.

(2) For a given harmonic resonance, the range of the
allowed particle energies is obtained by solving for the zeros
of the Hamiltonian potentials ¥,. The resonance widths are
always finite except for the case of circularly polarized waves
with % = | and for particles that are initially in resonance
with the n = | harmonic.
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F1G. 4. Hamilionian potential wells as represented by the functions 1/W,
[see Eq. (28) ] as a function of particle encrgy for the plasma parameters of
Fig. 3. und for two diffecent angles of propagation: (a) &= 30" and (b)
0w 20,

{3) Resonance widths are larger for particles that ini-
tinlly most closely satisfy the resonance condition, They in-
crease as § increasss and decrease as |B| increases.

(4) Theonset of stochasticity occurs when the widths of
potentials for diffecent harmonics overlap.

This analysis is limited to small field amplitudes in com.
parison with the dc magnetic field B, at large values of 4,
which is a good approximation for the calculations we have
presented on the acceleration of ionospheric electrons. It is
valid to all orders in the field amplitudes for small values of
6. We have shown that electrons can be accelerated by ex-
traordinary-mode waves which propagate into a plasina of
increasing density. At moderate power levels, acceleration
occurs near the cutoff point for large angles. This is because
of the following results.

(5) The extraordinary mode becomes purely circularly
polarized and its magnetic field is zero.

(6) The electric field amplitude is largest at the turning
point.

(7) The resonance widths are also larger.

(8) The first and second cyclotron harmonic reson-
ances overlap for large propagation angles.

Depending on the location in the plasma where one
wishes to accelerate electrons, the wave frequency should be
chosen so that the cutoff’ point falls within that region. For
continuous acceleration over large regions of the plasma, a
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broad spectrism of waves should be considered. As the reso-
nance wiidths overlap,'! the electrons may gain considerable
energy for different frequencics and harmonics, However,
near the turning point the electne fiekds are 5o Irvge that
other nonlinear effects may also be important, and may af-
fect both the acceleration and propagation processes. In ad-
dition, lincar mode conversion mto electrostatic waves' of
large refractive indices can also be very relevant and may
enhance the accelecation process by allowing initially cold
particles to be picked up by the secoiid- or higher-order har-
monics. Questions related to the propagation of large-ampli-
tude waves in the jonosphere and the consequent heating of
plasma clectrons deserve further attention.
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APPEND:X: DERIVATION OF EQS. (21)
From Eq. (10) we obtain

1 = k,v, /00 = dy + (Ho/H)dy, (AD)
~ K, v, /0 =hy + (Ho/H)hy, (A2)
Y+ ¥ = = [dy + (H/H)(dy = n0y/w)),  (A3)

where dl =] - ”«ﬂu d: = ,]l(ﬂl =~ Vo/t), hl =] -/33-
and by =B, (B, —v/c).

By using Eq. (A3), integrating Eq. (20b) over time
from zero 10 1, and recalling that /3 = 4HH /S, we find
that the function y = (aY + W)P3(¢)/H is given by

v= ~ (Hp/H)Y{r,P3(0)
+ [dP5(0) — 42K}/ U
= 6r, (H3/)d\U? = 2(HY/)dIU) (A4)

By substituting Egs. (A1) and (A2) into Eqs. (12), we
find Q and R as functions of } and initial conditions, Com-
bining this with Eqs. (A4) and (20a), we obtain
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IIII- tin

- Li‘-’. " (;;.u;. F EN I+ Hby)J? 1(A)

3 -q.-(",‘l )(d,” -4 I’(ﬂ )J ' |(x)
[

b b} .
2L Elh I+ m,h,u:m) - S W, (A
[
where

F| h - qh\
W [}

b, Jﬁ.h,« ‘7'5' 85y, b,--—h,+ ""‘ E: a,

d" a\-!-q—,;‘"‘h!

g.‘-‘}.,;:,

Lqmimn (A“) can be integrated once aver time from O
t0 £, The left-hand sude becomes J(H N . e
contribution of the term 2,41, can be caleulated by means of
Eq. (8). By considering that at 1= 0, dy =k pycos
+ k,zpand thatp,g =« pyg Sin @ py = pg €08 ¢, and ex-
panding in terms of Bessel functions, we obtain

fly  «
ELON 0)cos 5., A6
il }",s“.( )eos 5, (A6)

where ¢, (0) and §, arc defined after Egs. (20). Using Eq.
(A6) and after a good deal of tedious but straightforward
algebra, we arrive at Eqs. (21).
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Some Consequences of Intense Electromagnetic Wave Injection
into Space Plasuas
. By
Willisa J. Burke!, Elena Villalon?, Paul L. Rothwelll,

and Michael Silevitch?

1 Introduction

The past decade has been marked by an increasing interest in performing
active experiments in space. These experiments involve the artificial injee-
ions of beams, chemicals, or waves into the space environuent. Properly
di agnosed, thesc experinments can be used to validate our understanding of
plasma processes, in the abvsence of wall effects. Sonctimes they even
lead to practical results. For example, the plasaa-beam device on SCATHA becave
the prototype of an asutomatic device now available for controsling spacecraft
charging at geostationary orbit.

In this paper we discuss the future possibility of actively testing our
current understanding of how energetic particles may be accclerated in space
or dumped from the radiation belts using intensc electromagnetic energy f{rom
“-~ound based antennas. The ground source of radiation is merely a convenicnce.

,ace station source for radiation that does not have to pass through the
-Josphere and lower ionosphere, is an attractive alternative., The text is
divided into two main sections addressing the possibilitivs of (1) accelerat-

ing electrons to fill selected flux tubes above the Kennel-Petscheck limit
for stably trapped fluxes and (2) using an Alfven waser to cause rapid deple-
tion of energetic protons or electrons from che radiation belts. Particle
acceleration hy eluctrostatic waves have received a great deal of

attention over the last few years (Hong et al., 198i; Kutsouleas and

Dawson, 1983). However, much less is known about acceleration using
clectromagnetic waves, The work described herein is still in evolution.

We only justify its prescatation at this sywposium based on the noveley of
the ideas in the context of space plasma physics and the excitement they have

genevated anong several groups as major new directions for research in
the remaining years of this century.

.

l. Air Force Geophysics Lsboratory, Hanscom AFB, MA 0173}

2. Ceuter for Electromagnetic Research,
Northeastern University, Boston, MA 02115
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I1 Electron Acceleration by Electrowmagnetic Waves

One of the first things w2 were migtaught in under graduate physics is that
clectromagnetic (em) waves can't accelerate charged particles. If the particle
gains encrgy in the first half cycle, it loses ft in the second half. Teachers
are, of course, clever people who want graduate students. So they hold off discus-
sing gyYoresonance; in which case, ull bets are off. The resonasce condition is:

(1) W o =kyv, - uflty/y =0

Here w is the frequency of the driving wave, k, the component of the wave vector
along the zero order magnetic field B, = B, 2, vy the particle's componenu of
velocity along B, and n is an integer representing an hamonic of tho gyr?—
frequency 2 o™ 98B /m, Y is the relativistic correction (1 ~ v 2/c2

q is the cherge, xnd m the rest mass of the electron,

Before going into a dotailed mathematical analysis it is obvious that there
are poing to be problems accelerating cold ionospheric electrons to high energies.
Higher than first gyroharmonics will have Bessel function multipliers where the
argument of the Bessel function is the perpendicular component of the wave
vecter and the gyroradius. For cold electrons with small gyroradii, all but the
zero index Bessel function terms will be swmall. The second concern can be
understood by considering the motion of a charged parcticle in a civcularly
polarized wave. Roberts and Buchsbaum (1964) have shown that with an electron
in gyroresonance accordiny to eq.(l) and v j infcially antiparallel, to Lhe wave
electric field E and perpendicular to the wuve wagnetic field B, two effects
combine to drive it away {rem resonance. As the electric field accelerates the
electron, Y dincreases, changing the gyrofrequency. The wmagnetic component of
the wave changes v, and thus, the Doppler shift terms It is ouly in the case of
the index of refraction n = ck/ w =) that uvnrestricted acceleration occurs.
In all ocher cases tha electron goes through cycles gaining and losing kinetic
energy.

Recently, the SAIC group (Menyuk et al. 1986) has devised a conceptually
simple way to understand acceleration by em waves as a stochastic process.
In terms of the relativiscic momenta p, and p | , eq.(}) can be rewritten as

2
2 .. 2 2 2
P (n 1)p,+2n pmc(nf /) + ( (nn of W) 1) me

Depending on the phase velocity of the waves, equation (2) represents a fauily
of ellipses ( n , = ck,/ w<l), hyperbolae ( n , >!) and parabolac
(n,=1)4inapj, p, phase space. The zero order lamiltonian can also be
written in che form

@) Ho/me? = [ 1+ (p/med2+ (p ) /ue)? ] M2 - (p /me) ( w feky)
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Thus, dnp 3 , Pz Space constant Hamiltrnian surfaces represent families of
hyperbolae ( n , < 1) ellipses ( n 2z ” 1) and parabolac ( n 2 = 1).
Hamiltonian surfaces have oj¢n topologies for indices of refraction n z S 1
The cage n , = I {n vhich resonance and Haniltonian surfaces are overlying

parabolae is that of unlimited acceleration studied by Roberts and Buschbaum
(1964),"

In the case of mall mplitude waves the intersections of resonance and
Raniltonian surfaces in p l » Pz Space are very sharp. As the amplitudes of
the waves grow so too do the widihs of resonance. For sufficiently large
auplitudes, resonance widths may extend down to low kinetic energies allowing
cold electrons to be stochastically accelevated to relativistic encrgies.

It should be pointed out that although t£i.'s wadal heuristically explains
the main conceptual rcasons for stochastic acu.lerution ta oceur, its validity
extends only to small angles 6 between k and B.. At large angles, it is

not clear that the zero-order Hamiitonian topologies deceribud above will sti))
hold.,

Over the past several months we have developed a rigorous extensior A
of the analytical model of Roberts and Buchsbaum by letting k = ky €+ k, 2
assume an arbitrary angle to B,. We begin with the Lorentz equation,

(3) 9 =qlE+vx(,+n)
dt

The relativistic monentws and Hamiltonian are given by pen vy v and

How me? Y, respectively, The magnetic field of the wave B is related to the
electric E through Haxwell's equation B = (c/w 13 x Ko The time rate of change
of the Hamiltonian is

(4) H=qE. v =qc? E p/ii
If we define Ex~Ej cosé¢, E, =~ Ey sin ¢ and E, » - Ej cos ¢ , where

¢ = kyx+k, z~wr then equation (4) may be rewritten In the form

(5) RH_ . gE) p, cos - 9k py, 8in ¢ _ gEq p, cos
T T o x e mdz Py rulb

The Lorentz force equation can also be rewritten as
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Px+Py | 0 4+ g2 ky sin¢ ] u gf (u - Kz) cos ¢
mY [N W

(1) py - Px [ o, gfs  _ky sin ¢ ) w - gEr (@ - ky 2) sin b
s myY W w

(8) pz K Hy4Eq(pgaftpy)av
W El

vhere K, = k, (1 + E3k,/E)k,). Equations (5-8) are exact. Our first simplifi-
cation is to assuse Ea ky/ w = B, << L, then eqs. (6-8) may be combined
to give

(9) 4HH = g () + E2) | IL Q'cos( o+ ¢ -0 "+ & ') di +
o Tu 0

+ It R'lcos ( o+ -0 '=-% ')dt' =2p ) sin(o+¢+a)]
0

+ _q (E)-Ep) [ ft Q' cos (¢ -0a+a '=4 ') de
w o

]c Rtcos( ¢~0+¢é '+o')dt'+2p 3 sin(é~-0-aqa) ]
0

+

- o B3 {4 (pgotKy (W-lg) ) cos¢
W W

Ey fl (Q'+R' ) [cost ¢+¢ ")+cos(é=¢"))a]
Ey o

t
where o (t) = [ 2 (¢') dt', tan a = - Pxo/Pyo ),
o
(the subscript o refers to the initial conditions at t = 0), and

Q=gEy (w-Kz2)-gE (w0~ kyz)
(A} [A]

R=gEl (u-Kz2)+gE (w-ka2)
w w

Priwed and unprimed quantities are evaluated at times t' and t, respectively.
We note that accelarations represented in Eq. (9) are related to terms multiplying
electric fields in right-hand (E; + Ej), left-hand (E; - Eg) and parallel Ej wmodes.
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Our next simplification is to substitute for x and z in eq.(9) the zero
order solutions (in the electric field msplitude) of eqs. (6-8). That is, we
take x = p cos( 0+ a ) where pu v | /R is the electron gyroradius and

(10) Pz [ Pzo* Kz (H = 1lg) ]
w

L)

We note that eq.(10) reduces to eq.(2) by caking K; = k,, which is only valid
for small angles between k and B,. In fact, Figure | shous that Hamiltonians
with open (hyperbolic or parabolic) topologies in py, p | Space at saall
angles between k oand B, become closed (elliptical) as the angle Inereases,
The practicql implication is that cases of potentially fnfinite accelaration
with k = ¥, become restricted to finite values at other direction of wave
propagation.

By taking x = p cos( o + a ) and expanding terms with sin k,x and
cos kyx in series of Bessel functions, eq. (9) becomes
Q1) aun - ) Ty

C"‘U

Tp =g (B +E) Jp-y (ke o) | ) I [QU' costne+mBte+y+y")
w m o el

+R'J'pycos(n 6 -m B '+ Y-y ] dt' +2p; cos(n@+VY) ]

L
R (KL 6 - 8 '+ Y-y !
* 4 (E}-E2) Jne) Cky P ) | & !o | q 3., costn m8'+Y-v')

+ R'J'go) cos(n 0 +m 0 '+ ¥+ v ') ) dut 4+ 2p g cos(n 6% ) }
- gqEq 3, Uy p ) {4 (pyg + Ko (H-N) ) cos(n B+ ¢ )
W w
- E L '+ RYY) 0+ G '+ U+ W
E? % / o (Q R )Jm [ costn ™y vty
+cos(n 8 - B8'+y-y')]d ]
vhere 6 = [t @ (u') di' + a+n /2, 3‘ z 3 (kyo '), (v =m,m +1)
(]
and W = k, 2z - W,
After averaging over the fast (gyroperiod) time dependencies and a good deal

of tedious algebra, we obtain that, for cach n, the particle enargy obeys the
following differential cquation:

(12) @W+n2 (L au)?2+v (=0
w dt

wvhere U = (H-Hy)/H, and
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2
Vy W) mdy V2 (U +2e/d )%= "v(odsinb, o U ( U+ 20,04, )
4 .

+L3-L2 | (Tadp~T ) ( Cpad (U) + Fpep(U) )
7
. +( L 2dp= T (hy) Foyp (U) ]

= D Ea{ (0 g+ Iad)) (Gpp(U) + Fyop(U) )
2
+ (L yhg+ T adp) Fpog(U) )

2

2. 2
= T3 {n (o) + Fu) ) + npku) ) - (¥ (0)eos ¢, )

where I ;= - (qE/w)c/ly (i1,2,3), d) =1 ~Kk,c?/ u?

dy = Kpkye?/ w ¥ = Kzl W, hy = 1+ K/k, (d) = 1)

th=i- kz;ol w -0,/ w, hy = Ky/k, dy

V() = vyo/2c [=(L + T)dpy(kypodt(Lg= L))
Jntl (ky P o) |+ vzole L3 Jy (kg 0 o),

tp=n(a +_:__)+kzz°

and Gy (u)-]U sz [ ke P (U*) ] U du
]
v o2
Fo (O =f 3y [kep(U) ) dut, (ven, ntl)
0

Eq.(12) is in the form of the equations of a hamonic oscillator. Under the
linic 0 = 0, Eq. (12) becomes the equation derived by Robert and Buchsbuaum
(1964). The limits of the particles excursion in energy for a giveun resonance
n and electric field E can be found by setting the potantials vV, (U) = 0. At

wave amplicudes where the range of potentials for different harwonics overluap,
we have the onset of stochasticity.

At the present time we have just begun to explore the numerical solutions of
equation (12). In Figure 2, we show some &f our preliminary results. We assume
that w ./ 0 = 0.3, che electric field auplitude is such that L1 = 0.1, and the
wave frequency isuw = 1,8 1 ,, We consider only che second cyclotron harmonic
since this is the closest to satisfying the recsonance condition, eq.(l), for
initiglly cold electrons. The components of the wave electric field and the
refractive index n are calculated from the cold plasma dispersion relation for
electromagnetic waves at any arbitrary angle 8 to B,. 1t turns out that n is
always smaller than, but very close tol ( n = 0.97). The maximum allowed
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Fige 1. Surfaces of zero order Hamiltonians with different propagation
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Fig. 2. Range of allowed electron energy gain (shaded) as a function of
wave propagation angle to magnetic field. The solid line represents
maximum energy excursion for elliptical topologies.
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energy pgain, as given by the zero order Hamilconfan topologles, is represented
by the c¢olid lines . The shaded rogdon repregants the actual eneTyy fain as
obtafned by raquiring V. (U) € 0. We see that for 9 = 35% dnfefally cold
electrons can be accelerated to very high energies. 1In face, for cold
clectrons we find that U = ¥ ~ 1 and that cha pactdele can galn as mush as 2.5
Meve Agt 0 dieercases wore initial kinewde energy is required for any
acceluracion to take place. lor large 0, the ellipuical hamileonlan
topologies sevarcly restrict che energy gain.

111 The Alfven Haser

Active control of energetic particle fluxes {n che radiacfon belts has
maintained o continuing {nterest in both the United States and the Soviet Unlon.
tleccron dumplng experiments concludud by the Stanford University and Lockheud
groups using VLF transuissions are well known (Inan et al. 1982, Imhof et al,
1983).  Perhaps less known {s a theoretical paper by Trakthenperts (1983)
entitled "Alfven Masers™ in which he proposes a theorctical scheme for dumpling
both electrons and protons from the balts., The basic idea i3 to use RF enargy
to heat the fonosphere aL the foot of a flux tube to raise the height inteprated
conductivity. The conductivity {s then modulaced ac VLF or ELF frequencies
vhich modulates the reflection of waves that csuse pltch angle diffusion in the
equatorial plane. The artifically enhanced conductivity of the ionosphere zhus
malntatng high wava cnargy densitdes in che associated flux tube, thereby,
producing a wasing effecc.

In sddition to externnl ionospheric perturbations particle precipitation
also raises fonospheric conductivity, The masing of the VLF waves couses
further precipicacion which, in principle, results in an explosive {nstabiliry.
The purpose of this section is Lo establish cthe basic equations and e present
the results of a preliminary computer siwulation.-

The fundamental equations derived by Trakhtenpgerts (1983) are based on
quasilinear theory and relate only to the weak di%fhsxon regime. 1t is useful
to use similar set of equations derived by Schulz (1974) based on phenomeno-
logical arguments that includes strong pitch angle diffusion. The key variables
are N, the nunber of trapped particles per unic area on a flux tube and € the
wave intensity averaged over the flux tube. 1In this we assume that ¢ is

directly proportioned to the pitch angle diffusion coefficient. The time rate
of change for N is

(13) o = N + G
dc [

€
+ T

1

where the first tern represent losses due to pitch angle scattering with A a
constant and S accounts for represents particle source terms in the magneto-
spheric equatorial plane. T is a parameter that characterizes lifetines
againsc strong pitch angle diffusion. The time race of change of ¢ is given by

{14) de = [2Yy*N/m*) . + ViclnR+W
dt T+ ¢1 Litg
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The {irst terz represents wave growth near the equatorial plane, the second temm
gives the wave losses in and through the fonosphere and the third accounts for any
wave energy sources, The terms Y * and N* are used to denote the weak diffusion
grovth rate and column density of a flux tube at the Xennel and Petschek (1966)
lim{t for stably trapped pscticles. In the second term, v,/LR, approxiwates
bounce {requency of waves “here v, is the group velocity of the wave LR, the
approximate length of a flux tube; R {s tha reflection coefficient of the lonos-
phare. Since R < 1 the second term is always negative. The (I + ¢ 1) turn
espivically lowers grouth rate due to the pitch angle distribution becowing wmore
isotropic under strong diffusion conditions.

In our present study we have exmined nuserical solutions of equations
(13) and (14) using non-equilibrium fnitial conditions. The first case is
represented by Figure 3 in which we started inftial wave energy densities
which are a factor of 3 (top panel) and 0.1 (bottom panel) above the Kenuel-
Petachak limit, 1In both caszes we ignored associated enhancements in fonos-
pheric coupling that lead Lo increased reflectivity. We see that the wave
energy density quickly damps to the Kennel-Petschek equilibrium represented
by the solid line.

In the second level of simulation the wave energy density is initially set
at a factor of three above the Kennel-Petschek equilibriun value but includes
a coupling factor to the fonosphere § . We find that for values of ¢ 2 102
the osecillations become spike-ltxe. The top pancl of Figure 4 represents the
normalized wave enargy densfiy for § = 10X after the waves have evolved into
periodic spikes. The middle and botrom pancls of Figur2 & represent the nor-
malized encrgetic particle density (cm~2) contained on a flux tube and the
normalized height {ntegrated density of the lonosphere. Attention is directed
to the phase relationship between the maxima of the three curves. The maxi-
mum, enargetic particle flux leads the wave term and gous through the Kennel-
Petschek value as the wave growth changes from positive to negative.

‘;. NONLINEAR T,=86 s k '
2 2
| o
0
-
KENNEL-
E LINEAR ~ /PETSCHEK 1
‘ EQULIBRIUM §

OEAAAAAAAI\AAAAVA'AA:
'OJQIV é |

G BB 455 660 5061605 1260

TIME. (Sec)
Fig. 3. Example of wave energy densities initially set at factors
of 3.0 and 0.1 above Kennel Petschek equilibrium value.
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Fig. 4. Example of spike-like wave structures as well as energetic
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fonosphere coupling. A VLF source ls turned on at t = 650s.
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The maximum {onospheric effect occurs after the wave spike maximum, Our phys-
ical interpretation of Figure 4 15 ax follows. A spike in the wave energy
density causes a depletfon of electrons frapped in the belts to levels well
below the Kennel-Pectschek limit. The subsequent drop of precipitating elestron
flux allovs the fonospheric conductivi.y to decrease. Thus, VLF waves are less
strongly reflected back into the magnetosphere. This effectively ratses the
Kennel-Petschek limit as higher particle fluxes arc r3cessary to offset in-
creased ionospheric VLF absorbtion. In the presence of equatorial sources of
particles, the similations show flux levels buflding to 1,15 times the Kennel-
Petschek limit. The enhanced fluxes in the magnetosphere, even with weak phtch
angle diffusion, cllows the ienosplieric conductivity to rise, eventually leading
to another masing spike.

Figure (5) shows the effect of an external VLF signal. The first few spikes
result from the wmasing effect of the fonosphere due to particle precipitation.
AL L = 650 seconds a VLY square wave scurce is turnad on with a 35U seccond dura-
tion, The spikes now are mudulated at the driving frequency at a reduced aspli-
tude. The mplitude {s reduced since the fluxes are morc {requently dumped
with the VLF signal present than in itz adsence.

Iversen et al. (1984) using simultaneous ground and satellite measurcoents,
have recently observed the modulation of precipitating electron at pulsation
frequencies. In turms of our simulations these would be close Lo the situation
shown in Figure & in which natural masing occurs in a flux tube. The observed
frequencies are consistent with those expected from the linear theory. Detailed
comparison with experimental data necessitates knowing the eff{ciency with which
VLF waves reach the fonosphere.

1V Conclusion

Although the work presented in this paper is still in a very preliminary
stage of development it apvears that sinificant space effects can be produced
by the injection of inteuse clectromagnetic waves into {onospheric plasmas.

In the coming months we expect that as calculations mature we will grow in the
ability to translate uathematical representation i{nto physical understanding.

1f the results of our znalyses live up to ¢rrly promise then a serles of ground-
based wave emission experiments will be developed to measure injection effects
in space. The upcoming ECHO-7 experiment presents a well instrumented target of
opportunity for electron acceleration experiments with the HIP.S systems. After
the launch of the CRRES satellite it will be possible to make simultancous in
situ measurements of wave and particle fluxes in artificially excited Alfven
Masers. Looking forward to the 1990's it appears that WISP experiment planned
for the Space Station will make an ideal source for both clectron accelerution
and radiation belt depletion experiments. Recently a Soviet eaperiment measured
electrons accelerated to kilovolt energles using a low power telemetry system
(Babaev et al., 1983)., Just imagine what could be done with the specifically
designed, high power WISP!
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